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Executive summary

This report is the documentation of the work perfed in Work Package 7 (WP7)
“Advanced fossil power generation technologies’hivitthe Research Stream la (RSla) as
part of the integrated European NEEDSN€Ww Energy Externalities Development for
Sustainability) project. It represents a technology roadmap déassif-fuelled power plants
likely to be installed within the next four decade$urope. Although — especially in Europe
— power generation will be very likely facing maos&ingent ecological requirements like
curbing/reducing greenhouse gas (GHG) emissiorssilféechnologies are considered as
substantial contributors to reliable large-scaleceicity supply at any load level (base,
medium and peak) within the next 40 years. Adddlnto lignite, hard coal and natural gas
power plants, a gas turbine and a small-scale amedbiheat and power plant are included in
this analysis.

The core of the analytical work within this projesas the establishment of Life Cycle
Inventories (LCI data) of fossil energy chains fpawer generation with current state-of-the-
art power plants as well as with future technolsg{eeference years: 2025 and 2050).
Additionally, the development of costs of these powlants and the associated costs of
electricity production were estimated. The analydisuture technologies includes different
concepts for Carbon Capture & Storage (CCS) tedgies: it covers the three main
technologies of C@separation at the power plant, transport ot ©Ppipeline and storage of
CO; in generic (non site-specific) saline aquifers degleted gasfields. The analysis of the
disposal sites does not aim at completeness ingbessment of potential sites in Europe, but
rather at providing a first estimation of enviromt® burdens originating from the
application of CCS in fossil power generation ckaamd therefore the analysis of generic,
representative conditions for transport and storafjegCO, in Europe is sufficient. The
modeling of future technologies is performed witinee different scenarios for technology
development — pessimistic, realistic-optimisticd arery optimistic from the perspective of
technological progress. The realistic-optimisticgpective is considered as the most realistic
pathway of development.

The results of the analysis show a progress irettvironmental performance of fossil power
generation until 2050, mainly originating from iresing power plant efficiencies based on
advanced materials for the boilers allowing incregombustion temperatures. However,
this envisaged progress alone does not sufficiertlyice Greenhouse Gas emissions (GHG)
for fossil power generation as a contributor t@ss|GHG intensive future electricity mix as
part of a sound strategy against increasing C@nhcentrations in the atmosphere and the
associated global warming. The employment of CCS8 ffwssil fuel-based electricity
production can substantially reduce GHG emissianthé order of minus 70-95% until year
2050 (corresponding to about 30-200 g&Q.)/kwWh), mainly depending on the fuel and the
technology used for CQOseparation. The least GHG intensive fossil chaiith CCS can
reach levels of GHG emissions competitive with vemlgles and nuclear power. However,
this advantage of reduced GHG emissions goes alatiy several drawbacks. The high
energy demand for COseparation reduces power plant net efficiencied Hrerefore
increases fuel demand in the order of about 10-28%an implication, all environmental
burdens associated with fuel production and tramgpdiich can be significant especially for

! Due to the currently small and furthermore cortimly decreasing share of oil as fuel for poweregation,
oil power plants are not included in this study‘révival’ of oil power plants in Europe is not codered as a
realistic scenario.
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hard coal and natural gas) increase by the santerfdeéurthermore, Carbon Capture &
Storage technologies are expensive: compared teeational fossil fuel-based electricity
production, generation costs are estimated to @&serdy 30% to almost 50% in year 2050.

11
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1 Introduction

This report serves as documentation of the workiezhrout in Work Package 7 (WP7)
“Advanced fossil power generation technologies’hivitthe Research Stream la (RSla) as
part of the integrated European NEEDSN€Ww Energy Externalities Development for
Sustainability’) project.

1.1 Goal and scope

Fossil technologies are facing the challenge ofalogl supplying substantial share of
near/medium future electricity demand at any laacls (base, medium and peak), and heat
demand (as well as fuel for transportation in ca®il and gas) against more stringent
ecological requirements like curbing/reducing gremrse gas (GHG) emissions. NEEDS
RS1la focuses on electricity generation systems. mgsiofossil energy carriers, the most
promising candidates for new capacity for eledyidupply in Europe are natural gas and
coal, both hard coal and lignite. In the last tvezades, European oil power plants have been
systematically replaced, mostly by natural gas pglants, but they still contribute to supply
in some countries and may contribute marginallp @tsnear future scenarios (e.g. for peak
load management or in combined cycle power plardg)yhow, only gas and coal
technologies, current as well as in the refereremrs/ 2025 and 2050 are dealt with within
RSla WP7. Detailed descriptions of all parts of twhole NEEDS project — on
methodological, organisational and political issuese available on the project webéite.

The analytical work of WP7 covers a) the establishirof Life Cycle Inventories (so-called
LCI data) of current state-of-the-art fossil-fudlleower plant technologies (also referred to as
“year 2005”) with the associated fuel chains aslved of evolutionary power plant
technologies for the two reference years 2025 d&%0 2nd b) the estimation of economic
charcteristics of the power plants allowing a cstesit calculation of the costs of electricity
generation for the reference years. The two futume horizons also include different
concepts for Carbon Capture & Storage (CCS) tedygmes, integrated in the LCI data of the
energy chains. Representative average Europeaitiooschave been chosen for modeling of
CCS, not aiming at completely covering all typessiés for storage of GQavailable in
Europe.

The future technology development for the yearsb2@@d 2050 is modeled in three different
scenarios: “pessimistic”, “realistic-optimistic’nd “very optimistic”. These terms refer to the
pace of technological progress. The realistic-ojsti development is considered to be the
most likely, the other two are supposed to shoistearanges of deviation from the most
likely pathway. Only evolutionary development ofwer plants based on existing concepts is
taken into account for the modeling of the 2025 2080 technologies. Furthermore, the
modeling of LCI data is limited to the power plaoincepts considered as the most promising
ones — meaning the most successful ones on theematkntil year 2050. However, the less
promising concepts (from point of view of the auf)are briefly discussed and described in a
sort of overview. Additionally to technology degtron, the main drivers — positive and
negative — for fossil power plant technology depetent are discussed.

The discussion of LCA results is limited to the momportant cumulative environmental
burdens (emissions to air, water and soil; consiompbf resources; land use) per kWh
electricity generated. A list of burdens is selddr®m the more than 1000 elementary flows,

2 http://www.needs-project.org/
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which constitute the complete LCA results, and show the Annex for all analyzed
technologies.

1.2 System boundaries

Modeling of the Life Cycle Inventories covers ttmmplete fossil energy chains and therefore
includes worldwide exploration and production oé tlossil energy carriers finally used for

electricity generation, their transport to the Eagan power plants as well as operation,
construction and dismantling of the plants and alsp of waste. Within this project, the

complete energy chains are split into three sestidnel supply (often called “upstream

chain”), power plant infrastructure (constructiodalismantling), and power plant operation.
In case of energy chains with CCS, transport amchge of CQ are further separated.

Ecoinvent v1.3 dafaare use as generic background data for LCI magleitd calculation of
cumulative LCA results. Since these background depaesent current conditions which
might not be completely applicable for the futurme horizons, key aspects of these
background processes (e.g. electricity mixes, kajerrals as well as transport services) are
modified according to expected developments indleE®nomic sectors (ESU & IFEU 2008).

3 www.ecoinvent.org
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2 Fossil technology development pathways

2.1 Current status of technology

Coal is the fossil fuel with widest resources wesldle. Construction of coal power stations
has been steadily going on at high rate in fasekbging countries like China and India.
Since the early 1990s in Europe, the highly effitieombined cycle technology fuelled by
natural gas has been successfully expanding t@aaepblder fossil units (especially oil-
fuelled) and meet increasing demand.

Although continuous efforts to reducing effluentenfi coal power plants, especially in
advanced economies, by increasing efficiency asthilimg pollution control devices, coal
still remains the most polluting power source fsrhiarmful effluents and residues. However,
if electricity demand will continue to grow in Eyr®, coal may continue to play an important
role in the energy mix besides natural gas. Thikédy to be even more pronounced in case
of ban or limited use of nuclear power for baselloa

In order to obtain long term acceptability of cahd other fossil fuels), near-zero emissions
requirements will likely become a goal for poliaydatechnology improvement, first in highly
industrialized countries but soon also in develgmnes. Worldwide research on Clean Coal
Technology (CCT) pursues the satisfactorily envinental and economical utilization of
coal. Many of the conventional technologies of odan be further improved or refurbished
with effective pollution control technologies. €©@apture for sequestration is an extreme
option in line with zero-emission strategy that nmsy implemented for some power plant
technologies. C@capture and sequestration technologies are desanba separate Chapter.

The challenges coal (and other fossil systemsijaaiag are (WCI 2005b):

1. Curbing or virtually eliminating emissions of pdbints such as particulate matter and
oxides of sulphur and nitrogen. This has largelgrbachieved and costs decreasing,
but implementation should be continued to as manig s possible and extended to
as many countries as possible, if compliance werpiired with more restrictive
national emission (or air/water quality) standards.

2. Increasing thermal efficiency in order to reduce,@Qd other emissions per unit of
net electricity supplied to the network. Efficienoy modern technology has been
significantly increasing and there is still potahfor further improvements.

3. Curbing or nearly eliminating GGemissions.

Additionally, the coal industry is also promotirgetvision of clean coal as a likely source of
hydrogen for stationary and transport applicatighi€l 2005b).

Table 2.1 shows a summary of the environmentallemgés and how conventional and
advanced technologies are coping with them (WCI5BPOCoal cleaning by washing and
beneficiation can reduce the ash content of coabwsr 50%, reduce SCemissions and
improve thermal efficiency. While coal preparatisrstandard in many countries, it could be
usefully extended in developing countries as a ¢ost way to improve the environmental
performance of coal use (WCI 2005b; Eliasson arel (Egls) 2003).

14
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Environmental challenges and technology response of co
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al power plants;

Environmental
Challenges

Technological response

Status

Technology maturity
assumed for LCA modeling

Particulate Emissions

Electrostatic precipitators and
fabric filters, with removal
efficiencies of over 99.5%.

Technology developed and
widely applied in developed
and developing countries.

Already available

Trace Elements

Particulate control devices,
fluidized bed combustion,
activated carbon injection &
desulphurisation equipment
can significantly reduce trace
element emissions.

NOx

NOx emissions can be cut by
the use of low NOXx burners,
advanced combustion
technologies and post-
combustion techniques such
as selective catalytic
reduction (SCR) & selective
non-catalytic reduction
(SNCR) Over 90% of NOx
emissions can be removed
using existing technologies.

SOx

Technologies are available to
reduce SOx emissions, such
as flue gas desulphurization
(FGD) (90-95% removal
efficiency) and advanced
fluidized bed combustion
(FBC) technologies (up to
99%).

Technologies developed,
commercialised and widely
applied in developed
countries. The application of
NOx control and
desulphurisation techniques
is less prevalent in
developing countries and,
although increasing, could be
more widely deployed.

Already available

Already available

FGD already available and
optimized

FBC could be assumed
effectively operational before
2025

Waste from Coal
Combustion

Waste can be minimized both
prior to and during coal
combustion. Coal cleaning
prior to combustion is a very
cost-effective method for
providing high quality coal; it
reduces power station waste
and emissions of SOx, as
well as help at increasing
thermal efficiencies. Waste
can also be minimized with
use of high efficiency coal
combustion technologies.

Technologies are developed
and continually improving.
Awareness of opportunities
for the re-use of power
station residual waste (e.g.
fly ash in cement making) is
steadily increasing.

PC wastes are recycled
already today

Optimization for waste
recycling for advanced coal
technologies reached before
2025
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Table 2.1 (cont.) Environmental challenges and technology response of

power generation systems

reworked after (WCI 2005b).

coal power plants;

CO; reduction

In the short to medium term,
substantial reductions in the
greenhouse intensity of coal-
fired power generation can
be achieved by increased
combustion efficiency.

The efficiency of pulverised
coal (PC) generation
increased substantially
towards the end of the 20th
century and, with the
development of supercritical
(SC) and ultra-supercritical
(USC) processes, will
continue its steady upward
advance over the next two
decades. Circulating FBC
technology offers similar
benefits and is well suited to
co-combustion of coal with
biomass.

Potential for improvements
of SC-PC efficiency fully
reached before 2025

CFBC efficiency
improvements achieved
before 2025

CO, sequestration

‘Zero-emissions
technologies’ (ZET) to enable
the separation and capture of
CO, from coal-based
generation and its permanent
storage in the geological
subsurface.

CO, separation, capture and
geological storage
technologies have been
developed beyond the stage
of technical feasibility.
Research & Industry are
working at improving these

Test/pilot plants in early
2010’s. First commercial
applications operational by
2025.

Technology fully mature
before 2050

technologies & demonstrate
them in integrated
configurations. Deployment
may start within a decade.

Emissions of particulate is controlled by electatist precipitators (ESP), fabric filters
(baghouses), wet particulate scrubbers, and hot fgaation systems. Electrostatic
precipitators use an electrical field to charge plagticles in the exhaust; the particles are
attracted by collecting plates. Fabric filters arade of a tightly woven fabric. Both systems
have very high particulate removal efficiency, wadove 99%. (WCI 2005b)

The identification of health and environmental effedue to SOx emissions (e.g. respiratory
diseases, acid rain) has imposed the developmedt wditisation of specific control
technologies. Flue gas desulphurisation (FGD) teldgy removes S©from the flue gas by
means of absorption in lime or limestone as thetmominant technology option. This can be
achieved in wet (the most widely diffused technglogs well as in dry scrubbers. Wet
scrubbers can achieve removal efficiencies up #6 9&/CI 2005b), but on the average they
work at efficiency 90-95%, due to cost and operatiptimization. The cost of FGD units has
reduced by two third from the 1970s (see Figurg. 2.1
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Figure 2.1 Reductions in FGD costs in the USA (WCI 2005b).

NOXx reduction technologies include low NOx burnegslective catalytic reduction (SCR)
and selective non-catalytic reduction (SNCR). LowxXNburners and burner optimisation
minimise formation of NOx during combustion. Corsay, SCR and SNCR treat the NOx
post-combustion in the flue gas. SCR technologyamneve 80%-90% NOXx reduction. It is
commercially available in Japan since 1980 andemnny since 1986 (WCI 2005b). There
are about 15 GWe of coal fired SCR capacity in dagral nearly 30 GWe in Germany, which
together makes 85% of the total worldwide. SCR destration and full-scale systems were
installed in US coal-fired power plants in the 199@/CI 2005b).

For CCT, key factors to take into consideration bansummarized as follows (IEA Clean
Coal (2005 b):

— various cost components for plant construction @metation;
- characteristics and cost of coal;

— thermal efficiency, load range, and operationakifigity; for Combined Heat &
Power (CHP) units, the pattern of heat demand;

— compliance with environmental requirements, and twdgerational constraints this
determines;

— maturity of technology.

Figure 2.2 schematically shows the progressionOa &duction from coal combustion.
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£ Zero emissions
g Carbon capture and storage.
Significant international R&D
=) cfforts ongoing. FutureGen
g project aims to have demonstration
plant operational within 10 years.
* Advanced technologies
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technologies such as Integrated Gasification Combined Cyale
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Q Conventional coal-fired subcritical generation has improved
N significantly in its efficiency (38-40%), so reducing emissions.
-0 Supercritical and ultrasupercritical plant offer even higher
- efficiencies (already up to 45%). Improved efficiency
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Figure 2.2 The coal-fired route to CO , reduction (WCI 2005b).

The efficiency of average plants in many develogingntries is around 30%, but individual,
especially small size and old units may have muoeglet rating. OECD average plants have
efficiency around 36% (WCI 2005b), but individuauntries may reach averages up to 40%
(Roder, Bauer, Dones 2004). New supercritical glaan achieve overall thermal efficiencies
in the 43-45% range and even up to 47% with swetalalste heat sink (WCI 2005b).

Individual current and future technologies will teescribed in the following Chapters.
2.2 Main drivers influencing future fossil technolo gy development

2.2.1 General

The main driver for fossil technology deployment alevelopment is the demand for cheap,
large scale electricity generation. However, themaed for individual fossil technologies is
not only driven by economy, also other key factbke the suitability to meet a likely
growing demand, to substitute outdated facilititse need of environmentally sound
performance, public acceptance, use of domestouress, availability and security of supply
of fuels as commaodities, and the need for fastaiedimg capacity for network management
are decisive.

In the following, the focus will be on natural gasd coal (hard coal and lignite), since
already today oil is of minor importance for eléaty production in Europe and expected to
further lose share in the EU electricity market.

2.2.2 Fuel costs and resource availability
In case of fossil electricity systems, fuel cosaimsongst the factors with the highest influence

“ According to (EC 2003), the share of fuel oil anesel to total electricity production in the EU25snabout
6% in the year 2000. In the baseline scenarioagestf 2% is expected for the year 2030 in EU25chiyg for
peak load management.
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on total electricity production costs. Estimatidos future fuel prices are difficult and quite
uncertain. Different scenarios on the developmérfbssil fuel prices are presented in (EC
2004). While the coal price remains fairly constamitil 2030, oil and gas prices are
considerably varied in those scenarios. In the &éBas scenario”, the GDP in EU-25 is
projected to grow at a rate of 2.5% per annum B022010, 2.4% in 2010-2020 and 2.3% in
2020-2030; oil prices are assumed to remain abtaliles while gas prices are slightly
increasing, which nevertheless does not reflecigthiekly rising prices in 2005. Alternative
developments are assumed in the scenarios “Highnailgas prices”, “Low gas availability
for Europe”, “De-linking of oil and gas prices”, @fiSoaring oil and gas prices” (EC 2004).
The “High oil and gas prices” scenario describa#tuation of faster world economic growth
(change in rate of development not quantified) toge with relatively less abundant
resources. The “Low gas availability for Europe’esario focuses on impacts that higher
economic growth and gas demand in Asia as wellgidetr supplies from countries of the
former Soviet Union to Europe could have. Gas researe also assumed to be lower than in
the baseline scenario. The “De-linking of oil andsgprices” scenario combines the
hypothesis of smaller oil resources and higherrgasurces compared to the baseline case.
The “Soaring oil and gas prices” scenario takes adcount the possibility of severe supply
disruptions that could last for a prolonged pewbétime. The rising oil and gas prices in 2005
go about along with the upper range of the diffeseenarios.

The amount, distribution, and transport of foseaurces are important factors for fuel price
development. According to BP (2005), worldwide mdvnatural gas reserves would be
depleted in about 65 years and worldwide proved i@serves in about 170 years at present
production levels. [Other information sources vii# used in next deliverables.] However,
although hard coal and lignite resources are aminda a global scale, in the long term
neither coal nor natural gas resources currentipeted within the EU can meet the demand,
which is not even possible at present levels. Thar&Ruropean natural gas resources in the
UK, Norway, and the Netherlands will likely be defgld in 20-30 years (BP 2005, Goétz
2004b). The only European countries with importhatd coal resources for economic
extraction are Poland and the Czech Republic, lsottaose will be depleted before the end
of this century at current production. Germany dialy resources of sub-bituminous coal and
lignite, which will likely be depleted in about 3@ars at current rate of consumption (BP
2005). German coal reserves are not only relatiselgll, but also uneconomic for extraction.
The German mining industry was subsidized with lye2ubillion € in 2005 for a production

of 26 million tonnes. These subsidies are goingeaeduced, reaching about 2 billion € in
2012 for an expected production of approximatelyr2ion tonnes (GVSt 2004).

The situation regarding supply with fuel importsdifferent for natural gas and coal. While
coal reserves are evenly distributed globally,dargsources of gas are concentrated in a few
regions of the world, mainly the Russian Federaginod the Middle EastSuch regions might
experience political instabilities and thereforeeithfuel supply to Europe cannot be
considered as fully secured. The possibility oliffisient gas supply to Europe seems to be
also supported by the fact that Russia intendadcease natural gas exports to Europe until
2020 only by 31 billion m3 per year, while the dewmavithin the EU is forecasted to increase
by about 300 billion m3 per year (Go6tz 2004a, Vizit04). In case of lacking imports from
Russia, Europe would have to satisfy its demangbsfwith imports from other regions over
longer distances such as the Barents Sea (the Jagiah in Russian northern shelves), and

®> According to (BP 2005) nearly 70% of proved ressrare located in the Russian Federation and tolell/i
East.
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Iran, partially as Liquefied Natural Gas (LN&The consequence would be higher average
costs. The economy of LNG vs. pipeline transporimarily depends on the energy
expenditures for liquefaction & regasification faNG and the transport distances. Both
pipeline and LNG production & transport decrease t¢herall efficiency of the electricity
system, since energizing these activities requo@ssumption of the gas. As reported in
Dones, Zhou, Tian (2003), 7-9% of extracted gaseisded for liquefaction (the lower range
value for near future processes), 0.15-0.25% iswmed during transport by tanker for a
shipping distance of about 500 nautical miles @gponding to about one day navigation),
and 2.5% of the delivered LNG is used for regaaifan. As of beginning of the 2000s, gas
delivered by onshore pipeline transport costs lss1 LNG transported by tanker for
distances lower than about 4000 km, by offshoreslpip transport for roughly 2000 km
(Gotz 2004a, Jensen 2002). Best technology availaalay exhibits a self consumption of
1.4% of natural gas per 1000 km pipeline transpbpumping stations (Dones et al. 2003).

Today, South Africa, Australia, South America, aheé Russian Federation are the most
important coal exporters to Western Europe (GV®420Large resources are also located in
the USA, China, and India (BP 2005). Although heodl apparently shows more advantages
for security of supply than natural gas (lignitaitypical domestic resource), its supply might
incur restrictions to some extent, since Austrafiayth Africa and South America alone will
likely not meet future European demand.

Taking into account the worldwide rising demandtioth natural gas and coal, more limited
global gas resources, and higher uncertaintiesecaimg Europe’s gas supply, an increasing
difference between gas and coal prices seemsdaéaistic development.

The influence of fuel cost on electricity productioosts is higher for natural gas plants than
for conventional steam coal plants. Depending cerang central European conditions and
2003 fuel costs according to ECG (2004), shareuefr fo total electricity cost is about 65%
for gas CC plants with fuel costs of about 4 $/MBTB.8 $/GJ), while only about 40% for
hard coal steam plants assuming a fuel cost oft5&/ghtly different values for gas prices in
2004 and before can be found in the literatureei@mple BP (2005) gives average prices fur
European natural gas of 3.46 $/MBTU in 2002, 4. ABTU in 2003, and 4.56 $/MBTU in
2004. The latter would make the contribution of ¢g@agotal electricity production cost in
2004 of about 70%. However, gas prices increasbstantially during year 2005, since they
are coupled with the oil price. At an assumed gasepof 8 $/MBTU (7.6 $/GJ), which
should reflect the 2005 price developments in Eerapd the USA***!the share of fuel cost
to total electricity production cost makes abou#80

Higher costs for natural gas would favour coal tetbgy deployment and development, as
R&D for coal systems could be considered a betiag Iterm investment. However, high
natural gas prices also promote more rapid devetopiend adoption of new energy efficient

® Already today, some European countries, mainly ¢&aspain, and ltaly are importing LNG, mostly from
Algeria and Nigeria (BP 2005).

" Coal consumption in Europe in 2004 was nearly Mi0e. Australia, South Africa, and South America
produced about 380 Mtoe in year 2004.

® The quoted presentation dates 2 July 2004; th@es reflects the relatively stable values in 2@@ore the
rise in 2005.

° http://www.diw.de/deutsch/produkte/publikationenshenberichte/docs/04-44-2.ht19.9.2005).

10 hitp://tonto.eia.doe.gov/oog/info/ngw/ngupdate. 4$9.9.2005).

1 http://epp.eurostat.cec.eu.int/portal/page? pagid3$239,0 45571447& dad=portal& schema=PORTAL
(19.9.2005).
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natural gas technologies, foster greater investnmeakploration and field development, and
subsequently increased investment in distributistesns, which helps to keep prices down
(NEPDG 2001). Within a shorter time horizon, sigaes power plants are more flexible and
can provide middle and peak load (purchased atehighices than base load), they may
secure higher revenues per kWh than coal, whiclstitate another incentive for developing
gas systems.

2.2.3 Environmental aspects and international polic  ies

Reduction of CQ and other airborne pollutants from fossil poweanp$ and associated
energy chain are among the main drivers for fassiinology improvement in industrialized
countries. Lower C@emissions per unit of power supply can be realizét higher plant
efficiencies and application of G@apture and storage (CCS) technologies. Howeler, t
potential of increasing plant efficiencies is liedtby the thermodynamics of the Carnot cycle
and the availability of high-strength materials. £&@questration has negative effects on the
economy of fossil power plants, since the ovefitiency is substantially reduced and costs
are increased. Targets beyond Kyoto and requiramainsubstantial national reduction of
CO, emissions, would be strong incentives for R&D o@83Ctechnologies. Meeting the
aspired reductions depends primarily on politicacidions, resulting in national or
international emission limits, establishment of ssion trading systems (including
certificates) or taxes, and factual implementatidmroper technologies. These factors have
been taken into account in the demand and supplyasios developed by the EC (2004).

The European energy policy on EU level containsaaety of focuses. For example, the
Directive 2001/77/EE and the Directive 2003/30/EEboth support renewables in the
electricity and transport sectors, and aim at ttegihnological development and penetration in
the market. The member states should define natiargets for electricity to be produced by
renewable energy sources in order to achieve theof#trall targets, which in the first
directive is a share of renewables in gross (fotahary) energy consumption of 12% and a
share of renewable electricity of 22.1% by 2010e Becond directive defines the goal of
achieving a share of bio-fuels for transportatiés.35% within the EU in 2010. The member
states should ensure a minimum proportion of bisfoa their markets, and, to that effect,
shall set national indicative targets. Also a “Trealogy Platform for Zero Emission Fossil
Fuel Power Plants” is currently implemented by BExe@opean Commission (EC 2005), in
order to “identify and remove the obstacles to ¢heation of highly efficient power plants
with near-zero emissions which will drastically ved the environmental impact of fossil fuel
use, particularly coal™ More and updated details about energy researdBuoopean level
can be found at the specific internet site of ttem@ission™ In the long term, political
decisions towards reduction of dependency on fagsiems in Europe might have effects on
support to R&D of fossil technologies. However, cantechnology development is not
confined within national or regional borders, aR&D policies outside Europe, namely USA
and Japan, will have an influence on the futurghef fossil energy sector within the EU.

12 Directive 2001/77/EC of the European parliament afnithe Council of 27 September 2001 on the promotio
of electricity produced from renewable energy sesarcin the internal electricity market,
http://www.ewea.org/documents/17 _RES_directive_©d 8001 final.pd{12.9.2005).

13 Directive 2003/30/EC of the European parliament @inthe Council of 8 May 2003 on the promotion of th
use of biofuels or other renewable fuels for tramsp
http://europa.eu.int/‘comm/energy/res/legislation/dmfuels/en_final.pdf (12.9.2005).

14 http://europa.eu.int/‘comm/research/energy/nn/nnn rit_co/article_2268_en.ht(t2.9.2005).

'3 hitp://europa.eu.int/‘comm/research/energy/gp/ertid73_en.htni12.9.2005).
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According to (DOE 2004a), current US policy is aigiat a “carbon-free society”, while
ensuring continued use the domestic supply of doarder to reach this goal, the focus is on
the development of fossil technologies on the oaedhand on nuclear power on the other
hand. The “Vision 21" progratf aims at the development of “fuel-flexible, multieguct
energy plants that boost power efficiencies to fetcent, emit virtually no pollutants, and
with carbon sequestration release minimal or nbaaremissions” by 2015. Both coal and
gas power technologies are included. The estabéishof a large-scale hydrogen-economy is
also envisaged at an unspecified time horizon her SA (DOE 2004a). The hydrogen
production shall be based on emission free coakep@hants, i.e. including CCS, and on new
nuclear plants. Large scale CCS technologies, wimictease electricity production cost by
less than 10%, are expected to be developed by @D@& 2004a). Within the US national
energy strategy it is expected that coal, contiigub2% of US electricity production in year
2000, will remain the dominant fuel in meeting masing U.S. electricity demand through
2020. Based on the US governmental expectatiotiseaturn of the century, natural gas is
expected to cover about 90% of the projected irseréa electricity production between 1999
and 2020. Thus, electricity generation by natues i expected to grow from 16% share in
2000 to 33% in 2020, driven by electricity resturgtg and the economics of natural gas
power plants. However, gas price increases by 20@stablished for a longer period may
lead to a different evolution. Regulatory unceiaiconcerning future environmental controls
of coal power plants is one reason why the USliang so heavily on natural gas electricity
production (NEPDG 2001). Under US policies at tegibning of the 2000s, nuclear (20% of
electricity production in 2000), hydropower (7%)daoil (3%) were projected to slightly
decline in absolute and relative terms in the fivgd decades of 2000. Share of non-hydro
renewables was expected to increase from 2% in 808B% in 2020 (NEPDG 2001). These
predictions may somewhat change with newer policies

Public research programs are usually developedliaboration with industry, establishing

R&D partnerships like the “AD 700 Power Project’Buirope or the “Canadian Clean Power
Coalition” (WCI 2005b). “Zero-emission” power planare also in the interest of industry at
least in industrialized countries, since not ordyvlcosts but also a good environmental
performance to comply with environmental regulasioand reduce external costs are
necessary. Therefore, industry is interested ired@lCoal Technologies” (CCT) in all parts
of the coal chain, from extraction and preparatmpower plants (WCI 2005a).

The current trends in Germany, the country with thghest share in fossil electricity
production within Europe, show a relatively cleavelopment towards new coal power
plants. More than 75% of the currently operatedsifopower plants with a cumulative
capacity of nearly 70000 MW will reach the end loé¢ tifetime before 2030. However, the
situation is different for lignite plants on theeohand and hard coal and natural gas plants on
the other hand: several lignite plants have regdrgken installed; therefore nearly half of the
currently operating 20000 MW should still be opedain 2030. Contrary, current hard coal
and natural gas capacities will be reduced to ado00 MW and 3000 MW, respectively.
Additionally, German nuclear capacities in the orde20000 MW will have to be replaced
after 2025 according to the current plans (UBA 2006

At present, electricity suppliers intend to buildwn fossil power plants with a cumulative
capacity of 30’000 MW until 2015, thereof about @0RIW based on lignite, 15°000 MW
based on hard coal and 11'000 MW based on natwral ghe cumulative electricity

18 hitp://www.fossil.energy.gov/programs/powersystesisn21/index.htm(12.9.2005).
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production of these plants will be in the orded @b TWh/a. Taking into account the different
typical load profiles, lignite will account for abb22%, hard coal for 54%, and natural gas
for 24% of the production (UBA 2006a). However, #nathors of (UBA 2006a) state that
despite of the C@reductions related to efficiency increase of nexal ower plants, the
foreseen development does not correspond to thés gdathe German climate policy.
Reaching these goals would need a more signifitantl towards natural gas plants. Policy
measures in order to accelerate this switch oflfigsls might be expected.

2.2.4 Electricity market — development of renewable s and nuclear energy

Switch of R&D resources from fossil to renewablaghhoccur, depending on the likelihood
that the renewables have to reach, in the notutawrd, the break even point in competition
with fossil and nuclear. The rate of improvementhaf economic performance of renewables
strongly depends on the specific technology, sigsjdand total installed capacityWhile

on the one hand most of renewables start from anbally higher total production costs than
fossil and nuclear as of the beginning of the 2066ghe other hand potentials for reductions
are expected to be higher in relative terms foewables than for fossil. Besides, increase of
total costs of natural gas electricity due to iasiag fuel prices is expected to establish soon,
and possible shortages of gas are likely to oattiné second half of this centudfHowever,
considering the intrinsic characteristics of renelMa (some have stochastic production),
current perspectives on their technological develamt, and their limited potentials,
renewables are not suited to provide substantse b@ad capacity especially facing steadily
growing total demand of electricity. Therefore fbasid nuclear will continue to dominate in
this respect at least for the next decades unksdutionary technologies would emerge.
Nevertheless in the medium to long run renewaliartelogies might displace some fossil
for base load, like solar thermal and solar chehetectricity production in Mediterranean
countries with following export to Europe or geathal (Hirschberg et al. 2005).

Countries with domestic fossil resources will pblsrely for a long time on fossil electricity
production on political and social grounds. Additdly, rising demand of backup systems for
renewables such as wind implies the installationfast responding systems, which are
currently gas turbines and gas combined cycle pldpthasing out of nuclear energy would
lead to a rising demand of large base load coalraatdral gas CC power plants. On the
contrary, a revival of nuclear energy would somewdecrease this demand. The electricity
market is also linked with future mobility concep&ubstitution of oil-based fuels (gasoline
and diesel) with electric cars or large scale hgdro economy would entail substantial
additional electricity production capacities. Calesing environmental shortcomings of fossil
systems and limited domestic resources, this ahditi electricity production might not be
based on coal, natural gas or oil in the long testhin the EU.

2.2.5 The potential role of fossil in a future ener gy supply system

Although challenged for the emissions of carborxidie and other pollutants, fossil systems
should remain major contributors to the Europeaattgktity mix in the next decades. The
issue is to what extent implementation of new piaeement capacity will be via renewables,
the effectiveness of demand side management amagsapolicies. Besides, in case nuclear
would be banned in some European countries, itstsution may require most likely further

" Learning curves for specific non-fossil technolsgian be found in other reports within NEEDS RS1a.
'8 The time horizon should not be limited with 205@tiis context, since the economy of plants oveir éwtire
lifetime must be taken into account.
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fossil for the technologies for these two typegérgy carriers are most suited for base load.
Demonstration and subsequent fast implementatiolC@E may favour acceptance and
continuation of fossil-base electricity.

2.2.6 Conclusion

From the previous discussion it is expected thahenext decades the overall condition is
such that research and development for fossil tdolgies will progress steadily and
deployment of improved and advanced fossil techgielowill continue in the EU as well as
worldwide. Hence, the moderately optimistic expeotes of research and industry are highly
likely to occur within the timeframe set for thisopect. Open remains the rate of development
and deployment, hence costs, of large scale CCS.

2.3 Development of cost

This chapter contains an overview of data and dbariatics of fossil fuelled power plants for
electricity generation comprising technical and remoic parameters. To take the future
development into account, all datasets are spdcifie the years 2005, 2025 and 2050,
whereas the development of efficiencies, electpoaver and specific investments over these
time horizons is to be understood as trend.

The specific investment costs of thermal power tslatecline with increasing power of the
units installed (cost degression due to economyaalle). The price development of gas
turbines, gas and steam power plants as well asdwal and lignite power plants follow this
economic rule.

2.3.1 Hard coal condensing steam power plant

The efficiency of power plants using conventiongjhatemperature carbon steel alloys is
restricted to values < 45%. Only at advantageoushsteuropean cooling conditions (e.g.
Denmark, sea water cooling, and condenser presguB® mbar) efficiencies of 45% are
reached. Siemens Power Generation states 44.5%asom efficiency for such hard coal-
fired power plants (VARIO PLANT concept) (Segal akifi2000).

Hard coal power plants with high efficienciet5% and power ratings > 300 MW require
raising the live steam conditions on values exceed270 bar /580 °C. Those steam
conditions can be realized using ferritic-martemsaterials (T 92, P 92, E 911 etc.), which
facilitate to generate live steam at high supereali pressures and temperatures without
austenitic materials. However, they are four tinmesre costly than conventional ferritic
alloys. These ferritic-martensic materials haveently been developed in Japan (EPDC), in
USA (EPRI) and within the EU (COST - program) foe tapplication in power plants.

In Denmark such a hard coal-fired power plant usidganved materials is operated with a
full load efficiency of 47% (Kjaer and Thomsen 1998rom this power plant and from
German projects for high-efficient hard coal-firgolwer plants (for instance a planned unit in
Westfalen (Germany) featuring a net power plantacap of 325 MW, live steam conditions
of 290 bar / 600 °C, temperature at reheater owfled20 °C and a full load efficiency of
47.4% (Stapper 1997). Cost information is availavd was used by IER to estimate specific
costs of future hard coal power plants with higicefncy.

In the German research project ‘KOMET 650’ high-pemature materials for live steam
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conditions up to 300 bar/650°C are tested (BMWi 999This will allow reaching net
efficiencies up to 48%. The EC funded researchnarmgAdvanced (700°C) PF Power Plant’
puts super alloys on a Ni-basis on the test in havdl-fired power plants with steam
conditions of 375 bar/700°C (Ultra Super Criticaé&n, USC). Alloys on Ni-basis (super
alloys) are more expensive then the ferritic-masitematerials P 92, T 92, E 911 etc., so that
higher specific investment costs have to be argteigh (but not necessarily higher electricity
generation costs). After a successful testing efrttaterials the project planning outlined the
construction of a hard coal-fired power plant wéfficiencies in the range of 52% to 54%
within the next decade (Kjaer 2000). This efficigmange is a result of different assumptions
for cooling conditions.

Other measures for efficiency enhancement arenrgédiate superheating, regenerative feed
water preheating and the application of superealiive steam pressures. Currently operated
hard coal-fired condensing steam power plants nidymizature single intermediate
superheating and up to ten feed water preheataggst

In order to reach high overall efficiencies (componefficiencies, power plant efficiency)
also the losses outside of the cycle process habe tminimised (e.g. combustion and flue
gas losses). Measures for utilizing the flue gathadpy are air preheating, cold end
optimisation and flue gas release through a weliraptower.

In modern power plants all these measures forieffay enhancement are applied. Under the
assumption that the efficiency of power plant psses, components and boilers as they are
applied in the ultra-supercritical power plant AD76f the EU-project 'Advanced (700 °C)
PF Power Plant’ cannot be substantially improvidrd is only an increase in the live steam
temperature left for a further efficiency improverheA temperature increase from 700 °C to
800 °C will improve the overall efficiency by 2.8ementage points. With this rough
estimation starting from current conditions, thghust efficiency attainable and thus the top
end for efficiency improvements for hard coal camgleg steam power plants is 55%.

Summarizing it can be stated:

— By the time horizon 2015 new hard coal-fired powkants with net efficiencies of 46-
48% can be realized.

— In the period between 2015 and 2025 hard coal-fm@ttensing steam power plants
with net efficiencies around 50% (maybe by 52%) lsarbuilt.

— Between 2025 and 2035 it is assumed that new haatl steam condensing power
plants are able to reach net efficiencies highan $2%.

Table 2.2 shows technical and economic data feetpower classes of hard coal-fired power
plants for the time horizons 2005, 2025 and 2050 n8wadays power plant producers offer
hard coal-fired power plants, which already at povegions around 300 M\Wshow similar
steam parameters and efficiencies as large-scakerpplants, but feature different cost
degression by economy of scale, a distinction iffedint power classes was considered
reasonable.

The specific power plant costs shown in Table 2e estimated with the assumption that

electricity generation costs of ultra-supercritidd5C) power plants do not exceed electricity
generation costs of at this time sold ‘economicwpp plants (additional investment
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reduction in fuel costs). This approach is supmgbkg publications and presentations given
for instance at the International Congress ‘Zuk#hle’ (Zukunft Kohle 2001).

Table 2.2 Data on modern and future hard coal-fired condensing st eam power plants
Unit 2005 2015 2025 2050
Electrical net power Pe|, max | MWe 350 [ 600 [ 800 | 350 |600| 800 | 350 | 600 [ 800 | 350 | 600 | 800
Net efficiency Nnet % 46 46 46 47 47 | 47 50 50 50 52 52 52
Technical life time Year 35 35 | 35 35 [3B5| 3 (35 |3 |3 |3 |3 | 35
Spec. investment cost €/kW, 1,060 | 920 | 820 | 1,000 | 900 | 850 | 995 | 895 | 845 | 995 | 895 | 845
Construction interest %-invest 8.2 82|82 82 (828282 |82|82]82]|82]|82
Dismantling costs €/kW, 33 33 | 33 33 | 33|33 |33 |33 |33 33|33 33
Fixed operational costs €/(kWe*a) 50 41 35 50 | 41| 35 | 50 | 41 35 50 | 41 35
Variable operational costs | €/ MWhe 2.6 26 | 2.6 26 |26 26 | 26 |26 | 26|26 | 26| 26

2.3.2 Lignite condensing steam power plant

Lignite power plants with super-critical steam citioths are installed exclusively in
Germany. In other countries only lignite-fired powsants with subcritical parameters are
operated. Cost data on current lignite condensiagns power plants stem from Siemens,
ALSTOM and RWE Rheinbraun. The most advanced kgpibwer plant so far, which was
commissioned in NiederauRem in autumn 2002, apgmiate-of-the-art BoA technology
(lignite plants with optimised systems engineerirgy)d features a gross capacity of
1,012 MW, net efficiency of 965 MW live steam conditions of 269 bar /580 °C,
intermediate superheating to 59 bar / 600 °C, sstaged regenerative feed water preheating,
a condenser pressure (two-staged) of 28 /34 mizha aret efficiency of 44.5% (Kallmeyer et
al. 1999). The specific investment costs accountlf{&80 €/kW. The power plant industry
(Rheinbraun AG) plans further reduction of specificestment costs for BoA power plants
up to 920 €/kWin 2010.

Further efficiency improvements could be reached ibtegrating recent coal drying
technology within the system engineering of theitig power plants (BoA+) (Kallmeyer et
al. 1999). This would allow efficiencies up to 5060m technical point of view power plants
using BoA+-technology are anticipated to be budgdt®015. However, market penetration of
the BoA+-technology depends on its costs, which v higher compared to the BoA
technology, which is currently in use.

Summarizing it can be stated:

- By 2015 lignite condensing steam power plants vglecific investment costs of
1,180 €/kW and efficiencies around 45% can be realized.

— Between 2015 and 2025 it will be possible to redineespecific investment costs to
920 €/kW.. Efficiencies up to 50% are possible using BoAeht®logy, but market
penetration of this technology is not sure.

- With further technological development the BoA+Healogy and efficiencies around
50% are reachable between 2025 and 2035. Howdwerndéw technology BoA+ is
much more complex than BoA. Thus according to tppr@ach used for ultra-
supercritical hard coal power plants, it was estdahat the increase in investment
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costs never exceeds the savings in fuel costs giment cost increase fuel costs
saving).

Currently in the field of lignite-fired power planthere is no trend to power plants with lower
power ranges as it was the demand for hard caad-fpower plants. Therefore only one
power class was considered as reference techn&odignite-fired power plants. Technical
and economic data of representative lignite-fireddensing steam power plants are shown
for different time horizons in Table 2.3.

Table 2.3 Data on modern and future lignite-fired condensing stea m power plants
Unit 2005 2015 2025 2050

Electrical net power P, max MW, 1,050 1,050 1,050 1,050
Net efficiency Nnet % 45 45 50"° 50
Technical life time Year 35 35 35 35
Spec. investment cost €/kWe 1,200 900 900 900
Construction interest %-Invest 8.2 8.2 8.2 8.2
Dismantling costs €/kWe 30 30 30 30
Fixed operational costs €/(kWe*a) 33 33 33 33
Variable operational costs €/MWhe 1 1 1 1

2.3.3 Natural gas combined cycle power plant

Natural gas combined cycle power plants featurehtbst efficiency of all thermal based
electricity generation technologies applied at @nésThis efficiency is mainly determined by
the efficiency of the gas turbine turbo set (gabite + compressor). About two thirds of the
capacity of the gas and steam power plant accaurthé gas turbine, the remaining third is
supplied by the steam turbine. The efficiency & ¢fas turbine is basically depending on the
gas turbine inlet temperature and the pressure rati

Power plant producers of heavy duty gas turbinate sin efficiency of 57.5% for current
natural gas fired combined cycle power plants. BQepercent barrier is to be reached in
about 6 years. The specific investment is antieghab further decline as gas turbines with
higher capacity are expected to penetrate the marke breakeven capacity allowing further
cost degression is not achieved yet. The techdmatlopment aims at the construction of gas
turbines with a capacity of 500 MW. However codgbimation on such future gas turbines
are not available from power plant producers.

As the specific investment costs of natural gashinad cycle power plants is approximately
half of those of hard coal power plants, the fuets have considerable influence on their cost
effectiveness.

Summarizing it can be stated:

— Between 2015 and 2025 it is anticipated that nhggaa and steam power plants with
capacities around 500 MW and efficiencies of 60%adfered at the world market. The

9 Assumed is more efficient lignite drying, whichiisline with efficiency augments, but also witlcinased
costs.
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specific investment costs of these power plantscaleulated taking into account fuel
savings due to higher efficiencies and cost degmeshie to higher capacities.

- For 2025 to 2035 further efficiency enhancemerdaahe capacity level is assumed.
This implies gas turbines with higher inlet temperas, higher compressor pressure
ratio, and advanced vane materials as well as eedarane cooling.

In the long run the efficiency of natural gas conadl cycle power plants won't exceed
considerably the 65% barrier, even if gas turbinglk intermediate heating and measures for
component enhancements are assumed.

Table 2.4 shows data for natural gas combined q@ieer plants. The life time of 25 years is
reached under the assumption that highly stressegb@nents of the turbines with lower life
time are revised or replaced ahead of time.

Table 2.4 Data on modern and future natural gas combined cycle pow er plants
Unit 2005 2015 2025 2035

Electrical net power Pej, max | MWe 400 800 500 1,000 500 1,000 500 1,000
Net efficiency Nnet % 57.5 57.5 60 60 62 62 63 63
Technical life time Year 25 25 25 25 25 25 25 25
Spec. investment cost €/kWe 440 440 440 440 430 430 425 425
Construction interest %-Invest 5.4 5.4 5.4 5.4 5.4 5.4 5.4 5.4
Dismantling costs €/kWe 15 15 15 15 15 15 15 15
Fixed operational costs €/(kWe*a) 8.8 7.4 8.6 7.3 8.4 7.1 8.4 7.1
Variable operational costs | €/ MWhe 2.0 2.0 2.2 2.2 2.2 2.2 2.2 2.2

2.3.4 Hard coal-fuelled IGCC power plant

Efficiencies higher than 55% are hardly feasible donventional hard coal-fuelled steam
power plants, even if applying Ni-based alloys. Jlother hard coal conversion technologies
featuring higher efficiencies have been researchAsdcheapest and promising solution the
combination of gas-fired gas turbines with dowrestnesteam turbine turned out. As gas
turbines, however, cannot be charged with uncledhedgas from hard coal combustion,

hard coal first of all has to be gasified. Thighe concept of IGCC (Integrated Gasification
Combined Cycle) power plants, which can be congdicising components and materials
that are already technically approved and availablethe market. Depending on the

development of gas turbines, hard coal-fuelled 1G@@ver plants can potentially feature
higher efficiencies than hard coal-fired steam powknts. When gas combined cycle
efficiencies achieve 63% in future, hard coal-fe@lllIGCC power plants could (timely

delayed) reach an efficiency of 56% (Kloster 1998).

Summarizing it can be stated:

— By 2015 this reports considers IGCC power plantsesonstration plants or ‘First-
of-its-kind’. The most representative European IG@8wer plants (Buggenum,
Puertollano) are neither representative in termsosfs nor in terms of efficiency. They
didn’t have commercial financing and feature gabities, which are not current state
of the art and are already technologically outdated
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— From 2015 to 2025 the technical data of the reptatige IGCC power plant stem
from an IGCC optimisation in the European JouleRtbgramme (Advanced Cycles
1998). Such an optimised IGCC power plant couldhiné with currently available and
approved materials, components and gas cleaniilgiésc The efficiency of this hard
coal-fuelled power plant was calculated to 51,5% ean be achieved by gas turbine
improvements, which are anticipated to be reache@dil5. As specific investment
costs 1,100 US$/kWvere obtained.

— Between 2025 and 2035 the efficiency of hard coealléd IGCC power plants is
calculated according to the expected efficiencyettgyment of natural gas combined
cycle power plants to 63% minus 8% = 55%. Thecedficy reduction of 8% lies in the
exergy losses during gasification and gas clearttogure progress in gasification and
gas cleaning will further reduce this efficiencyfelience between IGCC, gas and steam
power plants.

Table 2.5 shows data on future hard coal-fuelle@@Gower plants.

Table 2.5 Data on future hard coal-fuelled IGCC power plants

Unit 2005 2015 2025 2035 2050
Electrical net power Pe|, max MW, 450 450 450 450 450
Net efficiency Nnet % 45 51 54 54.5 54.5
Technical life time Year 35 35 35 35 35
Spec. investment cost €/kWe 1,200 1,100 1,100 1,100 1,100
Construction interest %-Invest 8.2 8.2 8.2 8.2 8.2
Dismantling costs €/kWe 50 50 50 50 50
Fixed operational costs €/(kWe*a) 53 53 53 53 53
Variable operational costs €/MWhe 3.1 3.1 3.1 3.1 3.1

2.3.5 Lignite-fuelled IGCC power plant

IGCC technology can also be applied to lignite.r€ntly there is one lignite-fuelled IGCC
power plant installed in Europe, which is located/resova in the Czech Republic. Cost data
on current and future lignite-fuelled IGCC poweamtls have been derived from hard coal
IGCC technology and are shown in Table 2.6.

Table 2.6 Data on future lignite-fuelled IGCC power plants

Unit 2005 2015 2025 2035 2050
Electrical net power Pe|, max MW, 450 450 450 450 450
Net efficiency Nnet % 44 49 52 52.5 52.5
Technical life time Year 35 35 35 35 35
Spec. investment cost €/kWe 1,200 1,100 1,100 1,100 1,100
Construction interest %-Invest 8.2 8.2 8.2 8.2 8.2
Dismantling costs €/kWe 50 50 50 50 50
Fixed operational costs €/(kWe*a) 53 53 53 53 53
Variable operational costs €/MWhe 3.1 3.1 3.1 3.1 3.1
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2.3.6 Future coal power plants with CO , capture

Details about C@Capture and Storage (CCS) technologies and itemgntation within this
study can be found in chapter 4.3.

The analysis includes selected CCS technologieghwdan be assumed to be representative
for the implementation of CCS in Europe within tinext four decades. Pulverized coal (PC)
power plants with post-combustion and oxyfuel costimn as CQ separation technologies
are included as well as IGCC power plants with@sbustion technology.

Power plants with post-combustion and oxyfuel costion are analyzed based on the most
relevant literature (Hendriks et al. 2004, Hend@k®7, IPCC 2005, Rubin et al. 2007). Most
important factor in terms of cost of electricity wsll as LCA is the energy consumption for

CO, separation and as a consequence the reducti@wierplant net efficiency.

The basic engineering for a hard coal IGCC powemntsl with CQ capture has been
investigated in an EC funded study (Pruschek el®®.7), where costs of the power plant
components for COcapture (shift reactor, facilities for G&crubbing and compression)
were estimated. Furthermore, the consumption ajratien liquid and the energy demand for
CO, capture were analysed. The £€apture caused an efficiency reduction of about 6%
points compared to an IGCC power plant without,Gfapture (Pruschek et al. 1997),
(Pruschek et al. 1998).

Table 2.7 and Table 2.8 show data on PC coal pplaaits with CQ capture, Table 2.9 and
Table 2.10 show data on IGCC power plants with, €&pture obtained from engineering
studies on IGCC Cgxapture using rectisol scrubbing for £&&paration. Summarizing it can
be stated:

— Due to the fact that there is currently no marketgiration, but only demonstration
plants costs of current CCS technologies are riohated.

— After 2015 CCS technologies are assumed to pepetted market. Costs and
efficiencies of the power plants with G@apture are derived from the specifications of
power plants without C&capture based on literature.

— The data are calculated for a £€apture rate of 90% for pre- and post-combustion
capture and 99.5% for oxyfuel combustion.

Table 2.7 Data on future hard coal-fuelled PC power plantsw  ith CO , capture

unit 2005 2050

Electrical net power Pe| max MW, Not modeled 600

Net efficiency Nnet % 47/49%

Technical life time Year 35

Spec. investment cost €/kWe 1420

Construction interest %-Invest 8.2

Dismantling costs €/kWe 55

Fixed operational costs €/(kWe*a) 0.83

Variable operational costs €/MWhe 0.3

# oxyfuel combustion/post combustion CO, capture.
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Data on future lignite-fuelled PC power plants with C O, capture
unit 2005 2050
Electrical net power Pe|, max MW Not modeled 950
Net efficiency Nnet % 47/49%
Technical life time Year 35
Spec. investment cost €/kW, 1390
Construction interest %-Invest 8.2
Dismantling costs €/kWe 55
Fixed operational costs €/(kWe*a) 0.81
Variable operational costs €/MWhe 0.12

# oxyfuel combustion/post combustion CO, capture.

Table 2.9 Data on future hard coal-fuelled IGCC power plants with CO , capture

unit 2005 2015 2025 2050
Electrical net power Pe|, max MW - 425 425 425
Net efficiency Nnet % - 45 48 48,5
Technical life time Year - 35 35 35
Spec. investment cost €/kW, - 1,370 1,370 1,370
Construction interest %-Invest - 8,2 8,2 8,2
Dismantling costs €/kWe - 55 55 55
Fixed operational costs €/(kWe*a) - 65 65 65
Variable operational costs €/MWhe - 3,6 3,6 3,6

Table 2.10 Data on future lignite-fuelled IGCC power plants with CO , capture

unit 2005 2015 2025 2050
Electrical net power Pe| max MW, - 425 425 425
Net efficiency Nnet % - 44 46 46,5
Technical life time Year - 35 35 35
Spec. investment cost €/kWe - 1,370 1,370 1,370
Construction interest %-Invest - 8,2 8,2 8,2
Dismantling costs €/kWe - 55 55 55
Fixed operational costs €/(kWe*a) - 65 65 65
Variable operational costs €/MWhe - 3,6 3,6 3,6

The CQ abatement costs account for 30 to 40 €/t,.COquefaction and pipeline
transportation cause further expenses (GottlicBOO)L Altogether the COabatement costs
per ton of liquefied C@transported in pipeline over 1000 km are calcdlateapproximately
50 €. This calculation is based on costs of exgstathnologies.

2.3.7 Estimation of market development for differen  t coal technologies

Since IGCC power plants are still in their earlgge of development, supercritical steam
power plants will probably be the preferred tecbgglto be installed in the short term for
coal-based power generation. Thereby a developm@nards more advanced steam
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conditions is anticipated. Due to their relativexibility concerning fuel type and their good
environmental performance, IGCC power plants ale &befficiently use also feedstock such
as biomass and refinery residual. Moreover, IGC&esys could be part of a particularly
clean power plant system, when advanced gas twlaine fuel cells are integrated within the
electricity generation process.
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3 Current fossil technologies

Besides a short summary on current fossil techiypltigis Chapter includes a survey of
power plant technologies that can be identifiecayods candidates for future supply. From
these, a selection suitable for Europe to be medelithin NEEDS is taken.

Focus is on coal and natural gas technologiesis@ibt considered a main source option for
power generation in the next future, although igimibe used as alternative (may be limited
in time) fuel to natural gas in combined cycle powants and peak-load turbines, as well as
used (as diesel) in small size cogeneration plants.

3.1 Coal technologies

3.1.1 Pulverized Coal combustion subcritical and su percritical power
plants

Pulverised Coal (PC) combustion is the technologystmwidely used today for power
generation. Thousands of units exist worldwide poaating for well over 90% of total coal-
fired capacity (IEA Clean Coal 2005b; WCI 2005ajffé&ent coals can be burned in PC, but
this technology may not be best for coals with lagh content (IEA Clean Coal 2005b). The
coal is crushed and milled to a fine powder, st ithéhe case of a bituminous coal, 70 75% is
<75 um while less than 2% is >300 um (IEA Clean |G@95b)?° The pulverised coal is
blown with part of the combustion air into the leoithrough the burners. Secondary and
tertiary air is also added in the burners or diyeictthe combustion chamber.

Conventional PC units operate at nearly atmosphmassure, thus simplifying the material
flows through the plant (IEA Clean Coal 2005b).

Excess air is required to obtain as complete asilplescombustion of the carbon (>99%), but
modern designs are such to control and stage thiéicad of air in order to minimize the
formation of NOx. However, a de-NOx plant may stié necessary to comply with
environmental requirements (IEA Clean Coal 20056hmbustion temperatures range
1500-1700°C with bituminous coal, 1300-1600°C wliblwver rank coals (IEA Clean Coal
2005b). Superheated steam is produced in the keharger, which is expanded in a steam
turbine coupled with a power generator. Figureshidws a simplified scheme of a pulverized
coal combustion power plant with de-NOx and de-$@KI 2005a).

2 particle residence time in the boiler is typicailyo to five seconds, therefore smaller sizes tiigher ratio
surface to volume) favour complete combustion (lEléan Coal 2005b,a).
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Figure 3.1 Simplified scheme of pulverized coal combustion power plant with SCR and
FGD (Behrooz Ghorishi et al. 2005).

Different configurations of the burners in the carstion chamber are possible (IEA Clean
Coal 2005b):

— wall-mounted burners on one side;
— opposed-fired wall mounted burners;
— tangential burners in the corners or on the walls.

Choice of burners is mostly based on cost factopgrating experience, environmental
constraints and manufacturer's experience (IEA &€I€mal 2005b). Additional important
parameters are also the capacity of the boilettl@dequirements to turn-down ration.

Two broadly different boiler designs are mainly dis®ne is the two-pass layout made of a
furnace chamber topped by the heat exchanger farkaating the steam. The flue gases then
turn through 180° to move downwards through thenmaeat transfer and economiser
sections (as in Fig. 3). The other type is a tolater with the combustion chamber at the
bottom and nearly all the heat transfer sectioasked vertically above each other. Tower
designs are diffused in Europe, and applied to revjpieal (SC) units (see below). In Japan,
due to earthquakes, the two-pass layout is prefdreeause of the smaller height. (IEA Clean
Coal 2005b)

PC power plant units installed worldwide range galhe between 50 and 1300 MWIEA
Clean Coal 2005b). Most new PC units are ratedvat 800 MW, for the performance
increases and costs decrease with economies @&. $talvever, only a few large units with
outputs from a single boiler/turbine combinationmbre than 700 M\Wexist, which are
suitable only in relatively large and relativelynde power grids (IEA Clean Coal 2005b).

An average net thermal efficiency of 35% 36% is ownly assumed for large existing plants
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with subcritical steam burning relatively high gtialcoals (IEA Clean Coal 2005b). The

maximum efficiencies achievable with lower gradd &ower rank coals are somewhat lower
than with burning high quality coal (IEA Clean C@405b). The overall thermal efficiency

of some older, relatively small units can be as @sv30% (IEA Clean Coal 2005b). In

developing countries such as China, the efficieoitpld coal plants can be lower or even
much lower than 30% (Dones, Zhou, Tian 2003). lalsemits, the net efficiency is further

penalized by the high ratio of auxiliary power.garticular for supercritical conditions (see
below), the maximum efficiencies expected for lignifired plants currently under

construction in Germany are around 42% comparek #5686 for new bituminous coal fired

units with comparable waste heat sink (IEA Cleaal@905b).

New conventional PC power plants burning high dyalbal achieve above 40% efficiency
when used for base-load and working at optimumlledewever, units which load follow
(intermediate load), which is typical for hard caalits as opposed to lignite units, may
operate a considerable proportion of their timewemaximum output. According to (CCTP
2003), the efficiency of SC power plants is in tigka terms less affected by part-load
operation than subcritical plants, with efficiemeguctions for the former less than half those
experienced in the latter. For example, availabka duggest reductions in plant efficiency for
SC units of around 2% at 75% load compared withrdétiction for subcritical plant under
comparable conditions. Furthermore, it must be icemed that units operate more efficiently
with colder air temperatures, and with lower terapare cooling water (IEA Clean Coal
2005b). The cooling conditions going from nearwrivw®oling tower to direct sea water
cooling operation make a gain in efficiency of ab®woint percent. Realistic modeling and
economic comparison should be based on normaparalyoperating conditions.

The costs for retrofitting a SC steam system ta@xisting subcritical boiler are prohibitive
according to (IEA Clean Coal 2005b). Therefore,eotlvays to increase efficiency by
retrofitting should be pursued or new SC plant sthaubstitute old subcritical PCs in order
to improve the cost and environmental performaneelyding reduction of C®emission
rate) of average coal plants. Various measureadease the thermal efficiency relative to
current design practice are given below, from (El&an Coal 2005b):

— reducing the excess air ratio from 25% to 15%, Wigives a small increase;

— reducing the stack gas exit temperature by 10°Kiléatecovering the heat involved)
can bring about a similar (small) increase;

— increasing the steam pressure and temperatureZs5omMPa/540°C to 30 MPa/600°C
can increase efficiency by nearly 2%;

— using a second reheat stage can add another 1%;

— decreasing the condenser pressure from 0.0065 M@&®3 MPa can further increase
efficiency.

Implementation is subject to trade-off analysisaeetn costs (both capital and operating), the
risk element in the decision and the energy rea/efEA Clean Coal 2005b). These
measures will not be modeled within WP7.

PC using steam in supercritical conditions has fmecéhe norm for new installations in
industrialized countries (PF 03-05 2003). Capitats of supercritical PCs are slightly higher
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than those of conventional PCs; however, unit foests are significantly lower than
subcritical PCs because of the increased efficieamny, in many cases, also higher plant
availability (WCI 2005b). More than 400 plants ameoperation worldwide, some of them in
developing countries (WCI 2005b). Modern installgldnts can achieve overall thermal
efficiencies in the 43-45% range, depending on tlona(lEA Clean Coal 2005b; WCI
2005a). Net efficiencies of 45-47% are achievakil® wupercritical steam using bituminous
coals and currently developed materials with bestwater-cooled conditions (IEA Clean
Coal 2005b). An electric net efficiency of 43% scdmented for the hard coal power plants
Staudinger V near Hamburg and in Rostock, Germd@hgse plants have net capacities of
509 MW, steam pressure of 26.2 MPa, and steam tampes of 545°C/562°C (Schuknecht
2003). The hard coal plant Nordjylland 3 in Denmuaith a capacity of 400 MW shows the
currently highest net efficiency in Europe, 47%e&h parameters are 290 bar/582°C/580°C
(Bernero 2002). One of the most advanced lignitevgsoplants of today is the unit
Niederaussem K with a capacity of 950 MW, a netigfiicy of 43.2% and steam parameters
are 600/605°C and 272/55.5 bar, live steam/reh€aiE 2006a, RWE 2005).

Most PC boilers operate with a dry bottom, whicbduces coarse bottom ash (IEA Clean
Coal 2005b); the other boiler type uses wet bottehrich produces boiler slags. Most of the
ash, 65%-85% according to (Pflughoeft-Hassett, ethsSchroeder 1999) and 80-90% with a
low level of carbon-in-ash, averaging around 0.5¢¢oading to (IEA Clean Coal 2005b) is
transported out of the boiler by the flue gasediras solid particles. Boilers with cyclone
burners use coarser coal feed (95% is <1/4 inughteft-Hassett, Hassett, Schroeder 1999)),
and shall be considered separately from PCs. Theupe much higher bottom ash than PCs,
up to 75% 90% depending on coal quality, and smalaounts of fly ash (Pflughoeft-
Hassett, Hassett, Schroeder 1999).

The most effective way to reduce most of the emissspecies produced by coal combustion
in PCs is through post-combustion pollution contilevices. ESP and/or fabric filters can

remove well over 99% of fly ash from flue gasesiumrent plants. Flue gas desulphurisation
(FGD) plants can remove 90-97% of sulphur oxidesnfrflue gases, and convert it into

gypsum for use in buildings (WCI 2005a). Selectvatalytic NOx reduction (SCR), also a

post-combustion technique, can achieve reductib88-®0% (WCI 2005a). NOx can also be

controlled using low-NOx burners, effective up @4, and re-burning techniques Together
these two techniques reduce NOx emissions up to(Y@&i 2005a).

Emissions from new PC units equipped with pollutmntrol plants can meet all current
emission standards reliably and economically, alifnothe capital cost can represent about
one third of the cost of the unit when meetingrtiest stringent current standards (IEA Clean
Coal 2005b). The operation of these emission cbnteasures has a relatively small effect on
overall thermal efficiency (IEA Clean Coal 2005b).

3.1.1.1 Hard Coal PC reference power plant consider ed in NEEDS

This study assumes for the reference state-of+theeal power plant technology from year
2000 on the Ultra Supercritical Pulverized Coal @QJBC) technology. Figure 3.2 gives a
schematic overview of this technology in the cak®anish power plants at the end of the
1990s.
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Figure 3.2 USC water/steam cycle with double reheat used in Nor djyllandsveerket Unit 3
(coal) and Skaerbaeksveaerket (gas) Power Plants, Denmark  (Kjaer 1997).
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However, under the constraints of data availabiting power plant in Rostoék,with gross
capacity of 553 MW net capacity 509 MW gross efficiency 46.7%, and net efficiency of
about 43% can be considered a suitable approximédioan LCI study. The plant in Rostock
was commissioned in 1994 and is operated at middi&. The unit is shut down in the eve-
ning and started up in the morning; load rampiriggare as high as 7% per minute (Vitalis et
al. 2000). Boiler availability for the four yearnmed after startup has been 98.5% (Vitalis et
al. 2000). The Benson boiler is a tower boiler vatite-through circuitry, in which the water
flows through the economizer, evaporator, and swgser surfaces without recirculation
through any subsystem during normal operation (igi&t al. 2000). Outlet steam conditions
are 545°C superheat, 562°C reheat, and 265 basgupee(Vitalis et al. 2000). According to
the classification of UNIPEDE as reported in (L&@0D4) these are typical characteristics for
supercritical plants.

In the more than one decade after commissioninthe@fRostock power plant, several new
units based on the USC combustion technology haee mstalled in Europe that have higher
net efficiency than Rostock. As reported in (BWHR@Y)) the net electrical efficiency has in-

creased from 42% up to even 49% (in best condifjsee Figure 3.3. Matching curves are
given in (Poulsen 2005; Kjaer 2003; Noer and Kj&06), showing the development of the
steam power cycle in Denmark. The steam temperdtaseincreased up to 600°C and the
pressure up to 305 bar. Double reheating has bdsoduced to further increase efficiency.
The above characteristics correspond to the mininames for defining USC technology

according to the aforementioned UNIPEDE classifocat

21 hitp://www.kraftwerk-rostock.de/
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Figure 3.3 Progress in net plant efficiency for hard coal power pl ants: from subcritical to

Ultra Super Critical (USC) technology (BWE 2006).

The best performer around year 2000 is the 411.Ntwt) power plant Nordjyllandsveerket
Unit 3 in Denmark, commissioning year 1998, withnat efficiency of 47.2% (power

production only?> 100% load; condensing mode; 10°C cooling watezarst parameters

290 bar/582°C/580°C (Kjeer S. 2003); tower boildhis plant is operated for base load
(Poulsen 2005).

However, the high efficiency of the Nordjyllandskagr Unit 3 is achieved also thanks to the
temperature of the heat sink which is the watethefNorth Sea. In order to reflect average
conditions in Central Europe, i.e. different amiissmperature and use of a cooling tower,
the efficiency should be decreased by about 2%s Fdlue has been estimated on the basis of
a hypothesized difference of condenser pressura fibout 23 mbar (abs) for the Danish
conditions to about 50 mbar (abs) for average Eeanpconditions and the corresponding
decrease of turbine efficiency calculated after GAZD00).

For integration within NEEDS, three unit sizes srquired by the energy economy modeling
in RS2a, namely 350 MW600 MW, and 800 MW (net). Considering that units with larger
capacities are in general more efficient than umitth smaller capacities, for the LCI
modeling it has been assumed a net efficiency &6 & the 800 MW unit, and 45% for the
units of 350 MW and 600 MW (Rostock unit size lies in between). Table 3.1egian
overview of the key data of the reference Critiealverized Coal (USC-PC).

22 The plant is designed for combined heat and poweasiyztion, with 90% total thermal efficiency, 33%5
MW, generator output, and 442 MJ/s district heatinguu(Poulsen 2005).
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Table 3.1 Technical data of the reference USC-PC Power Plants  investigated in NEEDS.

Gross Power * [MWe] |378 642 848

Net Power [MWe¢] 350 600 800

Technical Life Time [a] 35 35 35

Load [h/a] 7600 7600 7600

Net Electricity Generation (over the life time) [Twh] |93.1 159.6 212.8

Net Efficiency [%] 45 45 46

Efficiency FGD [%] 93 93 93

Efficiency de-NOx [%] 70 70 70

' Calculated from the net power using an auxiliary consumption of 8%, 7%, and 6% of gross
power, respectively for the 350 MW, 600 MW, and 800 MW units.

Modeling of the construction of the reference heodl power plants is based on data from
(Kohler et al. 1996a). The unit actually inventdrie (Kohler et al. 1996a) is installed in
Rostock, and has gross capacity of 553 MWet capacity of 509 MW gross efficiency
46.7%, and a net efficiency of about 43%. The nms$d¢he three modelled units with 350
MW, 600 MW, and 800 MW (net) capacity have been scaled from Rostock maater
inventory assessed in (Kohler et al. 1996a) usinggaession curve on the basis of the
average concrete and steel masses given in (J&88&) for hard coal power plants of 10,
100, 450, and 700 MW. In order to approximate ayerauropean conditions, the electricity
mix used for modeling electricity uses during camstion has been composed on the basis of
statistical electricity production data in year @00 UCTE and CENTREL grids, which were
separately modelled in ecoinvent (Frischknecht.€2G04).

An occupation area of 53'000°rs reported in (Kéhler et al. 1996a) for the Roktplant. In
first approximation the land occupation has beedetied assuming a linear relation with the
power rate. The shares of different land use caiegare assumed as 70% industrial area and
30% road area. The dismantling of the power plamhodelled using exclusively ecoinvent
datasets designed for waste management (Doka Zo@3¢oncrete, reinforcing bars, mineral
wool, and glass datasets of type “disposal, bugidikx, to sorting plant” were used. These
datasets describe the energy requirements for ditinga of the buildings, components and
other parts of the plant as well as the emissiamsng dismantling and transport of the
dismantled materials to the sorting plant. Dueh® tonstruction of ecoinvent background
database, also the final fate of these materiaial(tisposal or recycling) is automatically
included in the calculation of cumulative burde@sher materials like bitumen, plastics used
in buildings, waste wood, paint remains, and imedterials (masonry) are assumed to be
directly disposed of. Plastics used in auxiliary atectrotechnic systems, mineral oil, and
rubber are assumed to be directly incinerated.nfdtals except steel in reinforcement bars
are assumed to be directly recycled, hence thegponding items are not included in the
dismantling database.

The modeling of the operation of the reference hawdl power plants is based on two
sources: a German database of power plants (UBA)268r technical specification of
Rostock and its emission of criteria pollutantsg &ime description of the average hard coal
power plant, operational around 2000 in Germanymaslelled in ecoinvent (Rdder et al.
2004) for defining the emissions of GHG, VOCs, @arate elements, including radioactive
isotopes. For the second group, the emissionssarareed to remain the same in terms of fuel
input (kg emission per My). These data have been normalized to the kWh edkis of the
assumed net efficiencies.
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Efficiency of the FGD of the Rostock power plantisout 93%, whereas the de-N@orks
with about 70% removal efficiency (Hojczyk et aB9lr). The unit in Rostock is herewith
assumed to be representative for hard coal bestipplant technology available around year
2000 for what concerns construction material wtian and emission rates (per unit of;MJ
fuel input) of criteria pollutants during its opgom. In particular, the efficiency of FGD
produced by BWE using the Chiyoda advanced CT-1@D process (2nd generation wet
limestone process using a Jet Bubbling Reactor riRiPetersen and Pollastro 2005)) for
coal units commissioned between 1994 and 2004 exvéues between 85% (Okinawa
Electric Power Co., Japan, 156 M\Mant, 1994) and 99% (Kobe Steel Ltd., Japan, units

of 700 MW, each, 2002-2004), with an average around 95%. Meryvevorking efficiency of
FGDs depends on economics and, @@ission constraints, therefore they are depenolent
the site and coal S-content. Efficiency of dexNtid ESP for Rostock are such to achieve full
compliance with current emissions limits. The Dirnez 2001/80/EC of the European
Parliament and of the Council of 23 October 2001then limitation of emissions of certain
pollutants into the air from large combustion ptaBC (2002) established the emission limits
for new plants put into operation after Novembed2@s shown in Table 3.2. The emissions
of SO, and NQ for solid fuels correspond to approximately 5.6kgBViJ,. Therefore, the
chosen values from Rostock unit for N@nd SQ are equal to or below, respectively, this
limit (see Table 3.2) and can be used for repre@sgompliance of modern pollution control
technology with the European environmental law.idaenotally, the SQ emission from the
Rostock unit, whose coal feed has 0.9% S-contestin{ation after (Hojczyk et al. 1997)), is
equal to the low emission rate from the TNO CEPME#®abas? also reported in (Nielsen
et al. 2003). The limit for Total Suspended Patéitas (TSP) in the EC directive corresponds
to approximately 8.6E-6 kg/MJ Therefore, the chosen value from Rostock unitkstaf
5.6E-6 kg/Mi is well within the limit?* Moreover, the TSP emissions from the most modern
Danish coal supercritical PF plants reported ire(®n et al. 2003) are 2.5 to 3 kg/Mdr
Avedgreveerket (fraction PM between 66-78% of total TSP) and 2.6 to 5 kg/Madr
Nordjyllandsveerket (fraction PM between 48-66% of total TSP). Therefore, it can be
concluded that although the assumed value (thé®E makes 85% of total PM from stack)
is not the minimum that can be found in the literaf it is in the low range and well
complying with the EC directive, thus likely repeesing average Europe for best available
technology.

Maintenance/refurbishment during the lifetime of yower plant may require substitution of
components and thus some material flow. Howevesuramg this is of the order of the

hundredth of the total materials used for consioacit can be neglected from the accounting.
The cumulative results combined to give externatc@how only very minor contributions

from the construction of the plant (see discussresults below), therefore neglecting
material substitution during operation is accemablfirst approximation. However, this may

not be applicable for some individual emitted speci

23 hitp://www.air.sk/tno/cepmeip/

24 To take into account fugitive emissions from cdatk (heaps) and coal loading/unloading from fretgains
at plant, an approximate value of 5E-6 kg{Ms been inputted for PM >1n, along with ecoinvent (Roder et
al. 2004). These emissions seem not be capturedfibjaloreporting which always refers to stack esiis.
However, considering the rather low importanceeiternal cost calculations, a possibly meaningfdeutainty
in these TSP emissions can be fully tolerated ilfBEDS context.
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Table 3.2 Emission limits from large combustion plants in Direct ive 2001/80/EC (EC 2002).
Fuel* Plant size | Limit [Mg/Nm?]
MWhi SOy NOx Dust
Solid fuels (O, content 6%) > 100 30
> 300 200 200
Liquid fuels (O, content 3%) > 300 200 200
Natural gas(O, content 3%) > 300 35 100
Liquefied gas 5
Gas Turbines (O content 15%)? > 50°
Natural gas 50*
Liquid fuels® 120

! Shown here only fuels and plant sizes of interest for NEEDS

2 The limit values apply only above 70% load.

® Thermal input at ISO conditions.

475 mg/Nm3 in the following cases, where the efficiency of the gas turbine is determined at ISO base load conditions:
- gas turbines, used in combined heat and power systems having an overall efficiency greater than 75%;
- gas turbines used in combined cycle plants having an annual average overall electrical efficiency greater than 55%;
- gas turbines for mechanical drives.

For single cycle gas turbines not falling into any of the above categories, but having an efficiency greater than 35% determined
at 1SO base load conditions the emission limit value shall be 50*g/35 where g is the gas turbine efficiency expressed as a
percentage (and at ISO base load conditions).

® This emission limit value only applies to gas turbines firing light and middle distillates.

3.1.1.2 Lignite PC reference power plant considered in NEEDS

Reference for the current state-of-the-art ligtetehnology is the power plant “Niederaussem
K” in Bergheim, Nordrhein-Westfalen, Germany. Thdanp is named “BoA-unit”
(Braunkohlekraftwerk mit optimierter Anlagentechpik.e. lignite plant with optimized
systems engineering, in order to characterizeedhriology advancements. The plant has a net
capacity of 950 MWand a net efficiency of 43.2%. It started comnaroperation in year
2003%° Steam parameters are 265/60 bar and 580/600°C réftharkable increase in net
efficiency compared to older lignite power plargsdue to a combination of several factors:
an optimized cooling tower, use of the heat oféRbaust gases, increase in steam pressure
and temperature, increased efficiency of the t@bisnd reduced auxiliary power (RWE
2006, RWE 2005). Figure 3.4 shows a schematic eewraf the BoA lignite reference power
plant. Table 3.3 gives an overview of the key d#téhe reference lignite plant (RWE 2006,
RWE 2005).

“http://www.rwe.com/generator.aspx/rwe-power-
icw/standorte/braunkohle/kraftwerke/niederaussergllage=de/id=121102/niederaussem-page.(&rél2006).
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Figure 3.4 Schematic of the BoA lignite reference power plan t (RWE 2005).%

Modeling of the construction of the reference lignpower plant is based on (Kéhler et al.
1996b), which contains a comprehensive analyses miodern lignite power plant with a net
capacity of 929 MWand a net efficiency of 43%. Construction of thignt was supposed to
start in 1996. Since there are no specific datdabta for construction of the BoA reference
power plant, and since the characteristics of tlieanalysed in (Kéhler et al. 1996b) are very
close to those of the BoA plant, data from (Kohd¢ral. 1996b) are assumed to be repre-
sentative for the construction of the reference Bxdent. The overall electricity mix used for
modeling construction is based on statistical e@l@tt production data from year 2000 in
UCTE and CENTREL areas, which were separately nediéh ecoinvent (Frischknecht et
al. 2004), in order to approximate average Europeamditions. An occupation area of
134’000 m2 is reported in (Kohler et al. 1996b)eTdhares of different land use categories
are assumed as 70% industrial area and 30% roadaomg with what assumed for the hard
coal power plant. The dismantling of the power plaimodelled using the ecoinvent datasets
“disposal, building, xx” (Doka 2003), which des@ithe energy requirements for dismantling
of the buildings, components and other parts ofpglamt as well as the emissions during
dismantling and transport of the dismantled malterita the disposal facilities. Plastics,
construction wood and bitumen are assumed to tayfidisposed of. Concrete (including
reinforcement), steel (as bulk iron) except of Istised for reinforcement, mineral wool, glass
and masonry are assumed to be delivered to a goplamt preceding final disposal or
recycling. All metals except steel are assumecktditectly recycled.

The modeling of the operation of the referenceilegpower plant is as far as possible based
on currently available data from the plant “Niedssem K” in Germany. According to
(RWE 2006, 2005) emission factors for SQO,, and PMo per kWh electricity are 30%
lower compared to the previously installed ligngewer plant units Niederaussem. This
corresponds to the ratio of net efficiencies of 3@the old units vs. 43.2% of the BOA unit.
Therefore the emission factors per MJ (thermabiteginput, available for the same power
station in the PSl-internal database used in (Rétat. 2004), are assumed identical for the
new BoA-unit. Other emission factors not directlyagable for Niederaussem (e.g., trace
elements) and operational flows have been extrggmblfrom the dataset of the average
German lignite power plant operational around 2088cribed in (Réder et al. 2004), on the
basis of the ratio of the respective efficienciése efficiencies of pollution control systems in
Niederaussem, i.e. de-@7.5%) and de-NQ(80%), are among the highest values for
currently installed European lignite power plants.

% Luvo* is an acronym for ,Luftvorwdrmung* meaninggheating of the combustion air.
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Table 3.3 Technical data of the reference lignite Power Plant investigated in NEEDS.

Gross Power [MW¢] 1012

Net Power [MW¢] 950

Technical Life Time?’ [a] 35

Load [h/a] 7760

Net Electricity Generation (over the life time) [TWh] 258

Gross Efficiency [%] 46.0

Efficiency loss for auxiliary power [%0] 2.8

Net Efficiency [%0] 43.2

3.1.2 Integrated Gasification Combined Cycle techno  logy description

Integrated Gasification Combined Cycle (IGCC) iseanerging advanced power generation
system having the potential of generating eledyritbm coal with high efficiency and lower
air pollution (NQ, SO2, CO and PM10) than other current coal-bassthnblogies
(Australian Coal Association 2004, WCI 2005a), dotenlevels comparable to those of
natural gas-based power production (DOE 2001).

An IGCC power plant consists of a gasification wamd a gas-fired combined-cycle unit. In
the gasification unit fuel gas is produced from ¢bal (or other solid or liquid combustibles).
This high temperature coal gas is firstly clearfehtfired in a gas turbine. A power generator
coupled to the gas turbine generates electricitye Migh temperature exhaust of the gas
turbine still has enough heat to produce superedesteam in a steam generator belonging to
a conventional steam cycle. The super-heated stieaes a conventional steam turbine and
produces electricity in a connected second generahis use of two thermodynamic cycles
in cascade, which gives the name of "combined tytdethe technology, explains why
gasification-based power systems can achieve loglepgeneration efficiencies. The process
flow of an IGCC power plant is pictured in Figur®3

%" Since there is only limited experience with tlyiget of lignite power plant, the technical lifetiro&35 years is
an assumption, made consistently with other fgesiter plants within NEEDS RS1la.
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Figure 3.5 Simplified process flow of an IGCC power plant (CCS D 2002)

3.1.2.1 Coal gasification

The gasifier converts the hydrocarbon feedstool gaseous components by applying heat
under pressure in the presence of oxygen or steayasifier differs from a combustor in that
the amount of air or oxygen available inside thsifger is carefully controlled to facilitate
partial oxidation. Only a relatively small portiaf the fuel burns completely, the main
reaction is the generation of incomplete burnedrdwarbons from feedstock as gaseous
constituents. The produced synthesis gas or “synigaprimarily made of hydrogen and
carbon monoxide. Figure 3.6 shows an example eharained flow gasifier (CCSD 2002).

Minerals in the fuel (i.e., the rocks, dirt and ethmpurities that don't gasify like carbon-
based constituents) separate and for the mostgaae the bottom of the gasifier either as an
inert glass-like slag or other marketable soliddocis. Only a small fraction of the mineral
matter is blown out of the gasifier as fly ash aeduires removal downstream. The high
temperature syngas leaving the gasifier is cledroed impurities before being fired in a gas
turbine. There are two pathways for syngas cleareitber wet scrubbing (cold conditions),
which is presently applied, or gas cleaning in ¢mtditions. The wet scrubbing process is
technically proven and commercially applied in theustry, but when applied to IGCC
power plants it lowers the efficiency of the pldnyt some 2% to 3%. This is due to loss of
sensible heat in the gas during scrubbing. This t@ be prevented by cleaning the gas in
hot condition. Hot gas cleanup is ultimately desif@ IGCC, but presently this technology is
still under development and is not commercial aalie.

Sulfur impurities in the feedstock form hydrogerifide, from which sulfur can be easily
extracted, typically as elemental sulfur or sutfiacid, which both are marketable byproducts
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notwithstanding low market prices. Over 99% of gdphur present in the coal can be
recovered for sale as chemically pure sulphur (Alish Coal Association 2004). Nitrogen
oxides, another potential pollutant, are not formedhe (reducing) environment of the
gasifier. Instead, ammonia is created by nitroggardgen reactions. The ammonia can be
easily stripped out of the gas stream. As much5a®P9% of NQ and SQ emissions are
removed (DOE 2004, WCI 2005a; WCI 2005b).

IGCC plants are characterized by the type of gasiind the oxidant fed to the gasifier
(oxygen or air) (Bernero 2002). Most IGCC plantsopperation or under construction use
entrained flow gasifiers, which are oxygen blowméacing IGCC 2004). Since pure oxygen
isn't diluted by the large quantities of nitrogemgent in air, oxygen-blown coal gasifiers can
be more efficient. Making oxygen today, howevepidglly involves an air separation unit
with a complex, energy-intensive super-cooling ¢gsnic) process to extract oxygen from
the air (DOE 2004b). Only one IGCC plant is curkeittased on a fluidized bed gasifier,
which is air-blown (IEA Clean Coal 2005a). The coermial gasification processes believed
most suited for near-term IGCC applications usioglcor petroleum feedstocks are the
ChevronTexaco, Conoco Phillips, and Shell entraifiled gasifiers. Each of these
technologies is currently used at a commercial IG&siity. (Financing IGCC 2004). In this
study an oxygen-blown Texaco entrained-flow gasiieconsidered.

Figure 3.6 Texaco Entrained Flow Gasifier (CCSD 2002).

3.1.2.2 Feedstock and products

In addition to its high efficiency potential andcedent environmental performance, IGCC

technology features relatively high flexibility cogrning feedstocks. Besides hard coal, IGCC
power plants can be fuelled by lignite, biomassnitipal and other solid wastes or residues
of the petrochemical industry (DOE 2004b). Howevee, choice of feedstock determines the
selection and the design of the gasifier.

Besides electricity production, alternative producan be generated via coal gasification.
Meanwhile coal gasification is an established rofate producing hydrogen and there is
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considerable potential for hydrogen-producing IG@l@nts (PowerClean 2004) especially
attractive when coupled with G@apture and sequestration (see dedicated Chagtav)b

The syngas from coal gasification can also be tgg@oduce chemicals and liquid fuels as
well as for upgrading of refinery and petrochemite¢dstock. These products have the
potential to offset the cost of electricity genematusing IGCC (Australian Coal Association

2004). This capability of co-production makes cgasification one of the most promising

technologies for the energy plants of tomorrow (DZUB1).

Furthermore it is possible to produce ultra-cleaeld from syngas via Fischer-Tropsch
synthesis (DOE 2001). These fuels contain no sulpinwitrogen and are virtually free of

aromatics. Fischer-Tropsch derived diesel fuefisxaellent quality, having a cetane number
greater than 70, and can be used as a blendingfstolow-sulphur gasoline production.

Besides fuel, the syngas can be used to produdeanwdtor higher alcohols. From methanol
again several chemicals, such as formaldehydejcaaeid, and other derivatives can be
processed.

Co-production is of particular relevance for LCAn& there are several end-products it is
necessary when balancing an IGCC power plant vatproduction to allocate the resources
used and the emissions released to each of theatespco-products. However, modeling for
RS1la WP7 will be limited to electricity productionly.

3.1.2.3 Present market and use of IGCC technology

Despite the worldwide commercial use and acceptahgasification processes and natural
gas combined cycle power systems, until recentfy@Gvas still cited not to be established as
a mature technology for electricity generation @ficing IGCC 2004). It is still characterized
as ‘at demonstration stage’ (EC 2001) or as ‘neanrnercial technology* (Australian Coal
Association 2004).

Each major component of IGCC had been broadlyzetilin industrial and power generation
applications, but the integration of a gasificationt with a combined cycle power block to
produce commercial electricity as a primary ouiputlatively new. The technology has been
demonstrated at only a handful of facilities arotimel world. The milestone facilities of coal-
based IGCCs are shown in Table 3.4. Most plantFaible 3.4 are around the size of 250
MW,, which mainly has its reason in the specificatibnthe gasifiers. As gasifiers constitute
pressure vessels, in general they cannot be maduatgdcon site but need to be transported.
Hence, due to their weight and sheer size, capacitiuch above 300 MWare not likely
(IEA Clean Coal 2005a).
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Table 3.4 Coal fuelled IGCC plants worldwide. Source: Financi  ng IGCC 2004; Mayer 2006.

Cool Water Wabash Power |Polk Power | Willem Vresova?® | Puertollano
Demonstration Station Station Alexander
Plant
Location California, US Indiana, US Florida, US Netherlands | Czech Spain
Republic
Capacity 120 262 250 253 350 (430) 298
(MW net)
Gasifier Texaco Conoco Phillips |Chevron Shell Lurgi Prenflo
Texaco
Gas Turbine GE 7E GE MS 700IFA |GE MS Siemens GE 209E Siemens
700IFA V 94.2 V 94.2
Efficiency 33 39.7 375 41.4 41 (44) 415
(% HHV)
Fuel Bituminous coal Bit. coal / Bit. coal/ Bit. coal Lignite Bit. coal /
Feedstock pet coke pet coke pet coke
Start of 1984 1995 1996 1994 1996 1998
Operation (2005)

The IGCC plant in Cool Water in 1984 showed thehmézal feasibility of IGCC. The
commercial feasibility was demonstrated at Polk parglectric in 1996. Two variants of the
entrained bed concept have been demonstrated atcdhmmercial prototype scale at
Buggenum (Netherlands) and at Puertollano (Sp&ojh plants operate reasonably reliable
with efficiencies of over 42% and the Puertollamit is widely regarded as the state of the art
operational IGCC technology (Power Clean 2004).

However, meanwhile IGCC technology has further t®ed and more commercial IGCC
power plants are operational at present. Accorthnfpe recent status report on IGCC power
plants by the World Coal Institute, there has b&etrong increase of such plants. Currently
there are around 160 IGCC plants worldwide (WCI500 Around 16,500 MWof IGCC
capacity is expected to be operating in the USR®B0 (WCI 2005a, NMA 2005)

All the current coal-fuelled demonstration plants subsidized. The European plants are part
of the Thermie programme, and in the US, the DOBRpastly funding the design and
construction, as well as the operating costs fer fitst few years. Some plants constitute
repowering projects, but from the point of view démonstrating the viability of various
systems, they are effectively new plants, evendghdied to an existing steam turbine. (IEA
Clean Coal 2005b).

3.1.2.4 Hard Coal-fuelled IGCC reference power plan t considered in NEEDS

The latest hard coal based IGCC power plant irestaith Europe is located in Puertollano,
Spain, and has been commissioned in 1998. This I@@&r plant has been taken as basis
for the reference power plant considered in NEEIB&wvever, to some extent the Puertollano
IGCC power plant comprises out-dated power plambganents, which have been further
developed in the meantime and thus would allow cpand efficiency improvements.
Therefore, the reference IGCC power plant consiléere NEEDS for year 2005 is an
‘enhanced Puertollano IGCC power plant’, which isdified to a higher net capacity

8 Only plant in this list firing lignite. Numbers ibrackets show a power plant retrofit and optinisat
conducted in 2005.
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(450 MW instead of 300 M\Wy. The feedstock mix of hard coal and bitumen ugsed
Puertollano has been changed to a complete hatdhgog. Taking into account the assumed
hard coal feed, ISO ambient conditions (15°C avweragbient temperature, 1,013 bar, 60%
relative humidity) instead of local conditions imid?tollano, and technical enhancements in
power plant components, the efficiency of the NEER$erence IGCC power plant is
assumed to 45% instead of the efficiency of 42.8%uertollano,. For the calculation of the
capacity and efficiency of the NEEDS reference 1G@@&@ver plant, the outline of the
European JOULE-project, at which a concept for@@C power plant with higher capacity
applying state of the art components based on amiggtion of the Puertollano IGCC power
plant concept (EC 2000) had been developed, has taden into account. This concept
represents state of the art IGCC technology antbdo built nowadays with current power
plant components.

The flow sheet of the IGCC reference power plamsatered in NEEDS is pictured in Figure
3.7. Table 3.5 shows the technical data of the IG€@rence power plant. Cost data is
presented in Table 2.5. In Table 3.6 the charasttesi of the hard coal used in the IGCC
reference power plant are listed.
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Figure 3.7 Flow sheet of the hard coal IGCC reference power pl  ant investigated in NEEDS.
Source: IER based on information from (EC 2000)
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Table 3.5 Technical data of the hard coal-fuelled IGCC power plant investigated in NEEDS.
Gross Capacity [MW¢] 484
Net Capacity [MW¢] 450
Technical Life Time [a] 35
Load [h/a] 7,500

Net Electricity Generation

(over the life time) [TWhe] 118
Gross Efficiency [%] 48.3
Efficiency Decrease by Own Consumption [%] 33
Net Efficiency [%] 45
Table 3.6 Characteristics of the hard coal used in the hard coal- fuelled IGCC reference
plant investigated in NEEDS.

Upper Heating Value MJ/kg 29.12

Lower Heating Value MJ/kg 27.7

Water content % weight 10

Ash content % weight 6

S content % weight 3.21

# Calculated from the LHV in multiplication by 1.05

3.1.2.5 Lignite-fuelled IGCC reference power plant  considered in NEEDS

There is one lignite-fuelled IGCC power plant itisi in Europe, which is located in
Vresova, Czech Republic. Until 1996 this was alitgailesigned for town gas production. As
however the town gas was replaced by natural gas Russia, this plant was converted to a
unit for electricity generation by installation 8o combined cycle units of 200 M\WWThe
plant processes about 2,000 tons of local lignéegay (Bucko et al. 1999). As output the
Vresova complex generates electricity, but alsoaadkriquettes and produces steam. In the
scope of NEEDS the lignite-fuelled IGCC referencaver plant is considered without co-
production and only electricity is modelled as atitd hus the entire capacity of 400 M\

the Vresova power plant is modeled for electrigéneration. According to Bucko et al. 1999
and NETL 2005 in this unit an efficiency of 44%ashieved, which is also applied for the
lignite-fuelled IGCC reference power plant in NEEDS

The technical and cost data of the lignite-fuell@CC reference power plant in NEEDS are
shown in Table 3.7 and Table 2.6, respectively.ld &8 shows the characteristics of the
Czech lignite used in the lignite-fuelled IGCC mrefece power plant.
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Table 3.7 Technical data of the lignite-fuelled IGCC referen  ce Power Plant investigated in
NEEDS.
Gross Capacity [MW¢] 430
Net Capacity [MW¢] 400
Technical Life Time [a] 35
Load [h/a] 7,500
Gross Efficiency [%] 47.3
Efficiency Decrease by Own Consumption [%] 33
Net Efficiency [%] 44
Table 3.8 Characteristics of the lignite used in the lignite -fuelled IGCC reference power
plant investigated in NEEDS.
Upper Heating Value MJ/kg 17.1°
Lower Heating Value MJ/kg 16.3
Water content % weight 33.2
Ash content % weight 30.8
S content % weight 1.2

& Calculated from the LHV times 1.05

3.1.3 Fluidized Bed Combustion (FBC) power plants

Fluidised bed combustion (FBC) is a method of bwgntoal in a bed of heated particles
suspended in an upward gas flow (WCI 2005a). Afigant flow rates, the bed performs as a
fluid. The continuous and fast mixing of the pdescpromotes nearly complete combustion at
lower temperatures than in PC combustion. The maxirgas temperature available from the
FBC is limited by ash fusion characteristics, tfam the gas turbines differ from those used
in IGCCs and GCCs (IEA Clean Coal 2005b). The prynthiving force for the development
of fluidized-bed combustion was the reduction in,&@d NOx emissions at the combustor
(Bernero 2002). The relatively low combustion tenapare (800-900°C) reduces the
production of NOx in the outlet gas compared to BGt increases the amount of the
greenhouse gas.N. FBCs produce dramatically less SOx when limeston dolomite is
continuously added to the coal feed. FBCs canwadsoa wider range of fuels than PCs (WCI
2005a). Relatively coarse particles at around 3siz@ are fed into the combustion chamber
(IEA Clean Coal 2005b). The efficiency of most flised beds used for power generation is
similar to that of conventional plants (WCI 2005BBC technologies include: atmospheric
pressure fluidized bed combustion (AFBC) and pmssd fluidized bed combustion
(PFBC). The development of this technology has [stiemulated by its better environmental
performance than PCs with lower grade fuels, inigaar high ash coals, and/or those with
variable characteristics, although PFBC has alem lused on a commercial scale in Sweden
and Japan with traded coals of higher quality (IEkan Coal 2005b). Between 1985 and
1995, installation of FBCs was rapidly growing, ltipresent they represent less than 2% of
the world total coal capacity (IEA Clean Coal 2005b

3.1.3.1 Atmospheric fluidised bed combustion (AFBC)
Atmospheric-pressure fluidised bed plants are corialéy available in two types: bubbling-
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bed (Bubbling-bed Fluidised Bed Combustion — BFB@Y circulating-bed (CFBC). Both
technologies use mainly subcritical steam turbinegiether with sorbent injection of
limestone or dolomite into the bed for S@duction and particulates (ash together with
reacted sorbent) removal from flue gases. Carbasinlosses are higher in FBC residues
that in those from PC. Combustion temperatureskB@® are between 800°C and 900°C. Air
staging can further reduce NOx formation. (IEA @lé€aoal 2005b) AFBC are particularly
suited for high ash coals, coals with variable ahtaristics and co-combustion of
biomass/waste/coal slurries, and any type or sizié ean be repowered, which are all
advantages on PC (Decon 2003).

3.1.3.1.1 Bubbling fluidised bed combustion (BFBC) at atmospheric pres sure

Bubbling beds use a lower fluidizing velocity thainculating beds. The bed has a depth of
about 1 m (IEA Clean Coal 2005b). Sand is ofterdusamprove bed stability, together with
limestone for S@absorption. As the coal particles are burned aavalybecome smaller, they
are elutriated with the gases, and ultimately rezdoas fly ash (IEA Clean Coal 2005b). In-
bed tubes are used to control the bed temperahdeganerate steam. The flue gases are
normally cleaned using a cyclone, and then pasagfr further heat exchangers to generate
further steam (IEA Clean Coal 2005b).

Atmospheric BFBC is mainly used for boilers up bmat 25 MW, although there are a few
larger plants where it has been used to retrofiexsting unit. There are hundreds of such
small BFBC units in China. Overall thermal efficognis around 30% (IEA Clean Coal
2005b). Low capacity units are of lesser interesBuropean conditions.

The residues consist of the inert material oridgynal the coal, most of which does not melt at
the combustion temperatures used. Where sorbeadded for S@ removal, there will be
additional CaO/MgO, CaS0O4 and CaCO3 present. In@KEB much higher Ca/S ratio is
needed than in atmospheric CFBC in order to rem®@g This increases costs, and in
particular the cost of residues disposal (IEA Cl€aal 2005b).

3.1.3.1.2 Circulating fluidised bed combustion (CFBC) at atmospheri C pressure

Combustion temperatures and NOxINformation are similar to BFBC. Reduced NOXx
emissions by 60% when compared with conventionakd®d@inology are reported for CFBC
(Decon 2003). S©emissions can be reduced by the injection of surlfemestone or
dolomite) into the bed, and the subsequent remufvash together with reacted sorbent, again
similarly to BFBCs.

Circulating beds use a higher fluidizing velocibah bubbling beds. The coal particles are
constantly held in the flue gases, and pass throlwghmain combustion chamber with very
short residence time and vigorous mixing (IEA Cl€xoal 2005b). Immediately following, a
cyclone, operating at a temperature near thatek#thaust gas, separates the larger particles
(unburned coal and ash) to return them back tacdmebustion chamber. Individual particles
may undergo this process anything from 10 to 5@&sindepending on their size, and how
quickly the char burns away, with residence timethe bed on the order of tens of seconds
(IEA Clean Coal 2005b).

CFBCs are designed for the particular coal to B®luthe design must take into account ash
quantities and propertié8 Circulating beds are suited for low grade, high esals which are

9 “Fuel flexibility often mentioned in connection tvi FBC units can be misleading.” It does refer he t
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difficult to pulverise, and which may have varialdembustion characteristics. CFBCs are
also appropriate for co-firing coal with low grafiels, including some waste materials (IEA
Clean Coal 2005b).

The finest fly-ash leaves the cyclone with the fjases, and is normally separated by using
an ESP. The fly-ash can contain quite high propostiof carbon, possibly up to 15% (IEA
Clean Coal 2005b)

Atmospheric CFBC is used in a number of units adoRB0-260 MW size, and there are a
number of commercially operating plants (IEA Clg€aomal 2005b). New units are being built
up to 300 MW size, and there are designs for units up to 600.MM£E (IEA Clean Coal
2005b). However, CFBC bhoilers are used more extehsiby industrial and commercial
operators in smaller sizes, both for the productidrprocess heat, and for on-site power
supply. A few are used by independent power praguceainly in sizes in the 50 M\Wo
100 MW, range (IEA Clean Coal 2005b).

In the 100-200 MWrange, the thermal efficiency of FBC units is coomhy lower than that
for equivalent size PC units by 3 to 4 percentagatp (IEA Clean Coal 2005b). The reasons
are manifold. In CFBCs, the heat losses from thdotye are considerable. High heat losses
are associated with the removal of both ash andtgmebent from the system, in spite of the
ash heat recovery systems. The use of a low graaewdth variable characteristics tends to
result in lower efficiency (IEA Clean Coal 2005b).

The residues consist of the original mineral matteost of which does not melt at the
combustion temperatures used, like in BFBCs. Wherbent is added for S@emoval, there
will be additional CaO/MgO, CaSGand CaC@ present, although in less amounts than in
BFBCs (IEA Clean Coal 2005b).

3.1.3.2 Pressurised fluidised bed combustion (PFBC)

Pressurized fluidized bed combustion (PFBC) is & k&hnology where the combustor and
hot gas cyclones are all enclosed in a pressursekeBoth coal and sorbent for sulphur
removal have to be fed across the pressure boundadysimilar condition applies for ash
removal, which introduces some significant operatoomplications compared to AFBC
designs. With hard coal as fuel, the coal and liores can be crushed together, and then fed
as a paste, with 25% water.

Figure 3.8 shows a simplified flow diagram of a RFgower plant.

capability to burn different coal qualities butdifferent appropriate units. “Once the unit is hutl will operate
most efficiently with whatever design fuel is sgied.” (IEA Clean Coal 2005b)
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Figure 3.8 Simplified scheme of a PFBC power plant (WCI 2005a)

As with AFBC, bubbling beds as well as circulatingds are possible. However, currently
commercial-scale operating units all use bubbliagsb(first generation of PFBC), and hence
the name PFBC is normally used to refer to thedatchnology (IEA Clean Coal 2005b).
Gas and steam are produced which are driving a io@uibcycle. The combustion air is
pressurized in the compressor section of the gdsinet PFBC is a combined cycle
technology. The proportion of electricity produaddhe steam:gas turbines is approximately
80%:20% (IEA Clean Coal 2005b).

Considerable efforts have been made for the dewedap of PFBC during the 1990s

especially in Sweden and Japan, with traded colalsigh quality, but also in Germany,

Spain, and the USA (IEA Clean Coal 2005b). PFBCHl®en deployed at commercial scale.
However, the number of installations is still snaid it is likely to remain a niche technology
(PF 03-05 2003).

The pulverized coal is burned at 1-1.6 MPa anctlatively low temperature, approximately
800°C to 900°C (IEA Clean Coal 2005b; Dones efl@86). The maximum gas temperature
must be kept around 900°C in order to prevent aflering and alkali metals vaporisation,
otherwise they will re-condense elsewhere in ttetesy. As a result, a high pressure ratio gas
turbine with compression inter-cooling is used (IER&an Coal 2005b).

Limestone is added into the combustion chamberréxopately 6500 kg/GWh (PFBC,
1991)), reacting with sulphur to yield calcium dwdge (gypsum). The efficiency of this
process depends on the Ca/S ratio and can reach(RF&C, 1991). If an excellent coal
quality is chosen, the SOx production may decréasdout 18 kg/GWh whereas for lower
fuel quality, the double can be assumed. Conditome the low combustion temperature,
only very low NOx is produced 36 kg/GWhbut NNO emissions increase to 72-216
kg/GWhth compared to 1.8 kg/GWlyenerated in PCs (Dones et al. 1996).

From the combustion chamber the flue gas is rotedyclones and other dust removal
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systems. The cleaned flue gas drives gas turbhmscontribute 25% to 30% to the total
electricity generated by the plant. Moreover, tisbinhe drives an air compressor to keep the
combustion chamber under pressure. Before reathengtack, the flue gas is further used to
preheat the feedwater for the steam cycle.

Heat release per unit bed area is much greatereissprized systems than in AFBCs. Bed
depths of 3-4 m are required in order to accomn®tlad heat exchange area necessary for
the control of bed temperature (IEA Clean Coal 2003\t reduced load, bed material is
extracted (IEA Clean Coal 2005b).

PFBC units are intended to give an efficiency valtiever 40%, and low emissions. Current
commercial PFBC achieve efficiencies of up to 43%( 2005a).

The current PFBC demonstration units are all ofual8® MW, capacity, but two larger units
have started commercial operation in Japan at &éxiew Unit 1, owned by Kyushu Electric
Power, July 2001 (WCI 2005b)) and Osaki (IEA Cl€zoal 2005b). These are of 360 MW
and 250 MW capacity, respectively. The Karita unit uses sotizal steam with
241 bar/565°C/593°C (IEA Clean Coal 2005b; Bern2002). The Karita facility uses in-
furnace desulphurisation, denitrification equipmemind two-stage cyclones and an
electrostatic precipitator to reduce dust emissidihe plant achieves net efficiency levels of
around 41% (WCI 2005b).

From the environmental point of view, the technglbgs several advantages. Practically no
thermal NOXx is produced due to the relatively laambustion temperatures. However, about
10% of the nitrogen in the fuel is converted to NGrnversely, substantial emissions gON
occur. The in-bed sulfur absorption by dolomiteliorestone injection is amplified by the
elevated operation pressure. Within the bed opmmratemperature range,.8 and S@
generated from fuel-sulfur can be absorbed withenlieds. Sulfur exits the PFBC system as
solid sulphate with ash, allowing easy handlingug;i©8-99% of S©can be removed. The
result is SQ emissions of 0.19 g/kWh at 3.65% sulphur contenthie coal and 99% SO
removal (Bernero 2002). Another advantage is tHakNSOx, and CO are quite independent
in a pressurized process, therefore very low eomssof all three pollutants can be achieved
at the same time. Since excess oxygen is availatilee fluidized bed, b6 emissions are at
or below detectable amounts and carbonyl-sulfideotibe detected as well. Also the carbon
monoxide emissions are negligible (less than 20ppmjer the pressurized operation
(Bernero 2002).

As for other FBCs, the residues consist of theimaigmineral matter contained in the coal
feed and additional CaO/MgO, Cag@nd CaC@ due to the used sorbent for sulphur
removal. For the construction of the plant, a higlraount of high quality steel is required for
a PFBC in comparison to a PC because of the hjgfessures involved.

3.2 Natural gas technologies

3.2.1 Gas Combined Cycle (GCC) power plants

3.2.1.1 Description of combined cycle technology

A combined cycle power plant includes one or moas turbines and one or more steam
turbines. Figure 3.9 illustrates the principle o€@mbined cycle power plant with one gas
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turbine and one steam turbine. The exhaust gastfiergas turbine is used as heat source for
the steam generator which supplies steam to thenstierbine.

Currently, a large number of commercial Gas Conbi@gcle (GCC) power plants utilizing
the Brayton Cycle gas turbine and the Rankine Cytéam system with exhaust from
combustion and water as working fluids are insthite various countries worldwide. Due to
its high thermal efficiency and the relatively losapital costs for construction, and its
reliability this technology has been largely expagdn the last two decades.

The Brayton Cycle has high source temperature @nslnk temperature is high enough to be
used as the energy source for the Rankine CycleidBg the most commonly used working

fluids exhaust from combustion and steam, GCC c@n arganic fluids, potassium vapor,

mercury vapor, and others, which have been applied limited scale (Chase 2004). Systems
with these fluids will not be addressed in the gtud

CC technology is fuel flexible. Besides natural ,g@8€ plants can operate efficiently also
burning distillate oil fuels, ash-bearing crude odsidual oil fuels, and coal-derived gas fuels

(Chase 2004).
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Figure 3.9 Schematic figure of a combined cycle power plant (S iemens 2002)

The gas turbine is an essential component of a cedlzycle power plant. The development
of gas turbine technology has direct consequenaeshe technical progress of combined
cycle plants. The technology of gas turbines isdiesd in Chapter 3.2.2.

Actually, the first gas turbine (GT) installed 949 in an electric utility in the USA was
applied in a combined cycle. This was a 3.5 MW @GMhpse exhaust heated feedwater for a
35 MW conventional steam unit (Chase 2004). Thernergial development of CC systems
has proceeded in parallel with GT development (El2804). General Electric (GE) produces
presently the third generation technology, with fim@th generation available on the market
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soon within this decade (Chase 2004).

The refurbishment of gas steam power plants witha®d@ heat recovery steam generators
(HRSG) is still attractive in many applications &yd Chase 2004).

GCC has a relatively flexible duty cycle. GCC pu®rs flexibility in operation for both base-
load and mid-range duty with daily startup (Cha$®4). GCC also provides efficient
operation and excellent efficiency at part loadtipalarly for multiple gas turbine combined-
cycle systems (Chase 2004). Flexibility provided@@C with air/water fluids satisfies also
industrial cogeneration applications (Chase 2004).

Combined-cycle equipment is pre-engineered andmfagackaged as much as possible to
minimize installation time and cost (Chase 2004).rmajor and most auxiliary equipment is
shipped to the construction site as assembled asttd components. This minimizes
installation time and cost (Chase 2004). Althougihtlie above reasons CC equipment cost is
higher than that for conventional steam power gla@C plant installation time and costs are
significantly lower (Chase 2004).

Typical total time between commitment of the pland its start-up commercial operation is
according to (Chase 2004) approximately 30 montBbhagse 2004). Of this, strictly
construction period lasts about 14 months, andoperation and operation checkout about 3
months (Chase 2004). However, when gas turbinematalled the plant can start operation
in simple-cycle mode during the steam-cycle equiptmastallation (phased installation),
which enables the user to generate power and revienas little as a year from order date
(Chase 2004).

High reliability of CC system operation resultsrfr@volutionary design development. High
availability is achieved through development of daperation and maintenance practice of
utility operators (Chase 2004).

Low operation & maintenance costs are achievedutiiroquality design, appropriate
operation, and equipment design (Chase 2004).

GT generators are designed and manufactured imethsérame sizes (Chase 2004). For
example, the GE heavy-duty, gas turbine-packagedepglant product line includes units

covering an output range of approximately 37 MV25® MW (Chase 2004). GCC units can
have single or multiple GT installed (Chase 2004).

The third generation GE “F” Technology gas turbivees designed in the 1980s with the aim
at optimization for combined cycle peak efficiemagher than simple cycle peak efficiency
(Chase 2004). It has been commercialized in 199Ba$ pressure ratio of about 14:1 and
firing temperature of ~1300°C (Chase 2004). Tabf fBom (Chase 2004) shows GE third
generation CC system characteristics. Table 3.g@inafrom (Chase 2004), shows a list of
installed CC using GE third generation technology.
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Table 3.9 GE third generation CC system characteristics (C ~ hase 2004)

Gas Turbines 70-250 MW (MS6001FA, MS7001FA, MS9001EC
and MS9001FA)

Application Heat Recovery Feedwater Heating CC in the
1990s

Steam Cycle Reheat, Three Pressure

Emission Control DLN Combustion with Natural Gas and Water /
Steam Injection with Qil Fuels plus SCR
Installed in the HRSG

Fuel Natural Gas / Distillate Oil / Low Btu Gas

Table 3.10 GE third generation CC experience (Chase 2004), illustrative table.

60 Hz, STAG Combined Cyele Experience with iF i Te chnology Gas Turbine

UsA Virginia Power 7 S107F 1990 214
UsA Virginia Power £8 S107F 1992 218
Korea KEPCO Seo-Inchon #] & %2  8x5107F 1992 1887
UsA Sithe Independence 2x 8207FA 1995 1062
UsA Tampa Electric, Polk Co. S107FA 1996 3132
Kotea KEPCO Seo-Inchon #3 & 24 2= 5207FA 1996 1004
UsA US Gen. Co., Hermiston 2x S107FA 1996 425
UsA Crockett Cogen S107FA * 1996 202/248
Mexico CFE Samalayuca 3IxSI10TFA® 1908 506
UsA Cogentrix, Clark Co. SI0TFA * 1908 254
UsA Ft. St. Vrain S207FA 1999 487
Korea KEPCO, POSCO S207FA 1999 498
Columbia EPM LaSierra S207FA 2001 478
UsA Bucksport Energy S107FA 2001 176
UsA Westbrook S207FA 2001 528
UsA Santee Cooper S207FA 2001 600
Korea Puszan 4= 5207FA 2003/4 2000
*Single-shaft Combined Cycle

Number of gas twbines = 45 Units

Installed Capacity = 12411 MW

Japan TEPCO, Yokahama 8x SI00FA * 1996/7 2800
China China Power & Light 8 x SI100FA * 1996/72 2731
Japan TEPCO, Chiba 4xSI00FA* 19908 1440
India Enron, Dabhol T S209FA 19908 698
Chile Renca S109FA 1908 370
Netherlands ~ AKZO, Delesto S109FA * 1999 364
UK Sutton Bridge S209FA 1999 800
Thailand Ratchaburi 3 x 5200FA 2000 2130
Argentina Central Puetto S209FA 2000 769
Japan Hitachi Zosen S106FA 1999 106
UK Tri-Energy S209FA 2000 700
UK Great Yarmouth S109FA * 2001 407
India Enron, Dabhol IT 2x 5200FA 2001 1600
Japan TEPCO, Fuftsu 3 4xSI0OFA* 2002 1590
Spain Castellon S209FA 2002 285
* Single-shaft Combined Cycle

Number of gas turbmes = 50 umits

Installed capacity = 17,795 MW

Table 3.11 shows some technical data on curreniradagjas combined cycle plants from
literature or manufacturers.
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Table 3.11 Technical key parameters for current natural gas combi ned cycle plants
Parameter Unit 2000 2005 Reference
General NGCC data:
Net electric efficiency % 58 Bachmann 2005
% 52.9-57.8 ALSTOM 2005
% 58 IEA 2004, high estimate
% 50 IEA 2004, low estimate
% 57 DWTC 2001
% 55 Boyce 2006
Maximal net electric % 58.4 Siemens Mainz-Wiesbaden
efficiency power plant (2001)
Technical lifetime a 25 Boyce 2006
Time from planning to months 22-24
completion
Specific NGCC data:
Capacity MWe 410 ALSTOM 2005
Net electric efficiency % 57.8
Technical lifetime a 25
Construction time months 24

Table 3.12 shows some cost data for current nagasicombined cycle power plants from
literature or manufacturers, which have been ugegpécify the costs of the modelled NGCC

plants.
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Table 3.12 Cost data for current natural gas combined cycle pla nts

Parameter Unit 2000 2005 Reference

General NGCC data:

Total capital costs USS$/kW 515-724 IPCC 2005

Investment costs US$1000/kW 370 Claeson Colpier & Cornland
2002

Investment costs €/kwW 500 DWTC 2001

Capital costs US$/kW 600-900 Boyce 2006

0&M (fixed) $/MWh 0.35

O&M (variable) $/MWh 4.0

Share initial costs % 8

Share maintenance costs % 17

Share fuel costs % 75

Investment costs USS$/kW 600 Barreto 2001

0O&M (fixed) US$/kWa 36.6

O&M (variable) US$/kWa 19.7

400 MW NGCC:

Capacity MWe 410 ALSTOM 2005

Net electric efficiency % 57.8

Total capital costs €/kW 434

Installation costs, plant €/kW 366

(turnkey)

Other capital costs €/kW 68 (approval by authorities, land
etc. for Switzerland) ALSTOM
2005

O&M (fixed) €/MWa 8839 ALSTOM 2005

O&M (variable) €/MWh 2.01

3.2.1.2 Natural gas combined cycle plant considered in NEEDS

The modelled reference natural gas combined cyolgep plant is based on data of the
400 MW, plant Mainz-Wiesbaden in Germany. The scheme efMainz-Wiesbaden GCC
plant is shown in Figure 3.10. It started operatiogear 2001. (The waste incineration plant
(MHKW) included in Figure 3.10 started operationyear 2004 and since then delivers
additional heat to the steam generator. FurtherntbeeGCC can operate in CHP mode and
supply heat for long-distance heating and steaninfiuistry. These heat components and the
CHP mode are not considered here.) The techni¢al steeet of the Mainz-Wiesbaden plant
specifies a total net electric capacity of 406 MKMW 2002a, b). The gas turbine of the
plant is a Siemens V94.3A2 model with a nominalacély of 265 MW. The steam turbine
supplies about 140 MW According to the operators, the Mainz-Wiesbadé&mntpis the
natural gas combined cycle power plant with thehégj actual net electric efficiency
worldwide of 58.4% (as of year 2001) (KMW 2002apwéver, considering that the thermal
efficiency depends, among other factors, also am dmbient temperature at the site,
definition of an average efficiency for a regiokeliEurope requires estimates of average
environmental temperatures and average coolingitonsl Thus, a net electric efficiency of
57.5% is assumed for the current reference best G@@al gas combined cycle power plant,
along with the ecoinvent database (Faist Emmeneddeck, Jungbluth 2004). For the
modelling, it was assumed that the plant is maisigd for base load operation.
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Dampf/Prozessdampf = steam; Fernwarme = long-distarating.

Figure 3.10 Schematic figure of the 400 MW . natural gas combined cycle power plant Mainz-
Wiesbaden, Germany (Source: KMW (2002a)b).

Table 3.13 and Table 3.14 show the technical daththe costs data, respectively, of the
NGCC plant modelled in this study. A life time diaut 25 years was assumed after (Boyce
2006; ALSTOM 2005). The costs data have been ewsuiaased on the literature data shown
in Table 3.12.

Table 3.13 Technical data of the reference current natural gas combined cycle power plant
investigated in NEEDS.

Net Electric Power [MW¢] | 400
Technical Life Time [a] 25
Load [h/a] 7200
Net Electric Efficiency [%] 57.5
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Table 3.14 Cost data of the reference current natural gas com  bined cycle power plant
investigated in NEEDS.

Spec. investment costs (overnight capital costs) [€/kW] 440
Spec. demolition costs (greenfield) [€/kW] 15

Fixed costs of operation [€/kWiyr] 8.8
Other variable costs [€/MWhel] 2.0

3.2.2 Gas turbine technology

3.2.2.1 Gas turbine categories
The following categories of gas turbines can bérdisished (Boyce 2006):

— Frame type heavy-duty gas turbines, ranging froouaB MW to 480 MW.

The “frame type heavy-duty gas turbine” is the siea gas turbine design for large plants. It
has been introduced already in the early 1950snéti; application is electricity generation.

At present, new heavy-duty gas turbines can reatdiinge inlet temperatures of about 1370°C
and pressure ratios of about 35:1. The efficiencaage from 30% to 46% (Boyce 2006).

Industrial heavy-duty turbines are using axial-floampressors and turbines. They include
thick casings and other heavy weight componentsesmestriction in weight and size are

usually not important for this design. The advaatagf the design are a long lifetime, high
availability, high efficiency, and relatively lowoise level of the gas turbine. Heavy duty gas
turbines are also widely used in combined-cycle groplants.

— Aero-derivative gas turbines, typically in the rargetween 2.5 MW and 50 MW.

Aero-derivative gas turbines have been derived fameraft turbines. Compared to stationary
turbines, gas turbines for aircrafts are designadaf shorter lifetime and therefore are
operating at higher temperatures and higher pressiios reaching higher efficiencies. Thus
aero-derivative gas turbines have been adopteddooptimized for the needs of electricity
generation and other stationary applications. kfficies range from 35% to 45% (Boyce
2006). An aero-derivative gas turbine consists rofaacraft-derivative gas generator and a
free-power turbine. It has a relatively thin cassampared to a heavy-duty gas turbine. In
many cases, the axial-flow compressor is divided & low-pressure section and a high-
pressure section. Usually, two gas turbines, a posgsure and a high-pressure turbine,
corresponding to the two compressor sections, sed.urhe speeds of the high-pressure and
low-pressure sections can be optimized. Advantagethe aero-derivative design are the
compactness of the gas turbines and a flexible tev@@mce concept. The gas turbine can be
tested at the manufacturer’s plant. It can be frarsd as a complete unit to the final location
where it can be installed quickly. The aero-denxagas turbines are used e.g. in combined-
cycle power plants below 100 MW, in particular @mote areas. They are also used by the
gas industry for gas transport and by the petroatermdustry e.g. on offshore platforms.

— Industrial type gas turbines, ranging from abo&tMW to 15 MW.

The design of industrial type gas turbines is simib the design of heavy-duty gas turbines.
The capacity ranges from about 2.5 MW to 15 MW #mal efficiency from about 30% to

35% (Boyce 2006). The thickness of the casing rargdween that of a heavy-duty turbine
and that of an aero-derivative turbine. Industtjgde gas turbines are still efficient in part
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load operation. Because the simple-cycle turbireeltva efficiency, many industrial type gas
turbines use regenerators or recuperators in dodenprove the efficiency. Industrial type
gas turbines with recuperators can reach efficeenof about 38% (Boyce 2006).

- Small gas turbines, ranging from about 0.5 MW td\¥.

Small gas turbines are designed for power needgeeet0.5 MW and 5 MW. In many cases,
a small gas turbine includes a single-stage cegaif compressor, a single side combustor
and radial inflow turbines. Efficiencies range fra®o to 25% (Boyce 2006).

— Micro-turbines, typically in the range between 20 knd 350 kW.

Micro-turbines are usually units with a capacityomeabout 350 kW. They can be axial-flow
or centrifugal-radial inflow units. A common apgte@n of micro-turbines is the cogeneration
of heat and power.

3.2.2.2 Overview on major gas turbine components
A gas turbine consists of the following major coments:

- Compressor
The compressor pressurizes the working fluid. Casgor types are

o Axial-flow compressors (entrance and exit of thewfl are in the axial
direction)

o Centrifugal flow compressors.
- Combustor

The combustor is the chamber where the combusgaution takes place and where the
temperature of the high-pressure gas increasesb@sior types are

0 Annular combustors
o Can-annular combustors
0 Tubular (side combustors)
o External combustors.

- Regenerator (optional)

Regenerators are used in order to increase thaegity of the gas turbine. In most cases,
ambient air is compressed and routed to the regewewhich heats the air to about 480°C

(Boyce 2006). The hot air from the regeneratorhient routed into the combustor. The

regenerator reduces the amount of fuel needed &b Uye the gas and thus increases the
efficiency of the process.

- Turbine expander section

The turbines can be categorizes into two typesaldkow turbines and radial-inflow turbines.
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Today, most gas turbines are axial-flow turbineadiBl-inflow turbines are a new concept
which is not widespread yet. In an axial-flow tumbi the entrance and exit of the flow are in
the axial direction, like in the axial-flow compsess. Radial-inflow turbines can be shorter
and more compact than axial turbines.

3.2.2.3 Literature data for gas turbines

Table 3.15 shows some technical data on naturafigak gas turbines from literature and
manufacturers. An important key parameter is teetdt efficiency. The efficiency of the gas
turbine depends on the gas turbine inlet tempezatnd the pressure ratio.

Table 3.15 Technical key parameters for current gas turbines.

Parameter Unit 2000 2005 Reference
General GT data

Net electric efficiency % 21-45 Boyce 2006
Technical lifetime a 25

Time from planning to completion | months 10-12

Net electric efficiency % 38 Bachmann 2005
Net electric efficiency 39 eurelectric 2003
Net electric efficiency 33.1-38.1 ALSTOM 2006
Medium-size aero-derivative GT

Output Power MW 42.6 General Electric 2001
Nominal thermal efficiency % 41.2

Firing temperature T 1288

Exhaust temperature T 466

Pressure ratio 30:1

Large GT

Capacity MW, 280 ALSTOM 2005
Net electric efficiency % 38.3

Technical lifetime a 25

Construction time months 15

Large GT

Capacity MW, 265 Pauls 2003 (Siemens)
Net electric efficiency % 38.6

Table 3.16 shows some cost data for current gases from literature or manufacturers.
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Table 3.16 Costs data for gas turbines.

Parameter Unit 2000 2005 Reference
General GT data

Capital costs USS$/kW 300-350 Boyce 2006
O&M (fixed) $/MWh 0.23

O&M (variable) $/MWh 5.8

Share initial costs % 7-10

Share maintenance costs % 15-20

Share fuel costs % 70-80

Investment costs US$/kW 350 Barreto 2001
O&M (fixed) US$/kWa 58.5

O&M (variable) US$/kWa 16.03

Medium-size aero-derivative GT

Output Power MW 42.6 General Electric 2001
Cost of Gen Set (simple cycle) US$/kW 346

Large GT

Capacity MW, 172-280 ALSTOM 2005
Total capital costs €/kW 235-248

Installation costs, plant (turnkey) €/kW 214-227

Other capital costs €/kW 20-22

O&M (fixed) €/MWa 6299-7874

O&M (variable) €/MWh 4.57-5.04

3.2.2.4 Natural gas turbines considered in NEEDS

For the NEEDS project, a gas turbine of the 50 Ml&sg is modelled. The modelled
reference natural gas turbine is not based on aifgp®perating plant. Instead, general
information about gas turbines has been used.

Modern medium size gas turbines can achieve efitdgs of about 38% (Boyce 2002).
According to EURELECTRIC, gas turbines in the MWhga have efficiencies up to 39%
(eurelectric 2003). ALSTOM declares efficienciesvimen 33.1% and 38.1% for gas turbines
(ALSTOM 2006). Siemens reports an efficiency of638.for the large (265 MY V94.3A
gas turbine (Pauls 2003). For the electricity patidun of the reference gas turbine, a net
electric efficiency of 38% has been assumed inghidy.

Table 3.17 and Table 3.18 show the technical daththe cost data, respectively, of the
natural gas turbine modelled in this study.
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Table 3.17 Technical data of the reference current natural gas tur bine plant investigated in

NEEDS.
Net Electric Power [MW¢] |50
Technical Life Time [a] 25
Load [h/a] 5000
Net Electrl.cny.Generatlon mwh] |6.25
(over the life time)
Net Electric Efficiency [%] 38.0
Table 3.18 Cost data of the reference current natural gas turbine plant investigated in
NEEDS.
Spec. investment costs (overnight capital costs) [€/kW] 250
Guarding costs for period between shut-down and demolition | [Mio. €] 0
Spec. demolition costs (greenfield) [€/kW] 9
Fixed costs of operation [€/kWiyr] 7.8
Other variable costs [€/MWhel] 4.6

3.2.3 Combined Heat and Power (CHP)

3.2.3.1 Description of CHP technology

The idea of the combined heat and power (CHP) quinsdhe utilization of the waste heat of
a power plant for useful heat. Practically all fog®wer plants can provide heat in a CHP
mode if necessary. Natural gas CHP plants areabtaiin almost all sizes starting from the
smallest CHP with about 2 kWor a single family house up to the large combingdle
plants of about 800 MW Nevertheless, an economic use of CHP dependseodemand for
heat close to the power plant. Therefore, in paldica market for small CHP plants (between
2 kW, and about 8 My has developed in the past decades. Small CHRsptzan be
integrated into residential or industrial building$ey are applied to provide space heating
for e.g. apartment buildings, office buildings, pitals, and school buildings. Another
common application is the production of procesg faahe industry.

An important class of small natural gas CHP conggrithe motor CHP plants (or Internal
Combustion Engine CHP plants). A motor CHP plantudes a gas motor and a generator. A
heat exchanger provides heat to the water ciracumadf the heating system. Usually, a heat
storage is used in order to buffer between theatimer of the plant and the demand for heat.
Often a heat pump is added for a more efficientaigbe heat from the motor.

Lean burn gas motors yield high efficiency withatelely low costs compared to other CHP
types. Depending on the emissions limits, lean lyas motors can operate without catalysts
or with catalysts. Selective catalytic reductiorCR§ catalysts can be applied in order to
reduce nitrogen oxide emissions from the gas mdétoecessary, an oxidation catalyst can be
added for the reduction of carbon monoxide and dwahbon emissions.

Lambdal gas motors apply a three-way catalyst deroto reduce nitrogen oxide, carbon
monoxide and hydrocarbon emissions.

The exhaust gas recirculation (EGR) (in German: AGByasruckfihrung) motor CHP plant
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is a relatively new concept. The EGR CHP emplowsrbo motor with refeeding of the flue
gas in order to improve the electric efficiencyeTBGR engine operates in lambal mode and
is equipped with a three-way catalyst. The EGR @BiRbines high efficiency with low NOx
emissions.

Table 3.19 shows some technical data on naturaC¢#3 plants based on information from
literature or manufacturers.

Table 3.19 Technical key parameters for current small CHP pla  nts.

Parameter Electric Electric Thermal Total Year Reference
power efficiency% efficiency% | efficiency%
kWe
Mini-CHP 2 25 65 90 2000 Heck 2004
Lambdal motor 160 32 55 87 2000
Lean burn motor 50 30 54 84 2000
Lean burn motor 200 33 52 85 2000
Lean burn motor 500 36 46 82 2000
Lean burn motor 1000 38 44 82 2000
EGR motor 125-330 37.1-39.1 51.9-51.0 89.0-90.2 2005 Heck & Bauer 2005
Motor unspecified | 100 33 2000 BFE 2003
Motor unspecified | 400 36 2000
Motor unspecified | 120 33 2000 ASUE 2001
Average, motor 4.7-8380 34 54 88 2000
unspecified

Table 3.20 shows some cost data for current nagaslCHP plants based on information
from literature or manufacturers.

Table 3.20 Cost data for current small CHP plants.

Parameter Unit 2000 2005 El. power Reference
(kWe)

Gen Set costs $/KWe 250-600 50-7000 Boyce 2006

Capital costs (turnkey) $/KWe 600-1000 50-7000

Total O&M $/MWhe 5-12 50-7000

O&M (fixed) $/MWhe 4.7

O&M (variable) $/MWhe 5.2

Investment costs module €/kWe 840 200 Heck&Bauer 2005

Total investment costs €/kWe 1350 200

Total O&M €/MWhe 18.7 200

Investment costs module €/MWhe 1030 100 BFE 2003

Investment costs module €/MWhe 710 400

Total O&M €/MWhe 22.6 100

Total O&M €/MWhe 19.4 400

Investment costs module €/kWe 750 200 ASUE 2001

Total O&M €/MWhe 14 200
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3.2.3.2 Small CHP plant considered in NEEDS

A small natural gas CHP plant with an output of 29@. is modeled as reference plant here.
The data is based on manufacturer information aehture. A CHP plant with lean burn gas
motor is considered. It was assumed that the CldRt ¢ operating without catalysts. Table
3.21 and Table 3.22 show the technical data andctis¢ data of the reference 200 kW

natural gas CHP plant. A heat pump can be usethpoove the heat output but this is not
considered here. The specification of the heat &atpre is the basis for the exergy
allocation applied to LCA results.

Table 3.21 Technical data of the reference current natural gas CHP plant investigated in

NEEDS.
Net Electric Power [MWe] 0.2
Technical Life Time [a] 20
Load [h/a] 5000
Net Electrl.cny.Generatlon mwh] |0.02
(over the life time)
Electric Efficiency [%] 36.0
Thermal Efficiency [%] 54.0
Ambient Temperature [C] 20
Temperature of Heat [C] 80
Table 3.22 Costs data of the reference current natural gas CHP plant investigated in
NEEDS.
Spec. investment costs (overnight capital costs) [€/kW] 1100
Guarding costs for period between shut-down and demolition | [Mio. €] 0
Spec. demolition costs (greenfield) [€/kW] 3
Fixed costs of operation [€/kWiyr] 60
Other variable costs [€/MWhel] 7

3.3 Description of the fuel chains

In the context of NEEDS integration between RSld BS2a, each energy chain has been
structured in four main phases: operation, prodacénd dismantling of the power plant, and
fuel supply. Each of these parts is representecoiry process dataset. These parts are
assembled in one dataset which represents therigllgcproduction at the busbar by a
specific plant technology (Figure 3.11). AlthougheF Supply should naturally be one input
of power plant “Operation”, it is here connectedhwiElectricity” in order to facilitate the
contribution analysis of cumulative results intoigsions associated with the power plant
infrastructure and operation separately from emissiassociated with the upstream fuel
chain.
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Fossil Fuel
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Power Plant Electricity
Operation

Power Plant
Infrastructure

TN

Production of Dismantling of
Power Plant Power Plant

Figure 3.11 Generic structure of the fossil energy chains acc ording to the scheme adopted
for integration within NEEDS.

The dataset Fossil Fuel Supply represents theatglof fuel to the power plant. Therefore, it
connects to the ecoinvent dataset representingrttieof the upstream energy chain, which is
in general made of mining, processing, and trarisgfaihe fuel to the power plant (Dones et
al. 2004 a,b). Therefore, the Fossil Fuel Supptasizt as such is made of one link rather than
of a list of elementary flows, like it is the cafee the other datasets depicted in Figure 3.11.
The results for such dataset represent the cumeldturdens associated with the whole
upstream chain up to the supply to the power plant.

3.3.1 Hard Coal

3.3.1.1 Fuel characteristics

Assumptions on fuel characteristics may somewhi&rdior the modeling of the USC-PC
and IGCC power plants. Although this may be cosesitswith the characteristics of the
technologies (IGCC is designed to cope with higlptaur coal), what is important in LCI is
that the primary emissions from the stack and father sources within the plant describe the
overall burdens from a typical best-technology plan

In particular, for the USC-PC units, a coal witle tbtharacteristics of average supply to the
Rostock power plant have been assumed, which ammatized in Table 3.23.

Table 3.23 Selected fuel characteristics of the hard coal use d in the Rostock power plant
(Roder et al. 2004 after Hojczyk et al. 1997) and assume  d here for USC-PC units.

Hard coal

burned in

USC-PC
Upper Heating Value MJ/kg 273
Lower Heating Value MJ/kg 26
Water content % weight 9
Ash content % weight 10
S content % weight 0.9

T Calculated from the LHV multiplying it by 1.05.

For the IGCC reference power plant, hard coal withcharacteristics indicated in Table 3.24
has been used
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Table 3.24 Selected fuel characteristics of the hard coal used in the IGCC reference power
plant.
Hard coal
burned in
USC-PC
Upper Heating Value MJ/kg 277
Lower Heating Value MJ/kg 26.4
Water content % weight 10
Ash content % weight 6
S content % weight 3.2]]

T Calculated from the LHV multiplying it by 1.05.

3.3.1.2 Upstream Chain

Figure 3.12 shows a schematic of the structuréhefhiard coal chain for the USC-PC and
IGCC reference power plants. The hard coal suppfincto European power plants around
year 2000 is taken from the ecoinvent database W8 described in detail in (Roder et al.
2004) and will not be reproduced here.

Hard Coal at Mine
(production region X))

Hard Coal at Regional Storage
(production region X))

Hard Coal Supply Mix,
(EC average or EC country-specific)
from production regions X;

Other Supply
Regions X

Power Plant Operation

Electricity
at Power Plant busbar
(EC average or EC country-specific)

Power Plant Infrastructure
(Construction & Dismantling)

Figure 3.12 Structure of the hard coal chain for the USC-PC ref erence power plants;
modeling of the power plant follows the scheme adopted within NEEDS
3.3.2 Lignite

3.3.2.1 Fuel characteristics

Average German lignite, described in (Réder ek@D4), is chosen as average fuel for the
reference European lignite power plant. This assiamps based on the high share of German
lignite electricity production in total Europeagite electricity production in (about 41% in
EU-25 in year 2000). The main characteristics & #verage German lignite are given in
Table 3.25 (Roder et al. 2004).
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Table 3.25 Fuel characteristics of the German lignite used as r eference fuel (Roder et al.
2004).
Raw lignite
Upper Heating Value MJ/kg 9.9
Lower Heating Value MJ/kg 8.8
Water content % weight 58
Ash content % weight 2.5
C content % weight 27.1
N content % weight 0.3
S content % weight 0.2

3.3.2.2 Upstream Chain

The power plant is directly located at the mininige “mine-mouth”). Therefore, the
upstream chain is made of mining only. Figure 3li&trates the structure of the lignite
chain for the BoA reference power plant.

Lignite Supply
from Mine

Power Plant Operation
Electricity
at Power Plant busbar
(EC average or EC country-specific)

Power Plant Infrastructure
(Construction & Dismantling)

Figure 3.13 Structure of the lignite chain for the BoA reference power plant; modeling of the
power plant follows the scheme adopted within NEEDS.

3.3.3 Natural Gas

3.3.3.1 Gas Combined Cycle (GCC) power plant and Ga s Turbine

In order to represent a natural gas combined cpldat and a gas turbine in an average
European site, the average gas supply for Eurogean 2000 is used. These power plants are
attached to the high pressure natural gas netwdr.corresponding data is provided by the
ecoinvent module “natural gas, high pressure, asemer, RER” (RER = Region Europe).
The gas supply chain and the gas characteristesl@scribed in (Faist Emmenegger et al.
2004) and will not be reproduced here. The schefhbeonatural gas supply chain for the
natural gas combined cycle power plant as modélledtoinvent is illustrated in Figure 3.14.
In principle, the same structure of the upstreappluchain applies to the gas turbine as well.

3.3.3.2 Combined Heat and Power (CHP)

It is assumed that the small CHP plant is attadbetthe low pressure natural gas network.
The local distribution in the low pressure netwdnks been modelled in detail for
Switzerland. Therefore, the natural gas supplySwitzerland is used for the gas CHP plant.
The corresponding data is provided in the ecoinveotiule “natural gas, low pressure, at
consumer, CH”. The origin and characteristics @& 8wiss natural gas supply are similar to
the origin and characteristics of the average Eemopgas supply. The gas supply chain and
the gas characteristics are described in ecoin(f@ist Emmenegger et al. 2004). The scheme
of the natural gas supply chain for the natural G plant as modelled in ecoinvent is
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shown in Figure 3.15.

Figure 3.14

Figure 3.15

Power Plant Operation

Power Plant Infrastructure
(Construction & Dismantling)

Structure of the natural gas chain for the GCC power

Exploration and Production of
Natural Gas

Purification

Long Distance Transportation

Regional Distribution
(High Pressure Network)

Electricity
at GCC Power Plant busbar

power plant follows the scheme adopted within NEEDS.

CHP Plant Operation

CHP Plant Infrastructure
(Construction & Dismantling)

Structure of the natural gas chain for the CHP plant;

plant; modeling of the

Exploration and Production of
Natural Gas

Purification

Long Distance Transportation

|

Regional Distribution
(High Pressure Network)

Local Distribution
(Low Pressure Network)

Electricity & Heat
at CHP Plant busbar
(Allocation Exergy)

follows the scheme adopted within NEEDS.
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4 Future fossil technologies

The selection of future reference coal technolotpes CA modeling performed in RS1a and
for integration in the energy-economy model in R&2aased on:

» their development perspective, mainly in terms cdre@mic and environmental
performance, complying with possibly changing eowmental but also in terms
of operational and fuel flexibility, which wouldviar their market penetration;

» their environmental and costs representativenesdutore fossil technologies
which have high potential for attaining substantiapacity installed in Europe up
to year 2050 and beyond.

However, this chapter includes firstly the desooiptof a wide selection of candidates. Table
4.1 shows an overview of the different coal powdanp technology options, their
characteristics and potential development afterc¢be2003), whereas Table 4.2 shows the
gas technologies. More details are provided imtd sections.
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Overview of main characteristics of different
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hard coal power plant technologies
(without carbon capture); adapted from (Decon 2003).

Technology name Technology Efficiency Criteria pollutant Availability / Maturity
description emission
Pulverized Coal The advanced USC Modern PCC Emissions from Commercially: Standard PCC

combustion (PCC)
Ultrasupercritical (USC)

technology is based
on wide PCC
technology
experience. Currently
operational typical
USC steam parametrs
are about

29 MPa/582C/580C
(Nordjyllandsveerket
Unit 3 in Denmark).
Development of heat
resistant materials
(nickel-based
superalloys) is
ongoing.

plants today: 43-
45%. Seawater
cooled PCC
supercritical
power plants
reach efficiencies
of 45-47%.

With future USC
technology in the
range of 700C/35
MPa, efficiencies
of about 50%

new PCC units
with appropriate
flue gas cleaning
units (ESP, FGD,
SCR) can meet all
current
environmental
requirements
reliably and
economically, and
using well-proven
technology

and USC power plants.

Development: PCC with
advanced USC steam
technology with 650/700C is
predicted to be available in
2010/2020

Integrated gasification
combined-cycle
systems (IGCC)

Like FBC, the biggest
advantages of IGCC
over PCC is the
capability for
combustion of lower
rank fuels (waste,
coal, biomass, tar)
with low SOx and NOx
emission levels.

Presently about
43%. Itis
expected that
through
continuous
developments in
higher turbine inlet
temperature,
increased steam
conditions (ultra
critical steam) and
hot syngas
cleanup, net
efficiency will
exceed 50%.

Sulphur capture
for IGCC projects
were about 98%
and NOx
emissions
reductions were
90% compared to
those of a

conventional PCC.

No additional
equipment is
required to meet
the environment
standards.

Demonstration: At present,
the secondary generation of
IGCC power technology is at
a matured stage.

Atmospheric fluidized
bed combustion (AFBC)

BFBC (bubbling
fluidized bed
combustion) or CFBC
(circulating fluidized
bed combustion) types

ACFB: efficiency
is on par with
conventional PC.

CFBC: 38-40%
net efficiency can
be reached..

Direct sorbent
injection has SO,
removal efficiency
of 95% and
higher,: Low
furnace
temperature plus
staging of air feed
to the furnace
produce very low
NOx emissions

Commercially:

At present, there are about
300 operating CFBC boilers in
the world with the capacity
above 12 MW, 40% of them
are in the US, 40% in Europe
and 20% in Asia.

Pressurised fluidized
bed combustion (PFBC)

Combustor and hot
gas cyclones are all
enclosed in a pressure
vessel. In contrast to
AFBC, PFBC is
combined cycle thus
increasing the overall
efficiency. Advanced
PFBC is also equipped
with a carboniser and
a topping combustor.

Current PFBC:
over 42%, about
4-5% higher than
AFBC or
subcritical PCC.
Goal for second
generation PFBCs
is over 46%

Combustion takes
place at
temperatures from
800-900C
resulting in
reduced NOx
formation
compared with
PCC. SO,
emissions is
reduced by
sorbent injection
into the bed, and
the subsequent
removal of ash
together with
reacted sorbent.

Demonstration/commercially
available: The PFBC is now
under construction for
commercial plant scale..
Advanced PFBC is in a
demonstration phase.

Pressurised pulverised
coal combustion
(PPCC)

Combined cycle.
PPCC boiler operates
at 1-2 MPa, and about
1600C; temperature
of gas turbine inlet
1000-1300<C.

Future efficiencies
of up to 55%.

Basically same as
PCC with
FGD/SCR

Development/pilot scale: No
large scale power plants
installed yet.

Integrated gasification

Hybrid technology.
Triple combined cycle.

Pilot: net thermal

Same level as for

Development: pilot plant
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fuel cell systems (IGFC) | IGFC combines coal efficiency 53%. IGCC IGMCFC in Japan.

gasification technology | Future: 55%-60% Availability of IGFC power

(9as-steam combined plants deemed possible

cycle) with fuel cells. (Japan) in: 2010 (20 MW)

2015 (50 MW) 2020 (600
MW)

High Performance Indirectly fired gas Net efficiency: Demonstration: Two demo
Power Systems turbine combined 47% Estimated: power plants in the USA
(HIPPS) cycle, where heat is >50%

provided to the gas

turbine by high

temperature heat

exchangers with air

temperature of

T>1000<T.
Magnetohydrodynamic A fluid conductor, A triple combined SOx and NOx Early development stage:
Electricity generation typically an ionized cycle power plant emission levels Several prototype units are
(MHD) flue gas from has the potential predicted to be being tested in the USA.

combustion of coal or for ~52% very low.

other fossil fuels, flows | efficiency.

through a static

magnetic field,

resulting in a direct

current electric flow. A

gas/steam combined

cycle follows.

Table 4.2 Overview of main characteristics of different na  tural gas power plant
technologies (without carbon capture).
Technology Efficiency Emission Availability / Maturity
description
Combined A combined cycle Modern CC Emissions from CC Commercially: Standard
Cycle plant includes a gas plants today: units meet all current | CC, well established
turbine and a steam 55-58.5%. environmental technology.
turbine. The Efficiencies of requirements reliably
combination yields about 65% are and economically,
high efficiencies. expected in the and using well-
future. proven technology.
GT A gas turbine burns Modern gas Emissions from GT Commercially: well
gas at a high inlet turbines reach units meet all current | established technology.
temperature (e.g. efficiencies of environmental
1350%) in order to 38%. Future requirements reliably
produce electricity. efficiencies might | and economically,
be 46%. and using well-
proven technology.
CHP A CHP plant provides Current small Emissions from CHP | Commercially: well
heat and electricity. CHP plants (0.2- units meet all current | established technology.
The small CHP plants | 2 MW,): 36%- environmental
considered here 39% electric requirements reliably
employ gas motors. efficiency. Future: | and economically,
44%-48% electric | and using well-
efficiency. proven technology.

For the goals of RS1a, ultrasupercritical coal fdarsing pulverized coal on the one hand and
IGCC plants on the other hand, in both configuratiaith and without CCS, appear to be the

most suitable hard coal options to model for eleityr supply in Europe until 2050. Lignite
power plants are represented by the PC technolagy+Bagain with and without CCS.

Natural gas power plant technologies will be repnésd by Combined Cycle, with and

without CCS, advanced GT and CHP.

74




4.1 Coal technologies

NEEDS RS la — WP 7Advanced fossil power technslogie

4.1.1 Advanced PC: hard coal supercritical and ultr ~ a-supercritical power
plants

The principal developments of Pulverized Coal (RP&hnology include (IEA Clean Coal

2005b):

- Increasing plant thermal efficiencies by risingastepressure and temperature at
the boiler outlet/steam turbine inlet;

- Ensuring that units can load follow satisfactorayd,

- Flue gas cleaning units installed in order to mestissions limits and
environmental requirements for criteria pollutants.

The potential for efficiency improvements of supiical (SC) hard coal PC power plants
remains substantial. Figure 4.1 shows the possibleases of net efficiency up to more than
50% starting from an actual German power plant W80 (Staudinger V), by optimizing
plant design and using advanced materials in dadieicrease steam parameters.
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Likely increase of net efficiency, with reference to a currently operational power
plant in Germany, due to use of advanced materials and improved pl ant design

(CCTP 2002).

Schuknecht (2003) estimates a similar potentiad, ddlculations result in an increase in
efficiency from 44.7% of the reference plant up 5@.1% (LHV) by increasing the
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efficiencies of single components, reaching steamapeters of 35 MPa/700°C/720°C, and
implementing double reheat.

Bernero (2002) analyzed the operation of an adwh&€e power plant with a net capacity of
508 MW with steam conditions 365 bar/700°C/700°G atondenser pressure of 0.083 bar.
An efficiency of 45% (LHV) is calculated, compareal 41.9% (LHV) for a less advanced

plant with steam parameters of 290 bar/580°C/58#%€38.3% (LHV) for a conventional PC

plant with steam parameters of 165 bar/538°C/538F@e 20-years levelized cost of

electricity are calculated as 7.54 $cents/kWh, 7#Ents/kwWh, and 6.81 $cents/kWh,

respectively.

In general, low condenser pressure is a decisiegiinament for high efficiencies of
supercritical steam power plants. Every 10 mbare@se in the condenser vacuum would
result in nearly 0.4 percentage points to the peargetic efficiency under the conditions
provided in the case study for the SC plant witB Bar/580°C/582°C in (Bernero 2002). In
addition, the low flue gas temperature is importfort better system efficiencies. Also
reduction of boiler auxiliary power consumptionw®rth of further consideration, as 6.0-
7.3% of gross power output of a supercritical stggwer plant is self-consumed (Bernero
2002).

The aspired increases in power plant efficiencexguire the development of more stress
resistant materials, since steel as it is usedytaldes not tolerate steam temperatures and
pressures in the range of 700°C and above 350Figuré 4.2). Without such non-steel
alloys, the highest achievable efficiency wouldabeund 51%, while the development of so-
called “Super Alloys” would allow figures around%8n the long term (Bugge et al. 2006,
see also Figure 4.3). A general advantage of stipeat PC units is the superior part-load
performance, compared to HIPPS, IGCC, and PFBQg(&ernero 2002).

Operation of advanced plants requires resistantemadd, which enable the use of
supercritical and ultra-supercritical steam (pressw248 bar and temperatures >566°C and
as high as 700°C) (WCI 2005a; IEA Clean Coal 200Blvanced materials are used for the
boiler (water walls/evaporators, steam separategsels, superheater tubes, steam pipes) and
the steam turbine (CCTP 2002). Nowadays, steamitoomsi up to 300 bar/600°C/620°C are
achievable using steels with 12% chromium contédptto 315 bar/620°C/620°C austenite is
needed. According to Bernero (2002), nickel-baselloys would permit 350
bar/700°C/720°C. CCTP (2002) shows an increase tedns parameters up to 370
bar/700°C/720°C (see Figure 7). Together with otimization measures, this would allow
net efficiencies of about 50% for the best seawateted power plants (Bernero 2002, CCTP
2002). A demonstration plant (capacity 400-1000 MWihin the joint European project
“Advanced (700°C) PCC Power Plant” is planned tarnbeperation by 2010 (Bernero 2002).
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Figure 4.2 Characteristics of different materials with respe ct to possible steam parameters

at the power plant (Decon 2003, Bugge et al. 2006).
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Figure 4.3 Historical and potential future development of hard coal power plant efficiencies
(Bugge et al. 2006).

Long-term research is ongoing to achieve, with aded steam conditions for supercritical
and ultra-supercritical PC cycles, thermal efficies of 50% (IEA Clean Coal 2005b) and
beyond (PF 03-05 2003). The industry indicatespibesibility to reach 55% efficiency (WCI

2005a). This requires a considerable amount of wdEA Clean Coal 2005b) for the

development of new advanced materials, includimpsalloys.

Current pollution control technology can meet atlvieonmental standards for criteria
pollutants, as described previously. More tightgremission limits for most species could be
coped with rather easily, but controlling (and moring) mercury emissions need further
work to ensure compliance with future likely reguirents in the USA (PF 03-05 2003).

4.1.1.1 Specification of future technology configur ations

Table 4.3 through Table 4.5 provide an overviewth technology characteristics of the
future (2025 and 2050) hard coal fuelled PC refeggrower plants without C@apture. Key
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specifications of future hard coal power plants lbariound in chapter 4.3.4 (Table 4.46).

LCI data — emission parameters of the power plastaell as consumption of materials for
their operation, construction and decommissioningre based on the current reference
technologies (chapter 3.1). Data for constructinod decommissioning of the power plants
are the same in all scenarios and time horizoms stmplifying assumption is justified by the
very low contribution of infrastructure to cumulagiLCA results (see chapter 5). Power plant
emissions per kWh electricity production dependhannet efficiencies, emission parameters
per unit of fuel input are assumed to be the samdéomthe current hard coal reference
technologies.

Table 4.3 Technical characteristics of the hard coal-fuelled PC power plant without CO »
capture for future time horizons, pessimistic scenario.

2025 2050
Gross Capacity” [MWe¢] 378 642 848 3745 636 840
Net Capacity [MWe¢] 350 600 800 350 600 800
Technical Life Time [a] 35 35 35 35 35 35
Load [h/a] 7600 7600 7600 7600 7600 7600

Net Electricity Generation

L [TWhe] 93.1 159.6 212.8 93.1 159.6 212.8
(over the life time)

Net Efficiency [%] a7 a7 a7 50 50 50

" Calculated from the net power using an auxiliary consumption of 8%, 7%, and 6% (2025) and 7%, 6%, 5% (2050) of gross
power, respectively for the 350 MW, 600 MW, and 800 MW units.

Table 4.4 Technical characteristics of the hard coal-fuelled PC power plant without CO »
capture for future time horizons, realistic-optimistic scena rio.
2025 2050

Gross Capacity” [MW,] 3745 636 840 371 630 832
Net Capacity [MW,] 350 600 800 350 600 800
Technical Life Time [a] 35 35 35 35 35 35
Load [h/a] 7600 7600 7600 7600 7600 7600
('\(')iteiiztrl'i?giriz)”erat'on [Twhe | 931 | 1596 | 2128 | 931 | 1596 | 212.8
Net Efficiency [%] 49 49 49 54 54 54

" Calculated from the net power using an auxiliary consumption of 7%, 6%, 5% (2025) and 6%, 5%, 4% (2050) of gross power,
respectively for the 350 MW, 600 MW, and 800 MW units.
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Table 4.5 Technical characteristics of the hard coal-fuelled PC power plant without CO
capture for future time horizons, very optimistic scenario.

2025 2050
Gross Capacity1 [MW¢] 371 630 832 367.5 624 824
Net Capacity [MW¢] 350 600 800 350 600 800
Technical Life Time [a] 35 35 35 35 35 35
Load [h/a] 7600 7600 7600 7600 | 7600 | 7600

Net Electricity Generation

. [TWhe] 93.1 159.6 212.8 93.1 159.6 | 212.8
(over the life time)

Net Efficiency [%] 52 52 52 57 57 57

T Calculated from the net power using an auxiliary consumption of 6%, 5%, 4% (2025) and 5%, 4%, 3% (2050) of gross power,
respectively for the 350 MW, 600 MW, and 800 MW units.

4.1.2 Advanced PC: lignite BoA+ power plants

Substantial increase in the net efficiency can bisdoreseen for supercritical lignite power
plants. Especially Germany is currently followirgstline of technology development.

Two new BoOA power plant units, Neurath 2/3, similar Niederaussem K, will start
commercial operation in 2010 with a net electriicedncy above 43%. The electrostatic
precipitator will have an efficiency of above 99.8%nd the FGD above 90%. Envisaged
steam parameters (live steam/reheater/condensed/605°C and 272/55.5 bar/48 mbar
(RWE 2006b). Further improvements are expected thigh“BoA Plus”-concept. According
to (RWE 2005), net efficiencies of 52% could bectesd in 2020; (Heithoff 2005) claims net
efficiencies of about 54% (see Figure 4.4).

t CO, / MWh
Past Now
504 1987 1975 A 18
Frimmersdorf: Neurath: 2020
150 MW 600 MW -7 700°-BoA Plus 150 MW
n=308% mn=2366% . 1.000 Mw
-~ 0
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40 -
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1670 DBS»?“
jede: am: 1.000 MW .
20 8 Nlegﬁ-gaﬂﬂl%ﬁ;‘um' n = 43% Status quo: BoA
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n=314%
: 0.5
T T T 1
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1957 1973 1988 2004 2020 - . 7
Efficiency in % .

Figure 4.4 Future development of lignite power plant net efficiencie s (RWE 2005, Heithoff
2005).

Compared to the currently implemented BoA concém, further sophisticated BoA-Plus
concept contains a separate lignite drying sedfiogure 4.5). The lignite fuel is dried at a
low temperature level, using a heat pump drivenelctricity from the power plant and
profiting of the energy embedded in the vapour (R®ID5). Key characteristics of BoA+
modelled in RS1a for future time conditions aréelisin Table 2.3.
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Figure 4.5 Evolution of BoA to BoA-Plus concept (RWE 2005).

4.1.2.1 Specification of future technology configur ations

Table 4.6 through Table 4.8 provide an overviewths# technology characteristics of the
future (2025 and 2050) hard coal fuelled PC refeggrower plants without G@apture. Key
specifications of future lignite power plants canfbund in chapter 4.3.4 (Table 4.46).

LCI data — emission parameters of the power plastaell as consumption of materials for
their operation, construction and decommissioningre based on the current reference
technologies (chapter 3.1). Data for constructinod decommissioning of the power plants
are the same in all scenarios and time horizomsstmplifying assumption is justified by the
very low contribution of infrastructure to cumulaiLCA results (see chapter 5). Power plant
emissions per kWh electricity production dependhenet efficiencies, emission parameters
per unit of fuel input are assumed to be the samdoa the current lignite reference
technology.

Table 4.6 Technical characteristics of the lignite-fuelled PC power plant without CO ,
capture for future time horizons, pessimistic scenario.

2025 2050
Gross Capacity [MWe¢] 1007 997.5
Net Capacity [MW¢] 950 950
Technical Life Time [a] 35 35
Load [h/a] 7760 7760
Net Electricity Generation (over the life time) [TWhe] 258 258
Net Efficiency [%] a7 50

" Calculated from the net power using an auxiliary consumption of 6% (2025) and 5%
(2050) of gross power.
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Table 4.7 Technical characteristics of the lignite-fuelled PC power plant without CO ,
capture for future time horizons, realistic-optimistic scena rio.
2025 2050
Gross Capacity [MW¢] 997.5 988
Net Capacity [MW¢] 950 950
Technical Life Time [a] 35 35
Load [h/a] 7760 7760
Net Electricity Generation (over the life time) [TWhe] 258 258
Net Efficiency [%] 49 54

' Calculated from the net power using an auxiliary consumption of 5% (2025) and 4%

(2050) of gross power.

Table 4.8 Technical characteristics of the lignite-fuelled PC power plant without CO »
capture for future time horizons, very optimistic scenario.

2025 2050
Gross Capacity [MW¢] 988 978.5
Net Capacity [MW¢] 950 950
Technical Life Time [a] 35 35
Load [h/a] 7760 7760
Net Electricity Generation (over the life time) | [TWhe] 258 258
Net Efficiency [%] 52 57

Calculated from the net power using an auxiliary consumption of 4% (2025) and 3%
(2050) of gross power.

4.1.3 IGCC technology development perspectives

A way to make coal gasification more economicaluiture is to develop lower-cost ways to
produce the oxygen used in the gasification procassh as ceramic membranes to separate
oxygen from the air at elevated temperatures (DO&RB). Membranes may also become an
important new technology for separating gases predby coal gasifiers. Membranes are
explored and developed that can selectively renigarogen from syngas, which becomes
especially relevant for IGCC power plants with L€apture. IGCC can offer further
substantial increases in efficiency, when hot gesrcup is applied. Currently the gas
cleaning stages for removal of particulates andlaul are operated at relatively low
temperatures, which limits the overall efficiendytainable (IEA Clean Coal 2005a). Further
efficiency improvements are expected through adesno gas turbine technology (higher
pressure ratios, higher turbine entry temperatuedgat). With recent advances in gas turbine
technology and current state of the art of powanpkcomponents, IGCC designs offering
efficiencies close to 50% are already available [VZ3Q05b, Australian Coal Association
2004).

Within the Joule Program of the European Unioncedficies of 51-53% are expected for
IGCC technology already in 2015 (EC 2001). Accogdio the coal industry, IGCC offers the
prospect of future net efficiencies of 56% (WCI 3BD In the same direction goes DOE
citing that in future IGCC technology may be aldeathieve efficiencies approaching 60%
(DOE 2004b). Very optimistic are also the forecasisthe German COORETEC project:
Starting from a current efficiency of 45-48%, aficééncy of 54-57% is anticipated between
2010 to 2020. Past 2025 an IGCC efficiency of 62%xpected (BMWA 2003).
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An advantage of IGCC against PC technology is glaaification produces a gas stream with
a higher concentration of GOwhich furthermore is generated at an elevatedspire level,
and thus favours the capture of £®ee related section below).

Future IGCC concepts may incorporate a fuel cet dwel cell-gas turbine hybrid, which is
able to achieve further enhancements of the efffoigie Such a hybrid system is called
Integrated Gasification Fuel Cell (IGFC). The tqtatential efficiency of a system of gasifier
— fuel cell — gas/expansion turbine — steam turbiwe could be as high as 65% (Australian
Coal Association 2004). IGFC hybrids have the piieto achieve near-zero G@missions,
because the concentrated Q@oduced in fuel cells fuelled by hydrogen carrdmmoved by
separation. Thus high efficiency while capturing xd® possible with IGFC (WCI 2005a;
WCI 2005b).

Fuel cells convert the chemical energy of a fugthsas hydrogen, directly into electricity at
high rates of efficiency and with almost no emiasioEmerging fuel cells have efficiency
levels of 60% (WCI 2005b). Some fuel cells typesoaproduce very high-temperature
exhaust gases that can either be used directlymbmed-cycle or used to drive a gas turbine.
If any of the remaining waste heat can be channieledprocess steam or heat, perhaps for
nearby factories or district heating plants, therall fuel use efficiency of future gasification
plants could reach 70 to 80% (DOE 2004b).

For a coal gasification power station involving Ifueells, MW-scale fuel cells are not
available today, but must be developed (Australaal Association 2004). At present only
Molten Carbonate Fuel Cells (MCFC) are availabla ahodest MW-scale. The use of fuel
cells has been demonstrated at the 2JMi&e and they can be used modularly. (WCI 2005a,;
2005b). Another promising type of fuel cell for M§¢ale application is the Solid Oxide Fuel
Cell (SOFC) (Australian Coal Association 2004). Nifit the Clean 21 program of the
Australian Coal Association it has been startedewelop KW-scale fuel cells. In the action
plan of Clean 21 it is assumed that in the longent fuel cells could contribute substantially
to facilitating large scale power generation froyatogen derived from coal (Australian Coal
Association 2004). Currently fuel cells requirethar development for application in large
stationary power plants and currently are not cditipe to gas- and steam turbine-based
combined cycles for power generation or in trantgtimm applications. (WCI 2005b)

The New Energy and Industrial Technology Developim@rganization (NEDO) has been
undertaking a major project to develop coal gaaiftm for use in fuel cells. The project is
known as EAGLE (coal Energy Application for Gasguid and Electricity), started in 1998
and is due to run until 2006 (WCI 2005b). A pildamt has been constructed, which aims to
develop a coal gasifier suitable for IGFC. The gnééed coal gasification fuel cell combined
cycle system should achieve efficiencies of attl&&8s55%. Deployment of IGCC fuel cells
in Japan is expected to begin in 2010 with theothiction of 50 MW distributed power
generation installations, followed by the introdaotof a 600 MW system for utility use by
2020 (IEA Clean Coal 2003).

The US Department of Energy (DOE) has formed thal State Energy Conversion Alliance
(SECAY® with a goal of producing a core solid-state fuell enodule that would be able to
compete with gas turbine and diesel generatordikelgl gain widespread market acceptance.

30 hitp://mww.fe.doe.gov/programs/powersystems/fuddtielelcells seca.html
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The SECA Program is currently focused on small,03kWW scale fuel cell systems for
distributed generation applications. These reltigenall fuel cells can be scaled up to larger
megawatt class systems for use as power modulenah based applications, including
FutureGen. Large fuel cell systems will then be lbim®d with other power generation
modules (e.g., a gas turbine as a fuel cell-turliplerid), into hybrid power systems. The
ultimate goal of this new initiative is the devetognt of large (>100 MY fuel cell power
systems that will produce affordable, efficient am/ironmentally-friendly electrical power
at greater than 50% overall efficiency in systerhst tinclude CQ@ separation for
sequestration. (DOE 2004b)

4.1.3.1 IGCC hot spots

The main disadvantages of IGCC technology are igb technological complexity, low
operational flexibility, and relatively high specifinvestment cost. IGCC power plants have
to be designed for a specific type of coal or stliels in order to warrant a high reliability.
These aspects as well as further efficiency enlmaents will be addressed in the future
technical research and development.

The main advantages of IGCC technology are its Hffltiency, demonstrated very low
emissions of S@ NGOy and particulates as well as the advantageous atkastics for CQ
capture. The elevated pressure and concentratiQ©pfn the syngas favour GGeparation

in pre-combustion capture. If G@apture is required, a CO shift conversion unwmastream

of the particulate removal and both a C&@paration and compression unit are integrated in
the IGCC technology. The syngas is reacted witansterior to combustion (water / CO —
shift reaction) to produce hydrogen and a sepdnigtdy concentrated stream of @On the
CO, capture unit the CQs finally separated from hydrogren and is follogicompressed for
transportation and storage.

The preferred technique for GQapture in applications at higher pressure (i@CC)
currently physical absorption is considered (IEA(2a)). Physical solvents commonly used
in commercial processes include cold methanol (Ractprocess), dimethylether of
polyethylene glycol (Selexol process), propylenebonate (Fluor solvent process) and
sulfolane. Others absorbents comprise Calcium O§d@d®), Sodium Hydroxide (NaOH) and
Potassium Hydroxide (KOH). Absorption technologyieh has not yet been optimised for
large-scale C@ capture, is a mature technology and considered btidge to carbon
sequestration. (IEA 2002)

CO, capture is accompanied by an efficiency decreadeaarnincrease of costs. However, in
an IGCC power plant, CQcan be captured from the high pressure and camtedtsyngas
stream at far lower cost and lower efficiency dasesthan from the dilute low pressure flue
gas of a conventional PF power station (Austraiaal Association 2004).

4.1.3.2 Potential role of IGCC in a future energy s  upply system

According to the World Energy Outlook 2006 of thaernational Energy Agency (IEA),

globally fossil fuels will remain the dominant soarof energy by 2030 and most probably
also along the following two decades (IEA 2006)e Tobal hard coal demand is projected to
grow at an average annual rate of 1.8%, wherea®ipgeneration accounts for 81% of this
increase. For Europe this would imply an increastné hard coal demand by 9% until 2030.
In parallel, the share of demand on coal for pogemeration to the total European coal
consumption is anticipated to rise by some 10%.|Qoices are assumed to change
proportionately less over time, but are anticipatedancrease along the trend of oil and gas
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prices, though not at the same rate. Starting ftbese general conditions, electricity
generation from hard coal in Europe is expectedtay at current or even slightly elevated
capacity level by 2030 and the following decades.

There is a broad consensus about the capabilityGQfC technology for mitigating the
environmental impact of power generation from folgls: the high efficiency potential of
approximately 52%, which is anticipated to be aebiewithin year 2025, is one precondition
for saving primary energy and reducing £&nissions by substitution of less efficient fossil
power plants. Via gasification a wide range of fgedk including biomass and low-grade
opportunity fuels such as refinery residues or wastterial can substitute valuable fossil
fuels. IGCC applications will be increasingly limit not only to electricity generation, but
will extend to CHP or even co- or poly-generati@esides electricity generation IGCC
technology can be applied for hydrogen productionthe generation of synthetic fuels via
Fischer-Tropsch process.

IGCC is seen as the most promising technology wheroval of CQ as the most important
greenhouse gas would be required for power plaased on fossil fuels. Incentives for
market penetration of CCS technology and thus I@@®er plants with CO2 capture could
be triggered for instance by a carbon dioxide tapeesently established in Norway or by
CO, emissions trading. The latter is already estabtism the European emission trading
being currently in the trading period from 20082@12. Processes for GQeparation from
the pressurized fuel gas are based on state-arthiechnology and lead to an efficiency
decrease of typically 5 to 7% points (product,@&Dgaseous state), which constitutes a low
efficiency loss when compared to other capture rteldgies as far as developed today
(Hannemann et al. 2003). This is the reason whgrsépower plant industries and research
organisations worldwide are pushing this technoladso promoted by various national and
international institutions such as the U.S. Departimof Energy (DOE) or the European
Commission (EC). Several technology road maps eanckoal technologies from different
organizations worldwide (Australian Coal AssociaticCanadian Clean Power Association,
Center for Coal Utilization, IEA Clean Coal Cenéte.) attach importance to IGCC for future
electricity generation from hard coal.

Furthermore, IGCC could become an economic opt@nnkEw power generation schemes
depending on the natural gas price tendency asmigsion standards become more stringent.

Currently, around 132 GWof coal fired electricity generation capacity drstalled in
Europe, thereof some 1 GWGCC capacity. Starting from the above describeditve
frame conditions for market penetration of IGCChtemlogy and according to IER modeling,
it is expected that installed capacity of IGCC powkants in Europe will be considerably
boosted within the next decades. In 2025 a capdaitgoal fired electricity generation of
270 GW. is anticipated, of which 90 G¥ghould be IGCC power plants.

4.1.3.3 Specification of future technology configur ations

Based on the described IGCC development perspsctifidure scenarios on IGCC
technology have been created taking into accowdrakparameters influencing the frame
conditions of its R&D. Table 4.9 gives an overview these parameters and the tendency
which was assumed for their influence on future GGtéchnology development within the
respective future scenarios.
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Influence of main parameters on the velocity of IGCC
outlined in three future scenarios. Upward green arrows show posi
(driver). Downward red arrows show negative influence (inhi

technology development
tive influence
bitor). Horizontal

grey arrows: parameter does not influence the development.

Pessimistic Realistic- Very
Scenario Optimistic Optimistic Comments
Scenario Scenario

General Parameters

Cheap electricity | = IGCC as efficient fossil fuelled technology based

generation on cheap feedstock of hard coal / lignite has a
competitive advantage against other electricity
generation technologies

Large scale IGCC technology allows electricity generation in

electricity power plants of high capacity levels comparable

generation to capacity levels of NGCC power plants

Environmental A > > Compared to other technologies, coal based

Performance electricity generation features high emissions.
However compared to currently installed coal
power plants, the environmental performance of
IGCC technology is considerably improved.

Public A > Public acceptance affects market penetration.

acceptance Hereby electricity prices, resource use and
environmental performance are the main drivers

Feedstock > Currently coal features the most abundant proved

availability recoverable fossil reserves and also additional
resources

Feedstock prices | = In comparison to natural gas or oil, hard coal and

lignite feature lower price fluctuation and are less
affected by political supply insecurities

Parameter with particular relevance for technology development

Development of | = Technical prerequisite for further efficiency
advanced enhancement in IGCC technology
materials for

higher live steam

conditions

Synthesis gas > Technical prerequisite for further efficiency
cleaning (hot gas enhancement in IGCC technology

instead of wet

scrubbing)

Advances ingas | =2 One prerequisite for further efficiency

turbine
technology

enhancement in IGCC technology

The technology specifications for IGCC power plawithout and with CCS for the time

horizons 2025 and 2050, which have been derived fte scenario reflection, are presented

in Table 4.10 through Table 4.21.
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Table 4.10

Table 4.11

Table 4.12

power generation systems

Technical data of the hard coal-fuelled IGCC power
for future time horizons, pessimistic scenario

plant without CO , capture

2025 2050
Gross Capacity [MW¢] 478 478
Net Capacity [MW¢] 450 450
Technical Life Time [a] 35 35
Load [h/a] 7,500 | 7,500
over e o ey whg | 18 | s
Gross Efficiency [%] 56.3 56.8
Efficiency Decrease by Own Consumption [%6] 3.3 3.3
Net Efficiency [%6] 53 53.5

Technical data of the hard coal-fuelled IGCC power
for future time horizons, realistic-optimistic scenario

plant without CO , capture

2025 2050
Gross Capacity [MWe¢] 477 477
Net Capacity [MW¢] 450 450
Technical Life Time [a] 35 35
Load [h/a] 7,500 7,500
Gross Efficiency [%] 57.3 57.8
Efficiency Decrease by Own Consumption [%] 3.3 3.3
Net Efficiency [%] 54 54.5

Technical data of the hard coal-fuelled IGCC power

for future time horizons, very optimistic scenario

plant without CO , capture

2025 2050
Gross Capacity [MWe¢] 477 477
Net Capacity [MW¢] 450 450
Technical Life Time [a] 35 35
Load [h/a] 7,500 7,500
fove el gy rwng | ue | 118
Gross Efficiency [%] 58.3 58.8
Efficiency Decrease by Own Consumption [%6] 3.3 3.3
Net Efficiency [%6] 55 55.5
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Table 4.13 Technical data of the lignite-fuelled IGCC power
future time horizons, pessimistic scenario

plant without CO , capture for

2025 2050
Gross Capacity [MW¢] 479 479
Net Capacity [MW¢] 450 450
Technical Life Time [a] 35 35
Load [h/a] 7,500 | 7,500
over e o ey whg | 18 | s
Gross Efficiency [%] 54.3 54.8
Efficiency Decrease by Own Consumption [%6] 3.3 3.3
Net Efficiency [%6] 51 51.5

Table 4.14 Technical data of the lignite-fuelled IGCC power
future time horizons, realistic-optimistic scenario

plant without CO , capture for

2025 2050
Gross Capacity [MWe¢] 479 479
Net Capacity [MW¢] 450 450
Technical Life Time [a] 35 35
Load [h/a] 7,500 7,500
Gross Efficiency [%] 55.3 557.8
Efficiency Decrease by Own Consumption [%] 3.3 3.3
Net Efficiency [%] 52 52.5

Table 4.15 Technical data of the lignite-fuelled IGCC power
future time horizons, very optimistic scenario

plant without CO , capture for

2025 2050
Gross Capacity [MWe¢] 478 478
Net Capacity [MW¢] 450 450
Technical Life Time [a] 35 35
Load [h/a] 7,500 7,500
fove el gy rwng | ue | 118
Gross Efficiency [%] 56.3 56.8
Efficiency Decrease by Own Consumption [%6] 3.3 3.3
Net Efficiency [%6] 53 53.5
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Table 4.16 Technical data of the hard coal-fuelled IGCC power plant with CO , capture for
future time horizons, pessimistic scenario

2025 2050
Gross Capacity [MW¢] 509.1 508.2
Net Capacity [MW¢] 425 425
Technical Life Time [a] 35 35
Load [h/a] 7,500 | 7,500

Net Electricity Generation

ife ti TWh 111.6 111.6
(over the life time) [TWhe]

Gross Efficiency [%] 56.3 56.8
Efficiency Decrease by Own Consumption [%6] 3.3 3.3
Efficiency Decrease by CO, capture [%6] 6.0 6.0
Net Efficiency [%] a7 47.5

Table 4.17 Technical data of the hard coal-fuelled IGCC power plant with CO , capture for
future time horizons, realistic optimistic scenario

2025 2050
Gross Capacity [MW¢] 507 507
Net Capacity [MW¢] 425 425
Technical Life Time [a] 35 35
Load [h/a] 7,500 | 7,500

Net Electricity Generation

ife ti TWh 111.6 111.6
(over the life time) [TWhe]

Gross Efficiency [%6] 57.3 57.8
Efficiency Decrease by Own Consumption [%6] 3.3 3.3
Efficiency Decrease by CO, capture [%6] 6.0 6.0
Net Efficiency [%] 48 48.5

Table 4.18 Technical data of the hard coal-fuelled IGCC power plant with CO , capture for
future time horizons, very optimistic scenario

2025 2050
Gross Capacity [MW¢] 506 506
Net Capacity [MW¢] 425 425
Technical Life Time [a] 35 35
Load [h/a] 7,500 | 7,500

Net Electricity Generation

ife ti TWh 111.6 111.6
(over the life time) [TWhe]

Gross Efficiency [%6] 58.3 58.8
Efficiency Decrease by Own Consumption [%6] 3.3 3.3
Efficiency Decrease by CO, capture [%] 6.0 6.0
Net Efficiency [%] 49 49.5
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Table 4.19 Technical data of the lignite-fuelled IGCC power plant with CO , capture for
future time horizons, pessimistic scenario

2025 2050
Gross Capacity [MW¢] 513 513
Net Capacity [MW¢] 425 425
Technical Life Time [a] 35 35
Load [h/a] 7,500 | 7,500

Net Electricity Generation

ife ti TWh 111.6 111.6
(over the life time) [TWhe]

Gross Efficiency [%] 54.3 54.8
Efficiency Decrease by Own Consumption [%6] 3.3 3.3
Efficiency Decrease by CO, capture [%6] 6.0 6.0
Net Efficiency [%] 45 455

Table 4.20 Technical data of the lignite-fuelled IGCC power plant with CO , capture for
future time horizons, realistic optimistic scenario

2025 2050
Gross Capacity [MW¢] 511 511
Net Capacity [MW¢] 425 425
Technical Life Time [a] 35 35
Load [h/a] 7,500 | 7,500

Net Electricity Generation

ife ti TWh 111.6 111.6
(over the life time) [TWhe]

Gross Efficiency [%6] 55.3 55.8
Efficiency Decrease by Own Consumption [%6] 3.3 3.3
Efficiency Decrease by CO, capture [%6] 6.0 6.0
Net Efficiency [%] 46 46.5

Table 4.21 Technical data of the lignite-fuelled IGCC power plant with CO , capture for
future time horizons, very optimistic scenario

2025 2050
Gross Capacity [MW¢] 509 509
Net Capacity [MW¢] 425 425
Technical Life Time [a] 35 35
Load [h/a] 7,500 | 7,500

Net Electricity Generation

ife ti TWh 111.6 111.6
(over the life time) [TWhe]

Gross Efficiency [%6] 56.3 56.8
Efficiency Decrease by Own Consumption [%6] 3.3 3.3
Efficiency Decrease by CO, capture [%] 6.0 6.0
Net Efficiency [%] a7 47.5

89



D 7.2 Final report on technical data, costs, arfé kycle inventories of advanced fossil
power generation systems

4.1.4 Hybrid gasification/combustion systems

Future concepts that incorporate a fuel cell ared €ell-gas turbine hybrid could achieve high
efficiencies, nearly twice as much as today's @lpamal combustion plants (DOE 2004b).
Fuel cells convert the chemical energy of a fugthsas hydrogen, directly into electricity at
high rates of efficiency and with almost no emiasioEmerging fuel cells have efficiency
levels of 60% (WCI 2005b). Some fuel cells typesoaproduce very high-temperature
exhaust gases that can either be used directlymbmed-cycle or used to drive a gas turbine.
If any of the remaining waste heat can be channieledprocess steam or heat, perhaps for
nearby factories or district heating plants, therall fuel use efficiency of future gasification
plants could reach 70% to 80% (DOE 2004b).

4.1.4.1 Integrated gasification fuel cell systems ( IGFC)

The efficiency of power generation from syngas @oiced from coal) could be improved by
the use of a fuel cell in the power cycle. Suctyhbrid system promising high efficiency is

called Integrated Gasification Fuel Cell (IGFC)isltbased on a triple combined cycle. IGFC
consists of a coal gasification unit (high oxygemtent required for high overall efficiency),

a gas cleanup unit, an air separation unit, MWestadh temperature / high pressure fuel
cells (FC) unit, a gas turbine unit, and a stearbite unit. The FC can be either MCFC
(molten carbonate FC at 600°C) or a SOFC (solidexi~C at 900-1000°C).

The use of fuel cells has been demonstrated & M#/. size and they can be used modularly
(WCI 2005a; 2005b). Fuel cells require further depment for application in large stationary
power plants. Current FC are not competitive witls-gand steam turbine-based combined
cycles for power generation or in transportatiopliaptions (WCI 2005b).

Plans are under way to use hydrogen from coal igagdn (see below) in this and other
technologies (ACA 2004; WCI 2005b). The total porefficiency of a gasifier + fuel cell +
gas/expansion turbine + steam turbine cycle coald$high as 65 percent with a consequent
substantial reduction in greenhouse gas emissiatendity of the order of 40%-50%
compared to Ultra supercritical technology (Auséial Coal Association 2004). This also
substantially reduces the load upon and cost dborarcapture and sequestration. IGFC
hybrids have the potential to achieve near-zerosgoms, because the concentrated, CO
produced can be removed by separation. Thus hfgiesicy while capturing C®is possible
with IGFC (WCI 2005a; WCI 2005b).

The New Energy and Industrial Technology Developmérganization (NEDO) is
undertaking a major project to develop coal gaaiftm for use in fuel cells. The project is
known as EAGLE (coal Energy Application for Gasguid and Electricity) which started in
1998 and is due to run until 2006 (WCI 2005b). 8it698, a pilot IGMCFC plant, net power
output of 551 MW, has been under construction in Wakamatsu (Japenhet thermal
efficiency is 53% (HHV) (Maruyama and Suzuki 200Buture plants may reach 55%-60%
(Decon 2003). Deployment of IGCC-fuel cells in Jamaexpected to begin in 2010, with the
introduction of 50 MW distributed power generation installations, folemlv by the
introduction of a 600 MWsystem for utility use by 2020 (IEA Clean Coal 2R0

The US Department of Energy (DOE) has formed tHel State Energy Conversion Alliance
(SECA) with a goal of producing a core solid-statel cell module that would be able to
compete with gas turbine and diesel generatordileglgt gain widespread market acceptance.

The SECA Program is currently focused on small,03kWW scale fuel cell systems for
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distributed generation applications. These reltigenall fuel cells can be scaled up to larger
megawatt class systems for use as power modulenah based applications, including
FutureGen. Large fuel cell systems will then be bim®d with other power generation
modules (e.g., a gas turbine as a fuel cell-turliplerid), into hybrid power systems. The
ultimate goal of this new initiative is the devetognt of large (>100 MY fuel cell power
systems that will produce affordable, efficient ax/ironmentally-friendly electrical power
at greater than fifty percent (50% HHYV) overalli@gncy from coal to AC power, in systems
that include C@separation for sequestration (DOE 2004b).

4.1.5 Fluidized Bed Combustion (FBC) power plants

As with PC plants, efforts are aiming at achievimgher steam conditions in order to further
increase the thermal efficiency (WCI 2005a). Onlghart description is provided here, for
completeness of exposition. The technologies utitier category will not be modelled in

RS1a, under the assumption that consideration e)BC and IGCC with and without CCS

is already addressing the main features of codinigogies for integrated modeling within

NEEDS.

Circulating fluidised bed combustion (CFBC) at atmospheric pressure

Supercritical CFBC represents the way forward fBBC technology. The first of such plants
is being established at Polish utility PKE’s Lagisate in Southern Poland (WCI 2005b). The
plant is also the largest CFBC to date, at 460 JMPF 03-05 2003). Commercial operation
has been scheduled for 2006 and efficiency levelpeojected to be around 43% [IEA CCC
2003c] (WCI 2005b). CFBC is likely to be the mottactive form of FBC technology for the
global market of power generation (WCI 2005b).

4.1.6 Pressurised fluidised bed combustion (PFBC)

Developments of the system using more advance@syk intended to achieve efficiencies
of over 45% (IEA Clean Coal 2005b). The industryb#&mn in mid 1990s was to achieve
efficiency of 53% within the next two decades (Deret al. 1996). Schuknecht (2003)
mentions a possible efficiency of 55% for secondegation plants with a first stage for
partial gasification.

The PFBC analyzed in (Bernero 2002) can be cormidas an operational plant in near
future. Figure 4.6 shows a schematic for a secamkemtion PFBC power plant (Bernero
2002). Its thermal efficiency is 48.9% (LHV). Thetrplant power output is 417 MW, of
which the steam turbine contributes 227 MW, thetgasine 190 MW. Steam parameters are
166 bar/538°C/538°C. Several measures for an inereé efficiency are here presented. A
rising carbon conversion ratio (CCR) in the carkeni which is defined as the ratio of the
carbon converted in the carbonizer to the totabaarpresent in the coal, is expected to
increase overall efficiency. An increase of the Ci@in about 0.6 to 0.8 leads to an increase
in the system efficiency of about 1%. However, BIgRCR means higher carbonizer bed
temperature while this temperature has to be withigertain range (820°C to 900°C),
otherwise the carbonizer malfunctions. An increiasearbonizer bed temperature is limited
by the turbine exhaust temperature at the curdant gonfiguration.
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Figure 4.6 Schematic for a second generation PFBC power plant (Be rnero 2002).

In general, overall efficiency depends more ondfeam turbine performance than on that of
the gas turbine, especially at low carbon convergiates (Bernero 2002). Every 50°C

increase in the gas turbine inlet temperature Bodst overall efficiency by about 0.25

percentage points. This improvement strongly depend turbine technology. Steam

temperature must be taken into account as well. ikarease of 100°C in the steam

temperature corresponds to about one percentagé ipggrovement in the overall exergetic

efficiency. The economic analysis performed by (Beo 2002) results in 20-year levelized
cost of electricity of 6.94 $cent/kwh.

As for other FBCs, the residues consist of theimaigmineral matter contained in the coal
feed and additional CaO/MgO, Cag@nd CaC@ due to the used sorbent for sulphur
removal. Carbon-in-ash levels are higher in FBGdress that in those from PC (IEA Clean
Coal 2005b).

4.1.6.1 Pressurised circulating fluidised bed combu stion (PCFBC)

Second generation of PFBC is based on the ciragldted technology. Developments of the
system using more advanced cycles are intendedhieee efficiencies of over 45% (IEA

Clean Coal 2005b). The industry ambition in mid @®%vas to achieve efficiency of 53%
within the next two decades (Dones et al. 1996hucecht (2003) mentions a possible
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efficiency of 55% for second generation plants vaitlirst stage for partial gasification.

PCFBC is still in its demonstration period. A teststem started operating in Cottbus,
Germany, in year 2000. A fully integrated PFBC powsystem with net capacity of 103 MW
and an expected efficiency of 45% (HHV) is schedule be in operation in 2006 in the
Lakeland Electric’'s Mcintosh power station (DOE @RCEfficiency of a commercial second
generation PFBC plants could reach 46% (HHV) ohéig Critical components are hot gas
cleanup system (ceramic barrier filters), advarnatbonizer (gasifier), hot gas piping, solids
transfer valves, coal-water paste pumps, and gdsin& optimized for PFBC systems
(Bernero 2002).

4.1.7 Pressurised pulverised coal combustion (PPCC)

It is based on a combined cycle. PPCC boiler k& RFBC’s, operated at elevated pressure
levels in the range 1-2 MPa, but in PPCC the teatpes in the boiler is about 1600°C and at
the gas turbine inlet 1000-1300°C (the upper teatpee requires gas turbine development).
Molten ash particles form because of the high catibn temperatures, which must be
removed together with the alkalis (mainly sodiund @alcium compounds) from the flue gas
to protect the gas turbine (RAG and STEAG 2002k flihe-gas cleaning technology has still
not been completely solved. Future efficienciesmto 55% are envisaged (Decon 2003).

4.1.8 High Performance Power Systems (HIPPS)

HIPPS stands for “High Performance Power Systemhbich is a power plant concept based
on an indirectly fired gas turbine combined cygimposed by the US Department of Energy.
There are two concepts: “One HIPPS design useasigizid-bed coal pyrolyzer operating at
about 927°C and 18 bar. The pyrolyzer converts grided coal feedstock into two
components: a low-heating-value fuel gas and slat. The char is separated and burned in
the HTF (High Temperature Furnace) at atmosphegsgure, raising superheated steam and
preheating the gas turbine air. The fuel gas isdaiwith the air from the HTF in a multi-
annular swirl burner to further heat this air te tjas turbine inlet temperature. In the other
HIPPS design, the HTF is a direct-fired slagginqéice that utilizes flame radiation to heat
air flowing through alloy tubes located within afreetory wall. The HTF is currently
designed to heat air to 930°C-1000°C. In ordewtther boost this temperature, natural gas
or another clean fuel can be used. It is fuelleth Wwoth coal and natural gas at the same time”
(Bernero 2002). Figure 4.7 provides a schematicvoee of the second type.
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Figure 4.7 Schematic picture of a HIPPS unit (Bernero 2002).

The performance of such a device is analyzed imn@e 2002): the analysed system has an
efficiency of 48.1% (HHV) or 51.3% (LHV), at a npbwer output of 568 MW and steam
parameters of 93 bar/621°C. Based on HHV, about 66f4el input is coal, 35% natural gas.
20-year levelized costs of electricity are caledts 7.06 $cents/kWh. An increase of the
steam parameters to 162 bar/680°C increases tiogertly by about 1.2%. Operation with
coal as only fuel would result in a slightly desed efficiency of 49.9% (LHV). Further
improvements of the system efficiency require araase in both the air temperature at the
air heater exit and the gas turbine inlet tempeeat(currently 1340°C and 1260°C,
respectively). Improved materials and advancedugdne technologies will have significant
influence on the overall efficiency. Compared tsupercritical steam power plant, reduction
of the condenser pressure of a HIPPS is as bealefievery 10 mbar decrease in the
condensing pressure increase the efficiency of RPISI system by less than 0.3 percentage
points.

The environmental performance of this type of powkmt is very good, compared to a
conventional PC plant. According to (Bernero 20@X), emissions are reduced by 35%
(552 g/kWh vs. 854 g/kWh at efficiencies of 51.3%da38.3%, respectively) and $0
emissions by 95% (2.39 g/kWh vs. 0.12 g/kWh withladf 3.65% sulphur content). Different
desulphurisation efficiencies of 90% for the P(pland 99% for the HIPPS are assumed.

At the moment, there is no operational experienceHis type of power plant. According to
(Bernero 2002) the cycle performance should nodliffeeult. A potential problem could be
ash deposition in the HTF.

4.1.9 Magnetohydrodynamic (MHD) electricity generat  ion

A high temperature fluid conductor flows througktatic magnetic field, resulting in a direct
current electric flow perpendicular to the magnétd. The fluid conductor is typically an
ionised flue gas resulting from combustion of cmabther fossil fuels. Hence, contrary to all
other systems above, the electric generator i sfbtassium carbonate, called “seed”, is
injected during the combustion process to incréagd conductivity. The fluid temperature is
typically around 2,480 to 2,650° C with pressugegging 0.5-1 MPa. A power plant featuring
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an MHD will also include a combined cycle sectidhus producing electricity at three
different generators. Such triple combined cyclé bas the potential for very low heat rates
(in the range of 6858 kJ/kWh) and ~52% net efficier{Decon 2003)

4.1.10 Hydrogen from coal

Using hydrogen to produce electricity in gas tuelsiand fuel cells or using it to fuel vehicles
has the obvious advantage of producing no direltifmmn (WCI 2005b). Being hydrogen an
energy carrier and not an energy source, the prodeto produce it in an environmentally
respectful way and at reasonable costs. Fossik fae¢ candidates for conversion into
hydrogen, besides use of renewables and nucleagyen€oal, with the largest and most
widespread reserves of any fossil fuel, appeassragural candidate to provide hydrogen (via
coal gasification) in large quantities and for agdime horizon (WCI 2005b). As seen in the
Section describing IGCC, if hydrogen productionnfr@oal would be coupled with GO
capture and sequestration (CSS), coal would competéhis ground with other COree
means of hydrogen production. See Chapter on CB%/be

Several countries are starting to implement hydngg@grams and many of them — Europe,
USA, Japan and New Zealand — are considering coanaoption for its production (WCI
2005b). For instance, the proposed 1.3 billion €pdtgen project of the European
Commission regards the generation of hydrogen #&exdrieity using fossil energy sources
including coal (WCI 2005b). Similarly, the US DOmtEreGen 10 year program has the goal
to demonstrate feasibility of hydrogen producticomi coal gasification (WCI 2005b).

4.1.11 Co-firing biomass or wastes with coal

A development which can apply to all of the genarasystems is the co-firing of coal with
biomass or wastes. These materials can be eithectlg burned or gasified together with
coal.

Conventional coal-fired power plants can work witll% and 20% biomass without
modification in the combustion process. Howevemyctral modifications like for biomass
storage and handling equipment are necessary, wshicluld be accounted for in the
comprehensive assessment. On the whole, economit&fficiency of biomass renewable
fuels could be improved through co-firing (WCI 2005

Benefits of co-firing include: reductions in G@he carbon balance benefits from the co-
firing of renewable wood or biomass; emissions frapstream of waste production are
usually allocated to the production route rathantko the power production), SOx and NOXx
emissions per unit of electricity relative to caoally fired plants (WCI 2005a); recovery of
useful energy from biomass and wastes at highiefities which cannot be reached in plants
burning biomass/wastes only; flexibility in the goosition of the fuel to cope with irregular
biomass flow.

4.1.12 Combined Heat & Power (CHP) plants

In combined heat and power (CHP) technology, thbdstical) steam turbine is designed to
produce both power and useful heat for procesdstrial heating (IEA Clean Coal 2005b).

However, although important for certain countri@sge CHP plants are not modeled in this
study.
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4.1.13 Coal supply chain

Coal supply can be approximated by the currentre@st chain to European countries as
described in ecoinvent (Roéder et al. 2004). Onéydtirrent import shares have been modified
based on current trends and forecasts (GvSt 208€DOEA 2004).

Table 4.22 Shares of mining regions worldwide to the European hard coal supply mix in
year 2050.

%
Eastern Europe (Poland, Czech Republic) 49
USA 3
South America 14
East Asia (China, Inonesia) 5
Australia 9
Russia 5
South Africa 15

4.2 Gas technologies

4.2.1 Gas Combined Cycle (GCC)

4.2.1.1 Main drivers influencing future technology development

Natural gas is widely expected to play a cruci& @so in the future energy supply. Within
the natural gas power plants, the combined cydatplhave developed strongly in the past
decades. A strong demand for the combined cyclentdogy is expected also in future. This
will drive the future development of gas turbinesazell.

A main driver for the future development of natuggs combined cycle plants are the
political decisions on environmental targets. Naltugyas combined cycle plants (without
sequestration) have relatively low g@missions per kWhe compared to other fossil power
plants. From the viewpoint of G@mission reduction, natural gas CC plants arenciézn as
good alternatives to coal power plants. Nevertlselése development of efficient GO
capture and storage methods for coal power plaaldceeduce this relative advantage of
natural gas CC within the fossil technologies.

The technical parameters and costs of combinec gyahts will also be driven by emission
targets for pollutants with regional impacts intwadar the regulations on NOx emissions.
NOx emissions from natural gas combined cycle glame related to the high combustion
temperature which is desirable for high efficiescie

The technological development of natural gas coetigycle plants will be essentially
determined by the development of gas turbines. W dever is the progress in material
research in order to increase the firing tempeeaturd the pressure ratio of the gas turbine
within the combined cycle plant.

Electricity from natural gas combined cycle plaistselatively cheap compared to most other
electricity technologies i.e. the demand for chelggtricity is another essential driver.
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Generally, the fuel prices will be a major driver the future development of costs of natural
gas electricity. Via the demand, the fuel pricegehalso a certain influence on the technology
development.

Because natural gas combined cycle plants areivediatflexible in operation, the CC
development will also depend on the needs of loathagement. The need for backup
capacity for wind electricity or other stochastleatricity can be an essential reason for the
decision to install new natural gas combined cptdats.

4.2.1.2 The potential role of GCC in a future energ y supply system

Currently, natural gas power plants provide abo& quarter of the total installed power ca-
pacity of the world (IEA 2004). In 2002, about 21¥cthe global primary energy supply was
attributed to natural gas (IEA 2004). Natural gawidely expected to play a crucial role also
in the future energy supply. For example the sdesaf the International Energy Agency for
global electricity supply predict a large sharenatural gas power plants. In the reference
scenario for the world, IEA expects for the yeaB@@n increase of the share of natural gas in
the primary energy demand from the present 21%% as well as an increase of natural gas
electricity production from the present 21% to 2Q%A 2004).

It is expected that the share of combined cycléiwithe newly installed capacity of natural
gas power plants will further increase in futurbefiefore a large number of newly installed
natural gas combined cycle plants and a strongeaser of the cumulative installed CC
capacity can be expected between today and 2080dweg to the above mentioned scenario.
If the situation should develop even nearly asipted by the IEA scenario, it seems unlikely
that a sudden break down of the demand for nagiaspower plants will occur between 2030
and 2050.

Nevertheless, the further development of natural ganbined cycle plants depends also on
strategic political decisions e.g. on fuel suppécigity. Concerns about dependencies on
natural gas imports from potentially instable regionay lead to a reduction of the share of
natural gas electricity compared to scenarios wpigdict a dominant role of natural gas in

future electricity production. Furthermore, a stfoimcrease of renewable energy and/or
nuclear power may lead to a less expansive growtfatral gas power plants and thus also
to a weaker development of combined cycle plants.

4.2.1.3 Technology development perspective

Natural gas combined cycle power plants featurehtbst efficiency of all thermal based
electricity generation technologies applied at @nésThis efficiency is mainly determined by
the efficiency of the gas turbine turbo set (gabitue + compressor). About two thirds of the
capacity of the gas and steam power plant accaurthé gas turbine, the remaining third is
supplied by the steam turbine. The efficiency & ¢fas turbine is basically depending on the
gas turbine inlet temperature and the pressure rati

Current natural gas combined cycle power plants hav efficiency of about 57.5%. Net
electric efficiencies of 60% or even greater arpeeked in the near future along with the
development of high-temperature materials for gabine, ceramic hot gas path, metal
surface cooling technology, as well as further éase of temperature and pressure for the
steam cycle and steam-turbine stage-design enhamteifhe 60 percent barrier may be
reached until 2015.
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The GE fourth generation CC plants with “H” Tectomy GT will be configured with an
integrated closed-loop steam cooling system, astitited in Figure 4.8 (Chase 2004). This
system allows higher turbine inlet temperature @émbtained without increasing combustion
temperature (Chase 2004). The GE fourth gener&@iOrtechnology is expected to achieve
60% LHV thermal efficiency in the first half of $hdecade (Chase 2004). “The application of
ceramic hot gas path parts and coatings shows peofor further future performance gains.
Steam cycle improvements that include increasednstpressure and temperature with
supercritical steam cycles have near-term appiinatCurrent economic analysis indicates,
however, that the thermodynamic gain associatedh wieam cycles that have steam
temperatures and pressures above the current I&v@38°F and 1400 PSIG to 1800 PSIG)
cannot be justified in most cases because of thedadosts.” (Chase 2004)

In the end, the trend for increased combined-ceélieiency will be dictated by operating
cost, especially the fuel price, and the cost @f technology development (Chase 2004).
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Figure 4.8 Diagram of GE fourth generation CC plants with “H” Technology GT
(S107H/S109H cycle) (Chase 2004).

The major points to be considered for the futuresCé€narios can be summarized as follows:

- Between 2015 and 2025 it is anticipated thatinadtyas combined cycle power plants
with capacities around 500 to 1000 MW and efficieacof 60% are offered at the world
market. The specific investment costs of these p@hants are estimated taking into account
fuel savings due to higher efficiencies and cogregsion due to higher capacities.

- For 2025 to 2035 further efficiency enhancemdrdaame capacity level is assumed.
This implies gas turbines with higher inlet temperas, higher compressor pressure ratio,
and advanced vane materials as well as enhanceccealting.

- In the long run the efficiency of natural gas toned cycle power plants is assumed
to approach about 65%.
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- It is considered unlikely that the efficiencyratural gas combined cycle power plants
will become much higher than about 65-66%, evegas turbines with intermediate heating
and measures for component enhancements are asdByneahtrast, alternative designs like
fuel cell/gas turbine hybrid plants promise effimes of 70% or beyond in future.

Table 4.23 shows some estimates of the future dprent of technical key parameters for
natural gas combined cycle plants from literaturenanufacturers.

Table 4.23 Future development of some technical parameters for na tural gas combined
cycle plants according to literature.

Parameter | unit | 2000 | 2005 | 2010 | 2015 | 2020 | 2025 [ 2030 | 2035 | 2050 | Reference

General NGCC
data:

Net electric % 58 62 65 Bachmann 2005
efficiency
% 52.9- 63 ALSTOM 2005
57.8
% 58 60 63 IEA 2004, high
estimate
% 50 53 55 IEA 2004, low
estimate
% 57 60 60 65 65 65 DWTC 2001

Specific NGCC
data:

Capacity MW, 410 500 ALSTOM 2005
Net electric % 57.8 63

efficiency

Technical a 25 25

lifetime

Construction months 24 24

time

4.2.1.4 Development of costs

According to Claeson Colpier & Cornland (2002), #pecific investment price of combined
cycle plants increased between 1981 and 1991. Betwk991 and 1997 the specific
investment price decreased showing a strong pregadi® of 75%.

The specific investment is anticipated to furtheclthe as gas turbines with higher capacity
are expected to penetrate the market. The breal@pacity allowing further cost degression
is not achieved yet. The technical development @iibhe construction of gas turbines with a
capacity of 500 MW. However cost information onlsdigture gas turbines are not available
from power plant producers. For the near futurgregress ratio of about 90% may be
expected (Claeson Colpier & Cornland 2002).

As the specific investment costs of natural gasstadm power plants is approximately half
of those of hard coal power plants, and cost ofge higher, the fuel costs have considerable
influence on cost effectiveness of gas plants.

A moderate decrease of specific investment costewibined cycle power plants is expected
for the far future. Table 4.24 shows some estimatesuture costs developments from
literature or manufacturers.

99



D 7.2 Final report on technical data, costs, arfé kycle inventories of advanced fossil
power generation systems

Table 4.24 Future development of costs of natural gas combined cycle plants according to
literature.

Parameter Unit | 2000 | 2005 | 2010 | 2015 | 2020 | 2025 | 2030 | 2035 | 2050 | Reference

General NGCC

data:

Investment €/kW 500 470 440 420 410 400 DWTC 2001

costs

400-500 MW

NGCC:

Capacity MW, 410 500 ALSTOM 2005

Total capital €/kW 434 438

costs

Installation €/kW 366 370

costs, plant

(turnkey)

Other capital €/kW 68 68 (approval by

costs authorities, land
etc. for
Switzerland)
ALSTOM 2005

0&M (fixed) €/MWa 8839 8397 ALSTOM 2005

O&M (variable) €/MWh 2.01 2.23

4.2.1.5 Specification of future technology configur ations

Based on the considerations described above, #easos for natural gas combined cycle
power plants have been estimated. The specifitbrhechnology and costs for natural gas
combined cycle power plants for 2005 to 2050 aesgmted in Table 4.25 through Table
4.31.

For the CHP mode of the combined cycle plantsais wssumed that the thermal efficiency is
close to about 40-45% and the total efficiencypigraximately 90%.

Table 4.25 Data of current and future 400-500 MW natural gas ¢ ombined cycle plants,
realistic optimistic scenario.

Realistic optimistic scenario 2005 | 2015 |2025 |2035 |2050
Max. net el. power (busbar) [MW] 400 500 500 500 500
Net el. power at el. peak load [MW] 400 500 500 500 500
Net el. power at thermal peak load [MW]

Net thermal power at thermal peak load [MW]

El. efficiency at el. peak load [%] 575 |60 62 63 65
El. efficiency at thermal peak load [%]

Thermal efficiency at thermal peak load [%]

Technical life time [a] 25 25 25 25 25
Spec. investment costs (overnight capital costs) [€/kW] 440 440 430 420 400
Guarding costs for period between shut-down and demolition | [M€] 0 0 0 0 0
Spec. demolition costs (greenfield) [€/kW] 15 15 15 15 15
Fixed costs of operation [€/kWlyr] |8.8 8.6 8.4 8.4 8.4
Other variable costs [€/MWhe] | 2.0 2.2 2.2 2.2 2.2
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Table 4.26 Data of current and future 800-1000 MW natural gas combined cycle plants,
realistic optimistic scenario.

realistic optimistic 2005 [2015 [2025 |2035 |2050
Max. net el. power (busbar) [MW] 800 1000 | 1000 |1000 |1000
Net el. power at el. peak load [MW] 800 1000 | 1000 |1000 |1000
Net el. power at thermal peak load [MW]

Net thermal power at thermal peak load [MW]

El. efficiency at el. peak load [%] 575 |60 62 63 65
El. efficiency at thermal peak load [%0]

Thermal efficiency at thermal peak load [%0]

Technical life time [a] 25 25 25 25 25
Spec. investment costs (overnight capital costs) [€/kW] 440 440 430 420 400
Guarding costs for period between shut-down and demolition | [M€] 0 0 0 0 0
Spec. demolition costs (greenfield) [€/kW] 15 15 15 15 15
Fixed costs of operation [€/kWlyr] 7.4 7.3 7.1 7.1 7.1
Other variable costs [E/MWhe] | 2.0 2.2 2.2 2.2 2.2

Table 4.27 Data of current and future 200-250 MW natural ga s combined cycle CHP plants,
realistic optimistic scenario.

Realistic optimistic scenario 2005 |2015 |2025 |2035 |2050
Max. net el. power (busbar) [MW] 200 250 250 250 250
Net el. power at el. peak load [MW] 200 250 250 250 250
Net el. power at thermal peak load [MW] 166 208 208 208 208
Net thermal power at thermal peak load [MW] 136 155 145 140 130
El. efficiency at el. peak load [%0] 55 57 59 60 62
El. efficiency at thermal peak load [%0] 45 47 49 50 51
Thermal efficiency at thermal peak load [%0] 45 43 41 40 39
Technical life time [a] 25 25 25 25 25
Spec. investment costs (overnight capital costs) [€/kW] 570 570 557 544 518
Guarding costs for period between shut-down and demolition | [M€] 0 0 0 0 0
Spec. demolition costs (greenfield) [€/kwW] 15 15 15 15 15
Fixed costs of operation [€/kWiyr] 11.7 (115 (112 |11.2 |11.2
Other variable costs [E/MWhe] | 2.0 2.2 2.2 2.2 2.2
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Table 4.28
optimistic scenario.

Data of current and future 400-500 MW natural gas

combined cycle plants, very

Very optimistic scenario 2005 [2015 |[2025 |2035 |2050
Max. net el. power (busbar) [MW] 400 500 500 500 500
Net el. power at el. peak load [MW] 400 500 500 500 500
Net el. power at thermal peak load [MW]

Net thermal power at thermal peak load [MW]

El. efficiency at el. peak load [%] 575 |60 63 64 66
El. efficiency at thermal peak load [%]

Thermal efficiency at thermal peak load [%]

Technical life time [a] 25 25 25 25 25
Spec. investment costs (overnight capital costs) [€/kW] 440 430 420 400 380
Guarding costs for period between shut-down and demolition | [M€] 0 0 0 0 0
Spec. demolition costs (greenfield) [€/kW] 15 15 15 15 15
Fixed costs of operation [€/kW/yr] 8.8 8.6 8.4 8.2 8.0
Other variable costs [€/MWhe] | 2.0 2.2 2.2 2.0 2.0

Table 4.29
optimistic scenario.

Data of current and future 800-1000 MW natural ga

s combined cycle plants, very

Very optimistic scenario 2005 |2015 |2025 |2035 |2050
Max. net el. power (busbar) [MW] 800 1000 |1000 |1000 |1000
Net el. power at el. peak load [MW] 800 1000 |1000 |1000 |1000
Net el. power at thermal peak load [MW]

Net thermal power at thermal peak load [MW]

El. efficiency at el. peak load [%0] 57.5 |60 63 64 66
El. efficiency at thermal peak load [%0]

Thermal efficiency at thermal peak load [%0]

Technical life time [a] 25 25 25 25 25
Spec. investment costs (overnight capital costs) [€/kW] 440 430 420 400 380
Guarding costs for period between shut-down and demolition | [M€] 0 0 0 0 0
Spec. demolition costs (greenfield) [€/kwW] 15 15 15 15 15
Fixed costs of operation [€/kWiyr] 7.4 7.3 7.1 6.9 6.8
Other variable costs [EMWhe] |2 2.2 2.2 2 2
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Table 4.30 Data of current and future 200-250 MW natural ga s combined cycle CHP plants,
very optimistic scenario.

Very optimistic scenario 2005 [2015 |[2025 |2035 |2050
Max. net el. power (busbar) [MW] 200 250 250 250 250
Net el. power at el. peak load [MW] 200 250 250 250 250
Net el. power at thermal peak load [MW] 166 208 208 208 208
Net thermal power at thermal peak load [MW] 136 155 143 142 136
El. efficiency at el. peak load [%] 55 57 60 61 63
El. efficiency at thermal peak load [%] 45 47 50 50 52
Thermal efficiency at thermal peak load [%] 45 43 41 42 41
Technical life time [a] 25 25 25 25 25
Spec. investment costs (overnight capital costs) [€/kW] 570 557 544 518 492
Guarding costs for period between shut-down and demolition | [M€] 0 0 0 0 0
Spec. demolition costs (greenfield) [€/kW] 15 15 15 15 15
Fixed costs of operation [€/kW/yr] 11.7 |115 (112 |109 |1l0.7
Other variable costs [€/MWhe] | 2.0 2.2 2.2 2.0 2.0

Table 4.31 Data of current and future 400-500 MW natural gas ¢ ombined cycle plants,
pessimistic scenario.

Pessimistic scenario 2005 | 2015 |2025 |2035 |2050
Max. net el. power (busbar) [MW] 400 500 500 500 500
Net el. power at el. peak load [MW] 400 500 500 500 500
Net el. power at thermal peak load [MW]

Net thermal power at thermal peak load [MW]

El. efficiency at el. peak load [%6] 57.5 |59 60.5 |61 62
El. efficiency at thermal peak load [96]

Thermal efficiency at thermal peak load [%]

Technical life time [a] 25 25 25 25 25
Spec. investment costs (overnight capital costs) [€/kW] 440 440 440 440 440
Guarding costs for period between shut-down and demolition | [M€] 0 0 0 0 0
Spec. demolition costs (greenfield) [€/kW] 15 15 15 15 15
Fixed costs of operation [€/kWlyr] |8.8 8.8 8.8 8.8 8.8
Other variable costs [E/MWhe] | 2.0 2.2 2.2 2.2 2.2

4.2.2 Gas Turbine

4.2.2.1 Main drivers influencing future technology development

The future progress of standalone gas turbinesfliseinced by the general development of
gas turbines for all kinds of applications like.argcombined cycle plants.

The main drivers for the development of gas turbiaee similar to the main drivers for the
development for combined cycle plants.
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The following drivers can be outlined:

- Development of the natural gas market (becausth@fmany applications of gas
turbines, not only the electricity market is reletja

- Progress in material research (for increaseetémperature and the pressure ratio).
- Targets for C@reduction.

- Other environmental targets in particular limi@@ NOx emissions which have
influence on the gas turbine design.

- Fuel prices (prices of natural gas and of conmggfiiels).
- Demand for peak load electricity.
- Development of innovative concepts like SOFC/GT.

4.2.2.2 The potential role of gas turbines in a fut  ure energy supply system

Gas turbines are used in many applications and @fteombination with other technologies.
Gas turbines are employed for electricity genematior combined heat and power generation
but also for other purposes like gas transportipelmes, on offshore platforms or for air
transport. Gas turbines are used in natural gabic@u cycle plants but also in new concepts
like IGCC or the combinations of fuel cells and gasbines. Future gas turbines may also
play a role in hydrogen combustion.

Because of the broad application, it is almostaterthat gas turbines as such will play an
important role also in the future energy supplyterys The share of gas turbines or combined
cycle plants within the newly installed capacityratural gas power plants may be close to
60% between 2020 and 2030 (naturalgas.org 200@.iff$tallation of new gas turbines is
also expected for example for renovations of thistiexy gas pipelines and, in case of an
expansion of the gas network, also for new gadlipg® Because gas turbines are also part of
promising future technology concepts like SOFC/G®TS likely that a strong demand for gas
turbines will also persist for the time between@@8d 2050.

4.2.2.3 Technology development perspectives

Between 1970 and 2000, the efficiency of gas t@diraised from 28% to over 38% (Pauls
2003). The Siemens V94.3A gas turbine achievedfameacy of 38.6% (Pauls 2003). In the
1970s, gas turbine capacities were limited to alB@uUMW,.. A modern gas turbine like the
Siemens V94.3A exceeds a capacity of 260 M®tandalone gas turbines are relatively
inefficient power sources compared to combinedecythnts. The advantages of gas turbines
are low capital costs, low maintenance costs, asi ¢ompletion time to full operation
(Boyce 2002).

In order to achieve the optimum efficiency of a gabine, it is necessary to increase both,
the firing temperature and the pressure ratio. @asines for electricity production are
optimized with the objective of a long lifetime. i§tsets limits to the firing temperature and
pressure ratio. Between the 1970s and the early020§as turbine inlet temperatures
increased from about 800 to 1230°C (Pauls 2003g piessure ratio of gas turbines has
increased from about 17:1 in 1980 to about 35:Liradg/ear 2000 (Boyce 2002).
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Breakthroughs in blade metallurgy and new conceptair-cooling have been important
prerequisites to achieve high inlet temperatureg#s turbines (Boyce 2002).

The efficiency of the gas turbines increases witicréasing firing temperature. The

dependency of the efficiency on the pressure rati@a given temperature is not a simple
monotone function. At first, the increase of thegsure ratio leads to an increase of the
efficiency. But increasing the pressure ratio belyarcertain value can lower the overall cycle
efficiency at a given firing temperature. The optim pressure ratio for a simple cycle at
turbine inlet temperature of 1650°C is about 4hla regenerative cycle (i.e. if a regenerator
is used in order to increase the efficiency of glas turbine), the optimum pressure ratio at
1650°C is about 20:1. Furthermore, very high pnessatios result in a reduced tolerance of
the turbine compressor to dirt in the inlet aitefiland on the compressor blades (Boyce
2002).

A study by General Electric for the US DepartmenEpergy (DOE) investigated key design
parameters of next generation gas turbines (NG@Thybrid aero-derivative/heavy duty
concept was identified as being the top candidatériology with a time horizon 2010 for
development and availability for demonstrationites{General Electric 2001).

The life time of the gas turbine is an importantapaeter for life cycle assessment. The main
parameters that affect the life expectancy of tbiedection components of gas turbines are
(Boyce 2006): type of fuel, firing temperature, eraéls stress and strain properties,
effectiveness of the cooling systems, number atsstaumber of trips, controllable expander
losses (backpressure, turbine fouling/combustioposiés), and uncontrollable expander
losses (turbine ageing).

Improvements in materials may lead to an increas¢he lifetime of the gas turbine.
Nevertheless, it is expected that the increasbekgfficiency will play a more important role
than the increase of the lifetime compared to ecurvalues. It is therefore assumed here that
the technical lifetime will remain approximatelyrnstant also in the long run i.e. the same
technical lifetime is used for all years from 2G63050.

4.2.2.4 Development of costs

Experience curves based on MacGregor et al. (198ditate a continuous reduction of
specific costs for gas turbines between 1958 ad.1®lcDonald & Schrattenholzer (2001)
show a learning rate of 22% from 1958-1963 and.@¥®for 1963-1980 for gas turbines.

It is assumed that the capital costs of gas tusbimél moderately decrease in future. The
future cost development is assumed to be approglypnah line with the future cost
development of combined cycle power plants.

4.2.2.5 Specification of future technology configur ations

The specifications of technology and costs for tgalsines for 2005 to 2050 are presented in
Table 4.32 and Table 4.34.
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Table 4.32 Data of current and future gas turbines, realistic opt imistic scenario.

Realistic optimistic scenario 2005 [2015 |2025 |2035 |2050
Max. net el. power (busbar) [MW] 50 50 50 50 50
Net el. power at el. peak load [MW] 50 50 50 50 50
Net el. power at thermal peak load [MW]

Net thermal power at thermal peak load [MW]

El. efficiency at el. peak load [%] 38 41 43 44 46
El. efficiency at thermal peak load [%]

Thermal efficiency at thermal peak load [%]

Technical life time [a] 25 25 25 25 25
Spec. investment costs (overnight capital costs) [€/kW] 250 250 240 230 210
Guarding costs for period between shut-down and demolition | [M€] 0 0 0 0 0
Spec. demolition costs (greenfield) [€/kW] 9 9 9 9 9
Fixed costs of operation [€/kW/yr] 7.8 7.8 7.8 7.8 7.8
Other variable costs [E/IMWhe] | 4.6 4.6 4.6 4.6 4.6
Table 4.33 Data of current and future gas turbines, very optimist ic scenario.

Very optimistic scenario 2005 |2015 | 2025 | 2035 | 2050
Max. net el. power (busbar) [MW] 50 50 50 50 50
Net el. power at el. peak load [MW] 50 50 50 50 50
Net el. power at thermal peak load [MW]

Net thermal power at thermal peak load [MW]

El. efficiency at el. peak load [%] 38 41 44 45 47
El. efficiency at thermal peak load [%]

Thermal efficiency at thermal peak load [%0]

Technical life time [a] 25 25 25 25 25
Spec. investment costs (overnight capital costs) [€/kW] 250 |240 |230 (210 |190
Guarding costs for period between shut-down and demolition [M€] 0 0 0 0 0
Spec. demolition costs (greenfield) [€/kwW] 9 9 9 9 9
Fixed costs of operation [€/kWlyr] 7.8 76 |74 |72 |72
Other variable costs [EMWhe] |46 |46 |44 |42 |40
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Table 4.34 Data of current and future gas turbines, pessimistic scenario.

Pessimistic scenario 2005 | 2015 | 2025 | 2035 | 2050
Max. net el. power (busbar) [MW] 50 50 50 50 50
Net el. power at el. peak load [MW] 50 50 50 50 50
Net el. power at thermal peak load [MW]

Net thermal power at thermal peak load [MW]

El. efficiency at el. peak load [%] 38 39 40 41 42
El. efficiency at thermal peak load [%]

Thermal efficiency at thermal peak load [%]

Technical life time [a] 25 25 25 25 25
Spec. investment costs (overnight capital costs) [€/kW] 250 |250 |250 |[250 |250
Guarding costs for period between shut-down and demolition [M€] 0 0 0 0 0
Spec. demolition costs (greenfield) [€/kW] 9 9 9 9 9
Fixed costs of operation [€/kW/yr] 7.8 78 |78 |78 |78
Other variable costs [€/MWhe] 4.6 46 |46 |46 |46

4.2.3 Combined Heat and Power (CHP)

4.2.3.1 Main drivers influencing future technology development
Drivers for natural gas CHP (in particular small®H

- Political decisions to promote decentralized teieity generation.
- Demand for process heat in industrial production.

- Demand for CHP heat in buildings, related to deselopment of building materials
and heat management in buildings (e.g. heat purssis CHP heating).

- Development of the natural gas market in general.
- Development of the gas price and of other furlgs:

- Development of the low pressure gas networkthe. availability of natural gas in
residential areas (not specifically for electricjgneration only, but also for other purposes
like cooking).

- Targets for C@reduction.

- Other emission targets which determine whichlgsts are necessary or whether the
small CHP plants are allowed to operate at lowstscwithout catalysts.

- Development of the electricity network; becausel CHP pants are driven by heat
demand, they cannot usually be used for peak Ieadrieity.
4.2.3.2 The potential role of CHP in a future energ y supply system

The share of CHP electricity (all size CHPSs) iratalectricity production has been estimated
at about 12% in the year 2000 for EU-15 (Heck 2004)e CHP share varies strongly
between different European countries. E.g. in Dekmthe share of CHP in electricity
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production is about 69%, in Germany the share aaiab1%, in Greece and Ireland the shares
are only about 3%. In 1997, the European Commisdexided to set a target of 18% for
European electricity production from CHP until thear 2010 (Eurelectric 2002). Thus a
significant increase of installed CHP power canelpected in future. Nevertheless it is
expected that the market will not develop homogesboalso in future in Europe and in the
world.

4.2.3.3 Technology development perspectives

The efficiencies of small natural gas CHP plantgehianproved significantly during the past
decades. The electric efficiency of 400 kiatural gas motor CHP plants in Switzerland has
increased from about 33% in 1990 to about 36% BO2BFE 2003). Further improvements
are expected in future. The development of smaillrahgas combined heat and power plants
will depend on the general development of the mhtgas market. Insofar the situation is
similar to that of the large natural gas power f@aBut additionally, the small natural gas
CHP plants are usually attached to the local gasank. Therefore the installation of a small
natural gas CHP depends very much on the exteos$itre low pressure gas supply network.

The incentive for technical improvements of CHPndeof different sizes will be influenced
essentially by the development of the heat dem@rat.example the development of energy-
efficienct buildings will most likely influence thdemand for heating.) The development of
small CHP depends also on the political views oted#&alized versus centralized electricity
production.

Table 4.35 shows estimates of the future developroérihe electric efficiency of small
natural gas CHP plants.

Table 4.35 Estimates of future efficiencies of natural gas m otor CHP plants.
Parameter Unit 2000 2010 El. power Reference
(KWe)
Electric efficiency % 33 35-37 100 BFE 2003
% 36 39-41 400

4.2.3.4 Development of costs

A progress ratio of 61% for the timeframe of 1992 has been reported for small natural
gas CHP plants in Switzerland (BFE, 2003). Nevde® according to the authors, the
reduction has been heavily supported by policyrisietion and may not exactly reflect the
real cost development. Significant reductions o¥estment costs and operation and
maintenance costs are expected in future up to PBEE 2003). Moderate cost reductions
can be expected in the long run. Table 4.36 shetsates of future costs for small natural
gas CHP plants.
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Table 4.36 Cost estimates for future small natural gas CHP pl  ants.
Parameter Unit 2000 2010 El. power (kWe) Reference
Investment costs module | €/ MWhe 1030 840-970 100 BFE 2003
Investment costs module | €/ MWhe 710 580-645 400
Total O&M €/MWhe 22.6 16.1-19.4 100
Total O&M €/MWhe 19.4 12.9-16.1 400

4.2.3.5 Specification of future technology configur ations

The specifications of technology and costs for smatiural gas CHP plants for 2005 to 2050
are presented in Table 4.37 through Table 4.43.

Table 4.37 Data of current and future 2 MW . natural gas CHP plants, realistic optimistic
scenario.
Realistic optimistic scenario 2005 [2015 |2025 |2035 |2050
Max. net el. power (busbar) [MW] 2.0 2.0 2.0 2.0 2.0
Net el. power at el. peak load [MW]
Net el. power at thermal peak load [MW] 2.0 2.0 2.0 2.0 2.0
Net thermal power at thermal peak load [MW] 2.6 2.2 2.0 1.9 1.8
El. efficiency at el. peak load [%0]
El. efficiency at thermal peak load [%] 39 43 46 47 48
Thermal efficiency at thermal peak load [%] 51 47 45 43 42
Technical life time [a] 20 20 20 20 20
Spec. investment costs (overnight capital costs) [€/kW] 785 685 643 607 571
Guarding costs for period between shut-down and demolition | [M€] 0 0 0 0 0
Spec. demolition costs (greenfield) [€/kW] 3 3 3 3 3
Fixed costs of operation [€/kWlyr] 46.2 |42.4 |385 |385 |385
Other variable costs [E/MWhe] |5.3 4.9 4.5 4.5 4.5
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Table 4.38 Data of current and future 200 kW  natural gas CHP plants, realistic optimistic
scenario.
Realistic optimistic scenario 2005 [2015 [2025 |2035 |2050
Max. net el. power (busbar) [MW] 0.20 |0.20 |0.20 |0.20 |0.20
Net el. power at el. peak load [MW]
Net el. power at thermal peak load [MW] 0.20 |0.20 |0.20 |0.20 |0.20
Net thermal power at thermal peak load [MW] 0.30 |0.25 |0.23 |0.22 |0.21
El. efficiency at el. peak load [%]
El. efficiency at thermal peak load [%0] 36 40 42 43 44
Thermal efficiency at thermal peak load [%0] 54 50 48 a7 46
Technical life time [a] 20 20 20 20 20
Spec. investment costs (overnight capital costs) [€/kW] 1100 |960 900 850 800
Guarding costs for period between shut-down and demolition | [M€] 0 0 0 0 0
Spec. demolition costs (greenfield) [€/kW] 3 3 3 3 3
Fixed costs of operation [€/kWlyr] 60 55 50 50 50
Other variable costs [E/MWhe] |7 6.5 6 6 6
Table 4.39 Data of current and future 5.5 kW  natural gas CHP plants, realistic optimistic
scenario.
Realistic optimistic scenario 2005 |2015 |2025 |2035 |2050
Max. net el. power (busbar) [MW] 0.0055 | 0.0055 | 0.0055 | 0.0055 | 0.0055
Net el. power at el. peak load [MWw]
Net el. power at thermal peak load [MwW] 0.0055 | 0.0055 | 0.0055 | 0.0055 | 0.0055
Net thermal power at thermal peak load [MW] 0.012 |0.010 |0.010 |0.009 |0.009
El. efficiency at el. peak load [%]
El. efficiency at thermal peak load [%0] 28 31 33 33 34
Thermal efficiency at thermal peak load [%0] 62 59 57 57 56
Technical life time [a] 20 20 20 20 20
Spec. investment costs (overnight capital costs) [€/kW] 2600 |2256 |2115 |1998 |1880
Guarding costs for period between shut-down
and demolition [ME€] 0 0 0 0 0
Spec. demolition costs (greenfield) [€/kW] 3 3 3 3 3
Fixed costs of operation [€/kW/yr] |84.0 77.0 70.0 70.0 70.0
Other variable costs [E/MWhe] |9.8 9.1 8.4 8.4 8.4
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Table 4.40 Data of current and future 2 MW . natural gas CHP plants, very optimistic
scenario.
Very optimistic scenario 2005 [2015 [2025 |2035 |2050
Max. net el. power (busbar) [MW] 2.0 2.0 2.0 2.0 2.0
Net el. power at el. peak load [MW]
Net el. power at thermal peak load [MW] 2.0 2.0 2.0 2.0 2.0
Net thermal power at thermal peak load [MW] 2.6 2.2 2.0 1.8 1.7
El. efficiency at el. peak load [%]
El. efficiency at thermal peak load [%0] 39 43 46 48 49
Thermal efficiency at thermal peak load [%0] 51 a7 45 42 41
Technical life time [a] 20 20 20 20 20
Spec. investment costs (overnight capital costs) [€/kW] 785 671 621 571 536
Guarding costs for period between shut-down and demolition | [M€] 0 0 0 0 0
Spec. demolition costs (greenfield) [€/kW] 3 3 3 3 3
Fixed costs of operation [€/kWlyr] 46.2 |416 |37.7 |339 |308
Other variable costs [€/MWhel] |5.3 4.8 4.4 41 3.8

Table 4.41 Data of current and future 200 kW . natural gas CHP plants, very optimistic

scenario.
Very optimistic scenario 2005 [2015 |2025 |2035 |2050
Max. net el. power (busbar) [MW] 0.20 |0.20 |0.20 |0.20 |0.20
Net el. power at el. peak load [MWw]
Net el. power at thermal peak load [Mw] 0.20 |0.20 |0.20 |0.20 |0.20
Net thermal power at thermal peak load [MW] 0.30 |0.25 |0.23 |0.21 |0.20
El. efficiency at el. peak load [%]
El. efficiency at thermal peak load [%0] 36 40 42 44 45
Thermal efficiency at thermal peak load [%0] 54 50 48 46 45
Technical life time [a] 20 20 20 20 20
Spec. investment costs (overnight capital costs) [€/kW] 1100 |940 870 800 750
Guarding costs for period between shut-down and demolition | [M€] 0 0 0 0 0
Spec. demolition costs (greenfield) [€/kW] 3 3 3 3 3
Fixed costs of operation [€/kWlyr] 60 54 49 44 40
Other variable costs [€/MWhe] |7 6.4 5.9 5.4 5.0
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Table 4.42 Data of current and future 5.5 kW . natural gas CHP plants, very optimistic

scenario.
Very optimistic scenario 2005 |[2015 |2025 |2035 |2050
Max. net el. power (busbar) [MW] 0.0055 | 0.0055 | 0.0055 | 0.0055 | 0.0055
Net el. power at el. peak load [MW]
Net el. power at thermal peak load [MW] 0.0055 | 0.0055 | 0.0055 | 0.0055 | 0.0055
Net thermal power at thermal peak load [MWw] 0.012 |0.010 |0.010 |0.009 |0.009
El. efficiency at el. peak load [%0]
El. efficiency at thermal peak load [%0] 28 31 33 34 35
Thermal efficiency at thermal peak load [%0] 62 59 57 56 55
Technical life time [a] 20 20 20 20 20
Spec. investment costs (overnight capital costs) [€/kW] 2600 [2209 |2045 |1880 |1763
Guarding costs for period between shut-down
and demolition [M€] 0 0 0 0 0
Spec. demolition costs (greenfield) [€/kW] 3 3 3 3 3
Fixed costs of operation [€/kWlyr] 84.0 75.6 68.6 61.6 56.0
Other variable costs [€/MWhg] 9.8 9.0 8.3 7.6 7.0
Table 4.43 Data of current and future 200 kW . natural gas CHP plants, pessimistic scenario.
Pessimistic scenario 2005 |2015 |2025 |2035 |2050
Max. net el. power (busbar) [MW] 0.20 |0.20 |0.20 |0.20 |0.20
Net el. power at el. peak load [MW]
Net el. power at thermal peak load [MW] 0.20 |0.20 |0.20 |0.20 |0.20
Net thermal power at thermal peak load [Mw] 0.30 |0.26 |0.25 |0.24 |0.23
El. efficiency at el. peak load [%0]
El. efficiency at thermal peak load [%0] 36 38 39 40 41
Thermal efficiency at thermal peak load [%0] 54 52 51 50 49
Technical life time [a] 20 20 20 20 20
Spec. investment costs (overnight capital costs) [€/kW] 1100 |1100 |1100 |1100 |1100
Guarding costs for period between shut-down and demolition | [M€] 0 0 0 0 0
Spec. demolition costs (greenfield) [€/kW] 3 3 3 3 3
Fixed costs of operation [€/kWlyr] 60 60 60 60 60
Other variable costs [E/MWhe] |7 7 7 7 7

4.2.3.6 Oil-fuelled Gas Combined Cycle (GCC) power plants

For supply safety and load management reasonsc@the alternatively or partially fuelled
by easily storable fuel oil. Due to the differeritemical composition of the fuel oil, the
emission factors for the power plant are substiytdifferent compared to natural gas.
Emission factors have been derived in (Dones €t986) from elemental analysis of the used
low sulphur fuel oil and from literature data on G&£ For VOC, the emission characteristics
of oil fuelled industrial furnaces have been usedederence.

4.2.4 Natural Gas Supply chain
The modeling of the natural gas supply to futurevgoplants is based on the current supply

112



NEEDS RS la — WP 7Advanced fossil power technslogie

model to European countries as described in ecoinfr@ist Emmenegger et al. 2004). The
essential structure of the natural gas supply cluaitarge power plants and small CHP plants
is shown in Figure 3.14 and Figure 3.15. The immbrticture for natural gas in Europe
depends not only on the location of gas resouraealbo on the political development and on
decisions concerning supply security. In order ‘oic the influence of highly speculative
suppositions about the future political conditiofishas been assumed for the scenario
calculations that the import shares remain appratefy constant, so that the changes reflect
technological developments only.

Important parameters for the natural gas supplynchee the losses due to leackages in
pipelines and due to the consumption of the congprestations, in particular in the long-
distance transport from Russia to Europe. For ifferdnt scenarios, it was assumed that a
certain percentage of the current long-distancelipip infrastructure will be replaced by high
quality pipelines with low leackage rates accordiogecoinvent data (Faist Emmenegger et
al. 2004). For the optimistic-realistic scenariavds assumed that in 2050 about 80% of the
long-distance pipelines in Russia will be repladsd very good pipelines. For the very
optimistic scenario, a 100% replacement until 2088 assumed. For the pessimistic scenario
it was assumed that the losses remain at the ¢devegl. The scenario assumptions and the
key input data are shown in Table 4.44. The lifetiof pipelines was assumed to be about
50 years.

Table 4.44 Assumptions for key parameters in natural gas upstr eam module “transport, natural
gas, pipeline, long distance, Russia” for the different scenarios.

2005 2025 2050

Optimistic-realistic

Share of future replacement with very % 0 30 80

good pipelines

Methane emissions kg/tkm | 2.1E-03 1.5E-03 5.8E-04

Natural gas in turbine compressor station MJ/tkm | 1.2E+00 1.1E+00 8.7E-01
Very optimistic

Share of future replacement with very % 0 60 100

good pipelines

Methane emissions kg/tkm | 2.1E-03 9.6E-04 2.0E-04

Natural gas in turbine compressor station MJ/tkm | 1.2E+00 9.4E-01 7.9E-01
Pessimistic

Share of future replacement with very % 0 0 0

good pipelines

Methane emissions kg/tkm | 2.1E-03 2.1E-03 2.1E-03

Natural gas in turbine compressor station MJ/tkm | 1.2E+00 1.2E+00 1.2E+00

4.3 CO, Capture & Storage (CCS)

4.3.1 CO, Capture

One way to reduce CCemissions from electricity generation is to switchless carbon
intensive fuels such as natural gas or use norl-fags nuclear or renewable energy systems.
Another approach is to reduce emissions resultimg the use of coal (and possibly also gas)
through improved efficiency and/or by capturing gmefrmanently storing carbon dioxide.
This second approach will be addressed in this @hap
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While capture and geological storage of {@s not yet been demonstrated for the specific
purpose of abating emissions from power stationsaoklarge scafé, CO, separation is
common in natural gas production and in gasificafioocesses at petrochemical refineries.
The injection of CQinto geological formations is being carried outtmoely at more than 70
sites in enhanced oil recovery (EOR) operationsngmily in North America, North Africa
and Europe (Australian Coal Association 2004).

Besides the recently started operation of a sncalespilot unit (30 MW,) with oxyfuel
combustion in Schwarze Pumpe, Germany, and theequbstly planned demonstration
power plant (500 MW/ in Janschwalde, Germany, announced by Vattenéddlp other
Gerrr}gn utilities like RWE and E.on are pursuingilsinprojects, starting between 2013 and
2020:

It is unlikely that any technology combination thatludes CQ capture and storage will be
cost competitive with conventional coal-based pogemeration without the implementation
of an international carbon market with substart@dts of CQ emissions, basically because
of the additional energy requirements at the pagwent, which cause substantial efficiency
loss and need additional infrastructure. While €a$tould eventually fall significantly, there
Is considerable uncertainty about both the costbizftement and the impact on generation
costs (Australian Coal Association 2004). Theresaneeral projects under way aiming at cost
reduction of CCS. For example, as reported by (\2@5b), the FutureGen project aims at
producing electricity from a coal-fired power statiincorporating carbon capture and storage
at no more than 10% higher cost than one withous Garting operation in 2012. However,
this limited cost increase seems referring moffetiore commercial units than pilot plants.

Capture of C@ can be achieved by separation either from the fias produced in
conventional combustion or from the fuel gas befts&€ombustion in gas turbines. Based on
these two basic principles there are three mairergem@pproaches for capturing ¢®om
power plants (Figure 4.9):

a) Post-combustion capture
b) Pre-combustion capture
C) Oxyfuel combustion

31 A 30 MW, unit with oxyfuel combustion (“Schwarze Pumpe”arsed its operation in September 2008 in
Germany ttp://www.welt.de/welt_print/article2416943/Auf-Bearze-Pumpe-ruht-die-Hoffnung.himl
However, when composing this report, no informatbiout operational experience was available.

32 http://www.welt.de/welt_print/article2416943/Auf-Bearze-Pumpe-ruht-die-Hoffnung.html
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Figure 4.9 Scheme of the three different technologies included in thi s study for CO ,
capture at the power plant, after (IPCC 2005).

Post-combustion capture involves the separatidd@ffrom the flue gas. Flue gas separation
and capture methods include the following technieligchemical or physical absorption,
adsorption/desorption, cryogenic separation and lonane separation (IEA 2002; APGTF
2004). The preferred technique for post-combustiypiure at present is to scrub the flue gas
with a chemical solvent and following to heat tlsévent to release high purity GQAPGTF
2004). The most common solvents used for neutrgidQ in chemical absorption systems
are alkanolamines such as monoethanolamine (MEAgthaholamine (DEA), and
methyldiethanolamine (MDEA) (IEA 2002), but furthéevelopments are needed (PF 03-05
2003).

Alternative methods for separating €fdom flue gases, such as physical solvent scrubbing
(absorption), adsorption/desorption, cryogenics imegnbranes, are presently more suited to
pre-combustion and oxyfuel methods (APGTF 2004).

Pre-combustion capture involves reacting fuel witlggen or air, and in some cases steam, to
produce a gas consisting mainly of carbon monoai@ hydrogen (syngas). In a following
shift reaction the carbon monoxide is reacted wgiam in a catalytic shift converter to
hydrogen and carbon dioxide. Finally the carboxide is separated and the hydrogen can be
burned in a gas turbine or used in fuel cells (AF@004, WCI 2005b).

The advantage of pre-combustion capture relatiyo&t-combustion capture is that a smaller
volume of gas, being richer in Ghas to be treated. This reduces the size of tlse ga
separation plant and thus reduces capital costthdfmore the higher concentration of £O
enables less selective gas separation techniquebetaused (e.g. physical solvents,
adsorption/desorption). These require less energypéerate per unit mass of g€eparated.
Most of the technologies for pre-combustion captare well proven in ammonia plants
(APGTF 2004). However, the combustion system haddocompletely redesigned and
modified, thus costs and new risks arise.
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The oxyfuel combustion COcapture technology is based on the production digaly
concentrated, pressurized stream of,@Peady at combustion, such that an directly be
captured. Oxyfuel combustion involves burning furebn environment of oxygen instead of
ambient air. However, with pure oxygen the comlmustiemperature would be too high.
Therefore, oxygen is mixed with GQecycled from the exhaust in order to control the
combustion temperature. The oxygen used is defroed an air separation unit. The exhaust
from oxyfuel combustion is flue gas with very higi®, concentration (no NOformed). As
further result, the volume of inert gas is reduaellich can increase boiler thermal efficiency
(IEA 2002). The highly enriched GCillue gas stream enables simple and low cosg CO
purification methods to be used (APGTF 2004). Tlegomdrawback of this approach is that
the production of @using conventional cryogenic air separation plaexpensive, both in
terms of capital cost and energy consumption (AP@GU®4). Oxyfuel combustion technique
can be applied to conventional boilers and gasiriad) although a different design of gas
turbine would be needed to work with highly concated CQ, which rules out retrofit to
existing Gas Turbine Combined Cycle (GTCC) statigkRBGTF 2004).

New methods for carbon capture are being investijaAmong them, interesting is the
chemical looping combustion (WCI 2005b). In cherhicaping combustion, direct contact
between the fuel and the combustion air is avolledsing a metal oxide to transfes tO the
fuel. Combustion takes place in two reactors: #diction reactor, where the fuel is oxidized
by the metal oxide and water and carbon dioxidepaogluced; and the oxidation reactor,
where the metal it is re-oxidised by oxygen in Bience, there is continuously looping of the
solid oxygen-carrier. Water is easily separateccbydensation, thus yielding a fairly pure
stream of CQ@that can be compressed and liquefied (WCI 200bhis technology appears
less likely to be implemented on a significant eaal the time frame considered, hence it is
not considered in the modeling herewith. Other epis for capture technologies that are
found in the literature are not reported here.

4.3.1.1 PCC with CO , Capture

For PC, two principal approaches can be implemefaie@0, capture (PF 03-05 2003, IPCC
2005):

a) separation from the flue gas at the back erahaftherwise largely conventional PC unit;

b) separation from the G@ich flue gas from oxy-coal combustion.

With oxy-coal combustion, total thermal efficienayould be higher than with post-
combustion scrubbing but obviously still lower th&r conventional PC without GO
recovery (PF 03-05 2003).

4.3.1.2 IGCC with CO , Capture

IGCC technology features advantageous characterifir CQ sequestration. The pressure
and concentration of GOn the ‘shifted’ syngas favour GGseparation in pre-combustion
capture (PF 03-05 2003).

If carbon capture is required, a shift-reactor andQ capture unit can be added to standard
IGCC technology. The shift reactor is placed aftee coal gasification and the syngas
cleaning. The syngas is then reacted with steaon fricombustion (water/CO shift reaction)
to produce hydrogen and a separate highly condedtistream of C® Thus CQ can be
captured in a concentrated form in the @@pture unit, and hydrogen remains available as a
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clean fuel (WCI 2005b).

The preferred technique for G@apture in applications at higher pressure (GCC) is
currently physical absorption (IEA 2003a). Physisalvents commonly used in commercial
processes include cold methanol (Rectisol procedis)ethylether of polyethylene glycol
(Selexol process), propylene carbonate (Fluor stlverocess) and sulfolane. Others
absorbents include Calcium Oxide (CaO), Sodium bBidie (NaOH) and Potassium
Hydroxide (KOH).

In IGCC, CQ can be captured at lower energy expendituresftoamthe dilute low pressure
flue gas of a conventional PF power station (AlistnaCoal Association 2004). Gasification
and hydrogen production are widely considered tlstnpromising technologies in coal-
based power generation, if significant reductiamnsCO, emissions are required (Australian
Coal Association 2004).

The process flow of an IGCC power plant with £&Z@questration is shown in Figure 4.10.

The addition of high temperature fuel cells fuelled hydrogen to IGCC with CQcapture
would raise efficiency further, but fuel cell stackre currently still only at a relatively small
scale and very expensive (PF 03-05 2003). Seedbettl.4.1 for further information.
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Figure 4.10 Process flow of an IGCC power plant with CO  , sequestration (Advanced Cycles
1998).

4.3.2 Transportation of CO ,

After capture, C@ must be transported to the site of injection. ps today operate as a
mature market technology and are the most commdhaddor transporting CO Gaseous
CO; is typically compressed to a pressure above 8 MRarder to avoid two-phase flow
regimes and increase the density of the, Qereby making it easier and less costly to
transport. CQalso can be transported as a liquid per ship, ooadil tankers that carry GO
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in insulated tanks at a temperature well below ambiand at much lower pressures..
Transport of CQin pipelines is cheaper than shipping over shstadces. Due to relatively
high fixed costs for harbors, loading and unloadisigjpping becomes only competitive at
distances between 1000 km and 2000 km (Figure 4BQC 2005, Radgen et al. 2005).
Today, liquefied petroleum gases (LPG, principaiftgpane and butane) are transported on a
large commercial scale by marine tankers, €Cé&n be transported by ship in much the same
way (typically at 0.7 MPa pressure), but this cotisetakes place on a small scale because of
limited demand. Road and rail tankers also areniealy feasible options. These systems
transport CQ@ at a temperature of -20°C and at 2 MPa pressumvekker, they are
uneconomical compared to pipelines and ships, éxaep very small scale, and are unlikely
to be relevant to large-scale CCS (IPCC 2005).
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Figure 4.11 Costs of CO , transport, plotted as US$/tCO - transported against distance, for
onshore pipelines, offshore pipelines and ship transport (IPCC 2005).

About 3000 km of large land-based £@ipelines are operational throughout the world,
primarily in North America. Pipelines are used sirthe early 1980s. Most pipeline systems
are usually designed so that recompression isatptined beyond the power plant if distance
is within about 200 km. Additionally, consideraloiishore oil and gas pipeline infrastructure
exists that may have the potential to support offstCQ storage sites either for oil recovery
or use of fully exploited gas fields (WCI 2005b AR2002).

Internationally recognized standards for the desmpnmstruction, and monitoring of GO
pipelines are in place in the U.S. and Canada,lamgely represent an extension of industry
best practices for natural gas and other hazardasipelines (IEA 2002). The IEA GHG
R&D Programme compiled current G@ipeline design data (IEA 2003a).

4.3.3 Storing CO ,

In order to contribute preventing that excess dh@apogenic C@ emissions from burning
fossil fuels increase the concentration in the aphere to levels that may lead to harmful
global warming, long-term storage of €@as been proposed as an important option. The
prime objective of C@ sequestration is to develop effective, verifiabbafe, and
environmentally sound storage sites that are aab#gpto the public (IEA 2002, IPCC 2005).

Various technical options for the long-term storaf €0, are being researched. They include
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geological storage and mineral carbonation (WCI52)0 Ocean sequestration is another
option. However, for the time being there are majablic and legal issues that must first be
addressed before ocean storage can be applied: @thjects and studies on @®torage
presently exclude ocean sequestration from the @&noptions under closer investigation
(CO2CRC 2003). Following the same line, the ocemgusstration option is herewith only
described to a limited extent and not modeled.

4.3.3.1 Geological Storage

Injection of CQ into natural geological appropriate ‘reservoifsigure 4.12) offers potential
for the permanent storage of very large quantaieS0; in different media. This is the most
comprehensively studied storage option to date (\2@5b). The CQis compressed to a
dense (supercritical) state, then it is injecte@épdenderground. The goal is store (and
possibly monitor) C@ either trapped in the bedrock or dissolved in tsatufor very long
time (WCI 2005b). Large volumes of G@an potentially be stored long-term in a variety o
geological structures including saline aquiferspleieed or nearly exhausted oil and gas
reservoirs, and unmineable coal seams.

Research is ongoing in different countries to asghe viability and acceptability of the
options. Several projects investigating the posstior the storage of Ghave been and are
being carried out in different countries and regiomable 4.45 summarizes the results of
projects investigating the GQtorage potential.

I Overview of Geological Storage Options ——— Droduced ofl of gas

1 Depleted oil andgas reservoirs e Injected CO,

2 Use of CO, in enhanced oil and gas recovery SNBSS Stored CO.
3 Deep saline formations — (a) offshore (b) onshore >

4 Use of CO, in enhanced coal bed methane recovery

Figure 4.12 Options for CO ,-storage in geological structures (IPCC 2005).
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Table 4.45 Technical potential for geological CO , storage [Gt CO ,], from various
references.
Gas fields Oil fields Saline Unminable
Europe (depleted) (depleted, formations coal seams Sum
P EOR) (Aquifers) (ECBM)
Europe
IEA GHG, R&D
1 program, 1996 26 6 773 nn 806
Western Europe
Dooley/Friedmann,
2 2004 42 7 215 4 268
GESTCO, 2004
3 (Denmark, Germany, 30 7 01 nn 128
Norway, UK,
Netherlands, Greece)
Worldwide
4 IPCC 2005 675-900 1000-10'000 3-200 ~1700-11'000
5 Fischedick et al. 2007 392-2126 54-1193 30-1081 0-1480 476-5880

4.3.3.1.1 Storage in saline aquifers

Storing large amounts of GOn deep saline water-saturated reservoir rockersffyreat
potential (WCI 2005b). Deep saline aquifers areelyidlistributed below the continents and
the ocean floor and are within easy access to abaurof power plants. Deep aquifer
sequestration (Figure 4.13) is currently being destrated and has proven to be technically
feasible (IEA 2002).

Since October 1996 the Norwegian company Statailjécting about 1 million tonnes a year
of CQO;, into the Utisira Formation at the Sleipner fietdthe Norwegian section of the North
Sea, at a depth of about 800-1000 metres belowaadloor (WCI 2005b). This is equivalent
to about 3% of Norway’s total annual €@missions (IEA 2002).

Sleipner A

Sleipner T

Gas from

Sleipner West
A\\ CO; Injection Well

Utsira
Formation

Sleipner East
Production and Injection Wells

ISleipner East Field

Figure 4.13 CO ,-storage in deep saline aquifers (IEA GHG 2001).
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4.3.3.1.2 Storage in depleted gas reservoirs

Depleted gas reservoirs offer promising sites fawlggical storage of CGQQWCI 2005b). By
their very existence, natural gas fields have destmated the ability to store gases for millions
of years. The first successful natural gas stopaggct in depleted reservoirs was in Canada
in 1915. An advantage of many of these sites isttiey are an integral component of natural
gas pipeline delivery systems, which can improve #&tonomics of COtransport and
sequestration (IEA 2002). The US Department of gndDOE) estimated that the storage
capacity of depleted gas reservoirs in the USAbisua 80-100 Gt, or enough to store US
emissions of C@from major stationary sources for 50 years or nj@@ok 2002; reported in
WCI 2005b).

4.3.3.1.3 Enhanced Oil Recovery (EOR)

Enhanced Oil Recovery (EOR) is a process alreadglwiused in the oil industry to increase
oil production (Figure 4.14). CQOs injected into oil fields helping to pump out QIEA
2002). The reservoirs are natural stratagraphpstthat have held oil and gas over geological
time. Furthermore, the geologic structure and matgroperties of most oil fields have been
extensively characterised and sophisticated commpatelels have been developed to predict
the displacement behavior and trapping of,G@ EOR. Finally, industry has a significant
amount of experience, technology, and expertisedh@a be applied to Cstorage at these
sites (IEA 2002). Without such methods of enhangextiuction, many oil fields can only
produce half or less of the original resource (VZGD5b).

So far, there are about 70 currently active enlchodaecovery operations, located primarily
in Canada and the United States using about 60omitlubic metres per day of G@see
Weyburn CQ flood project)®® Currently, most of the CQused for EOR comes from natural
CO; reservoirs (IEA 2002).

Table 4.45 shows that the potential C@orage in EOR is minimal for Europe.

Production

CO;
Injection
Well

P

Figure 4.14 Principle of Enhanced Oil Recovery (EOR) (IEA GHG  2001).

33 http://www.encana.com/operations/upstream/weybwopes co2.html
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4.3.3.1.4 Unmineable Coal Seams — Enhanced Coalbed Methane (ECBM )

Very deep coals seams cannot economically be nwingadcurrent best available technology.
However these coal seams contain methane, whichbeaexploited and used as fossil
feedstock.

Methane production from deep coalbeds can be epbahy injecting C@ into coal
formations (Figure 4.15), a process known as erdgthnoalbed methane extraction (ECBM).
At least two to three molecules of €@re sequestered for each molecule of methane
produced. Unlike in oil and gas reservoirs, thelraee in coalbeds is retained by absorption
rather than by trapping. Swelling of the coal mais a limiting factor for the absorption
capacity. CBM technology is commercially availatdeay and widely practiced in the U.S.,
and to some extent elsewhere. Since the early 188M extraction has been used for
degassing exploitable coal and improving occupati@afety in underground mines. When
conditions are economic, CBM extraction is pradtits industry to produce electricity or
heating fuel. The first commercial pilot applicatidhas been underway since 1996 at
Burlington Resources’ Allison Unit in the San Jigasin in New Mexico, United States (IEA
2002).

From Table 4.45, potential GGstorage in ECBM appears a minor contribution te th
estimated total potential geological storage capdor Europe.

Power Plant

Methane
Product

Captured
CO, Purification

Rock 0,

Coal/Gas

: Coal Seam

—+ (0; —— CHif—»

Figure 4.15 Principle of Enhanced Coal Bed Methane (IEA GHG 2001)

4.3.3.2 Mineral Carbonation

Another option for permanent storage is minerabgaation. In this process, G@& reacted
with naturally occurring substances to create alyeb chemically equivalent to naturally
occurring carbonate minerals (WCI 2005b). LCEan be reacted with minerals such as
magnesium silicate (e.g., peridotites or serpemesjito form stable, environmentally benign
carbonates (IEA 2002). This process resembles #teral weathering of alkaline rocks,
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which normally occurs over long periods of time (WADO5b). CQ mineral storage could be
obtained speeding up the reactions, but thislisastihe laboratory stage of development.

4.3.3.3 Ocean storage

CO, can directly be stored in the deep ocean (at degtbater than 1,000 m), where most of
it would be isolated from the atmosphere for ceaturThis can be achieved by transporting
CO, via pipelines or ships to an ocean storage siterevit is injected into the water column
of the ocean or at the sea floor (Figure 4.16). @iesolved and dispersed ¢@ould
subsequently become part of the global carbon cyOleean storage has not yet been
deployed or demonstrated at a pilot scale, andilisrsthe research phase. However, there

have been small-scale field experiments and 25yefatheoretical, laboratory and modeling
studies of intentional ocean storage of,QJ®CC 2005).

CO, /CaCO,

reactor
Flue gas

— Captured and
Dispersal of o compressed CO,
Dispersal of CO, by ship CO,/CaCO, 7

: Refilling Shlp —
: mixture &%
- J o B

Rising CO, plume
s 'ﬂ, ?ﬁ%}%ﬁ
s \ A\ g

Figure 4.16 Methods of ocean storage of CO , (IPCC 2005).

4.3.4 Specification of future CCS technology config urations

Figure 4.17 illustrates the modeling approach ésisil power generation chains with CCS, as
modeled in this study. The CCS part includes thgasion of CQ at the power plant, its
transport to the reservoir where it is injected &ndlly stored. It also includes the complete
infrastructure for transport and storage, i.e pifgs, compressors, and injection wells.
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Figure 4.17 Scheme of the hard coal chain for power generation includi ng Carbon Capture

and Storage.

4.3.4.1 Capture (including compression) ** at power plant

The following power plant reference technologies arodeled in this study, chosen as the
most likely ones to be implemented in large scathiwthe next 40 years:

- Post-combustion, for the technologies supercritie@l (hard coal and lignite) and
NGCC; using amine solvent separation;

- Pre-combustion, for IGCC technology (hard coal kguite); using physical/chemical
absorption separation;

- Oxyfuel combustion of coal (hard coal and lignite).

Among the three different hard coal power plantslebded without CQ capture (350 MW,
600 MW, 800 MW, the 600 MW, unit was chosen as the one to be equipped with CO
capture for post- and oxyfuel combustion systenhg Rey factors for LCI of the power plant
operation with CQ@ capture are the power plant efficiency with andhaut capture, C®
capture rate, and material use for operation (maghlemicals for C@ separation).The
electricity used for CO, compression at the power plant is treated as auxiliary uses
and consequently subtracted from the gross electricity generated. Therefore, the LCA
boundary of the operation of power plants with CCS includes the separation and
compression of the CO,. This means that the energy requirement for separation and
compression of CO, at the power plant is taken into account by a reduction of the
power plant net efficiencies, mainly based on (Hendriks 2007). Efficiencies of CO,
separation differ for the three separation technologies considered — average values
were extrapolated for the different time horizons and scenarios based on different
sources (Hendriks 2007, Rubin et al. 2007, Fischedick et al. 2007). Table 4.46
summarizes the assumptions concerning reduction of power plant net efficiency and

3 Unless otherwise explicitly noticed, hereinaftes term capture is always meant to include comjmess
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CO, capture efficiencies for the reference systems and the three different scenarios
for the future time horizons (2025 and 2050). Net efficiencies of hard coal and lignite
PC power plants are assumed to correspond in 2025 and 2050.

For what concerns the chemicals used for CO, separation from the exhaust in post-
combustion processes, using an amine-based solvent, the upper range of the values
reported in (IPCC 2005) for amine (modeled with mono-ethanolamine as the only
appropriate substance available in the background LCI database), NaOH, and active
carbon (modeled with charcoal) have been assumed in the study. Additionally, the
difference between the total chemical requirements for separation reported in (Rubin
et al. 2007) and the total materials (2.76 kg/kwh) from (IPCC 2005) has been
modeled with generic organic chemicals (again the only appropriate substance
available in the background LCI database). These values have not been changed for
the different scenarios, because no information was available on process
modifications in the future. This aspect would deserve a follow-up LCA modeling
activity. Furthermore, in this study material needs for oxyfuel combustion could not be
modeled, but only the energy uses for O, separation.

Concerning NOx and SOy emissions from PC plants, reductions along (Rubin et al.
2007, Andersson & Johnsson 2006) have been considered, but adjusting SO,
emission to 0.1 g/kWh thus assuming scrubber efficiency of about 99%, and using
bound N content in the hard coal for oxyfuel combustion exhaust (giving <0.2 g/kwh).

The infrastructure of the power plants (constructmd dismantling) with COcapture has
been modeled the same way as for the units witB@utcapture as first approximation. This
simplification can be justified by the fact thathalugh the infrastructure requirements for the
capture plant are considerable, the constructiotemadés do not contribute substantially to
cumulative results (see chapter 5).
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Table 4.46 Net efficiencies assumed for natural gas and coal power plants with and without
CCS for the range of scenarios in year 2025 and 2050 defined in this study.

Fuel Conversion | Capture Year | Sc. | Net Net Efficiency | CO,
technology | technology #) | electric electric penalty capture
class efficiency | efficiency | %) efficiency
(combustion) wlo CCS | w/ CCS
% % % %0
Pe 61 53 8 20
2025 | RO 62 56 6 90
Post VO 63 57 6 20
Pe 62 56 6 20
2050 | RO 65 61 4 20
Natural | NGCC VO 60 62 4 90
gas Pe 61 51 10 100
2025 | RO 62 52 10 100
Oxyfuel VO 63 53 10 100
Pe 62 52 10 100
2050 | RO 65 60 5 100
VO 66 61 5 100
Pe 47 37 10 20
2025 | RO 49 42 7 20
Post VO 52 45 7 20
Pe 50 43 7 20
2050 | RO 54 49 5 90
PC VO 57 52 5 20
Pe 47 37 10 99.5
2025 | RO 49 41 8 99.5
Oxyfuel VO 52 44 8 99.5
Pe 50 42 8 100
2050 | RO 54 47 7 100
Coal VO 57 50 7 100
Pe 53 47 6 20
2025 | RO 54 48 6 20
Pre (hard coal) VO 55 49 6 90
Pe 53.5 47.5 6 20
2050 | RO 54.5 48.5 6 20
IGCC VO 555 49.5 6 20
Pe 51 45 6 20
2025 | RO 52 46 6 20
Pre (lignite) VO 33 47 6 90
Pe 51.5 45.5 6 20
2050 | RO 52.5 46.5 6 90
VO 535 47.5 6 20

* Sc. = Technology scenario: Pe = pessimistic; RO = realistic-optimistic; VO = very optimistic.
** Efficiency penalty = reduction in power plant net efficiency due to electricity demand for CO, capture and compression.

4.3.4.2 Transport of CO ,

The following reference technology is modeled iis tudy, chosen as the most likely to be
implemented in large scale within the next 40 y@&aSurope:
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- Transport of CQby onshore pipeline, 200 km and 400 km.

Transport by ship is not modeled because of diggdgaous economics for average distances
and capacities likely to occur in Europe until 2050

The key factors for LCI are the pipeline capacihg pressure, and the average distance for
CO, transmission to storage sites in Europe (i.e. dreintermediate pumping stations are
necessary or not). The modeling of the,@@nsport in supercritical state has been conducte
on the basis of an engineering bottom-up modelpgr@ach (Wildbolz 2007, Doka 2007).
The transport is assumed to occur by pipeline witss flow of 250 kg/s, which would
correspond to roughly three hard coal power plaitis carbon capture of the 500 MW class,
as modeled in this study. Two transport distanea® lbeen considered, 200 km and 400 km,
the first without intermediate recompression, thecomd with one recompression
(approximately 30 bar) unit after the first 200 la® illustrated in Figure 4.18. The UCTE
electricity mix (at medium voltage level) is usedr f recompression of GO
(0.0389 kwh/tkm). The modeling of the pipeline adtructure is extrapolated based on (Faist
Emmenegger et al. 2004), considering the speciissnflow and pressure of supercritical
CQo.. Leaking of CQin the order of 0.26 g/tkm is taken into account.

System Boundary Transport

A
Hrecompression
Hinjpction |
H “
200 km
Recompression
v
Pump 200 km
Figure 4.18 Schematic of the recompression for the transport proc ess (Wildbolz 2007).

4.3.4.3 Storage of CO »,

Two different generic reference storage faciliaes considered, being the options most likely
to be realized in Europe until 2050:

- A saline aquifer at a depth of 800 m (for storafi€C@, separated at hard coal and
lignite power plant¥);

% It is assumed that the most economic and realstiomplemented option for storage of €©eparated at
natural gas power plants will be the “re-pumpingfbi exploited gasfields, relying on already usadates of gas
pipelines and infrastructure relatively easy toiristalled at already developed sites for natural g@duction.
Additionally the CQ to be injected can be used for increasing theumtiah volumes of the gas reservoirs.
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- A depleted gas reservoir at a depth of 2500 m gforage of C@separated at hard
coal, lignite and natural gas power plants).

Capacity for un-mineable coal beds is of lessemitgnce for Europe (see Table 4.45) but it
could still be an option for economical reasonpgeeglly at local scale.

The key factors for LCI are the average depth fdlirth, the power required for injection of
CO, which in turn depends on the depth of the reseramd potential long-term leakages. It
is assumed that the reservoirs are 100% imperyipushce this leakage rate of zero,
guaranteed by tests and monitoring, can be assumdie a prerequisite for any legal
framework still to be established for storage of,CThe modeling of the COstorage has
been conducted on the basis of an engineeringrbaifpmodeling approach (Wildbolz 2007,
Doka 2007). The number of wells required for a ager project will depend on various
factors, like total injection rate, permeability damhickness of the geological formation,
maximum injection pressure and availability of leswiface area for the injection wells
(IPCC 2005). Taking into account the given bourekar a mass flow of GQOpf 250 kg/s
correspoding to 7.9 Mt(CQ per year this results in the requirement of tmjection wells for
the modelled case (Wildbolz 2007). The hydrostatassure at the two reservoirs is assumed
to be 78.4 bar and 171.5 bar (for the aquifer dred depleted gasfield, respectively). The
required overpressure for the €@jection of 30 bar results in an associated &gty
demand of 0.0371 kWh/kg(GPfor the aquifer at 800 m depth and 0.1127 kWHIKDy) for
the depleted gasfield at 2500 m depth (Wildbolz72@oka 2007). Figure 4.19 illustrates the
various pressure levels occuring within &@nsport and storage.

injection pressure
overpressure (30 bar)

4

pressure |\ F |  eom—— e e - - reservoir pressure

pipeline

reservoir

Figure 4.19 lllustration of different pressure levels for tra nsport, injection and storage of
CO, (Doka 2007).

Potential safety and risk issues associated with @chnologies like accidents during £0
transport or injection, risks for humans and theiremment due to spontaneous or gradual
leakage of the reservoirs (IPCC 2005, UBA 2006iscikedick et al. 2007, Radgen et al.
2005) are not taken into account in this LCA stu@pnsidering such issues would require
alternative assessment methods.

4.3.5 Economics of CCS

In the longer term, technologies for CCS preserdg ohthe most promising options for
economic and environmentally acceptable route tgelzcale reductions in G@missions
from fossil energy use (WCI 2005b). CCS has alsgpittential to enable coal and natural gas
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to contribute to form the basis of a future hydmgeonomy (WCI 2005b) (see Section on
IGCC with CQ capture). As described in the previous sectioasides obtaining permanent
storage of CQ some processes can have economic benefits,nigeoving oil (EOR) and
coal-bed methane (ECBM) extraction (WCI 2005b).

Carbon storage is not yet commercial, but soménefréquired technologies are proven and
have been used in commercial applications in atbatexts (WCI 2005b; Rubin et al. 2006).
Technologies for capturing Gdrom emission streams are being used in smallestl
produce pure C@for use in the food processing and chemicals imgudPetroleum
companies routinely separate £@om natural gas before it is transported to miaitke
pipeline (WCI 2005b).

An integrated CCS system has three basic cost coemp& capture/compression, transport,
and injection/storage. These costs are highly bbriand depend on many factors including
the source of Cg) capture option, infrastructure availability, tsport distance, and type and
characteristics of the storage site.

The coal industry presents the economics of CCkaly to be broadly comparable with
those of other options, such as renewables (WCbIZ0G-or instance, an IEA GHG study
gives the cost of carbon capture and storage aScakWh (2.5 €c/kwh) (WCI 2005b). “This
compares with the current buy-out price for UK neables of over 3p/kWh (5 €c/kWh) or
the premium of 9 €c/kWh for wind power under the@an Renewable Energy Law” (WCI
2005b). The costs of renewables are expectedItmfhlture as technology develops, but the
same should be true for CCS, which is the objecevkral research projects (WCI 2005b).
For example, as reported by (WCI 2005b), the F@areproject aims at producing electricity
from a coal-fired power station incorporating carlwapture and storage at no more than 10%
higher cost than one without CCS.

Economic data for coal power plants with £€apture used in this project for all time
horizons are summarized in Table 2.7 through Talle. Table 4.47 gives an overview about
cost data including cost of electricity generationthe fossil reference power plants with and
without CCS in year 2050 for the realistic-optindstcenario.
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Table 4.47

Economic specifications of fossil reference power pl
optimistic scenario.

ants in year 2050, realistic-

Hard coal
PC, post PC, oxyfuel |IGCC, pre
combustion [combustion |[combustion
PC IGCC CCS CCS CCS
Overnight capital cost €/kW 895 1100 1420 1420 1370
Levelized cap. Cost €cents/kWh 0.89 111 1.42 1.42 1.38
Fixed O&M €cents/kWh 0.54 0.71 0.83 0.83 0.87
Variable O&M €cents/kWh 0.26 3.10 0.30 0.30 3.60
Fuel €cents/kWh 1.26 1.25 1.39 1.45 1.41
Generation cost €/MWh 29.6 61.7 39.4 40 72.6
Lignite
PC, post PC, oxyfuel IGCC, pre
combustion [combustion combustion
PC IGCC CCS CCS CCS
Overnight capital cost €/kW 900 1100 1390 1390 1370
Levelized cap. Cost €cents/kWh 0.88 111 1.39 1.39 111
Fixed O&M €cents/kWh 0.43 0.71 0.81 0.81 0.71
Variable O&M €cents/kWh 0.10 3.10 0.12 0.12 3.10
Fuel €cents/kWh 1.60 1.65 1.77 1.84 1.86
Generation cost €/MWh 30.1 65.7 40.8 41.6 67.8
Natural gas
NGCC, post
combustion
NGCC CCS
Overnight capital cost €/kW 400 560
Levelized cap. Cost €cents/kWh 0.48 0.67
Fixed O&M €cents/kWh 0.10 0.20
Variable O&M €cents/kWh 2.20 4.40
Fuel €cents/kWh 3.22 3.43
Generation cost €/MWh 59.9 86.9
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5 LCA results and conclusions

5.1 Current technologies
5.1.1 Hard Coal PC

5.1.1.1 Key resources and emissions

Table 5.1 shows selected LCI results for the dt@ttrproduction at the busbar of the three
reference hard coal power plants. The choice isdags the species included in the external
cost estimation for recent projects of the ExteseEes NewExt and ExternE-Pol (Rabl et al.
2004; Dones et al. 2005). Only primary nitrates antphates have been excluded from the
list due to their negligible contribution (nitratesd sulphates are important as secondary
pollutants, which are not accounted for in an LCI).

Table 5.1 Consumption of selected resources and key emissions for the hard coal
reference technologies around year 2000, per kWh ¢ at the busbar.

Parameter Path Unit USC-PC USC-PC USC-PC
350 MW 600 MW 800 MW
kWhe kWhe kWhe

Coal, hard, unspecified, in ground resource kg 4.28E-01 4.28E-01 4.18E-01

Arsenic air kg 1.53E-08 1.51E-08 1.49E-08

Cadmium air kg 1.74E-09 1.70E-09 1.66E-09

Carbon dioxide, fossil air kg 7.76E-01 7.76E-01 7.59E-01

Chromium VI air kg 2.79E-09 2.55E-09 2.53E-09

Dinitrogen monoxide air kg 3.36E-05 3.36E-05 3.28E-05

Formaldehyde air kg 5.07E-07 5.06E-07 4.95E-07

Lead air kg 1.66E-05 1.66E-05 1.62E-05

Methane, fossil air kg 2.36E-03 2.36E-03 2.31E-03

Nickel air kg 1.16E-07 1.15E-07 1.13E-07

Nitrogen oxides air kg 8.08E-04 8.07E-04 7.90E-04

NMVOC (total) air kg 4.00E-05 3.99E-05 3.90E-05

PM10

PM2.5 air kg 5.33E-05 5.31E-05 5.20E-05
PM2.5-10 air kg 2.19E-05 2.17E-05 2.12E-05
Sulfur dioxide air kg 6.18E-04 6.18E-04 6.04E-04

5.1.1.2 Contribution analysis

The contribution analysis addresses only the alselected key emissions species split into
the four life cycle phases defined for NEEDS in&dign. Figure 5.1 through Figure 5.3 show
that in general for the energy chains associated thie 350 MW, 600 MW and 800 MW
power plants the results are pretty much the s&uoeer plant operation is contributing the
most to the total burdens of GON,O, Formaldehyde, and lead. Nearly 80% of the nickel
comes from the upstream chain, whereas Cr-VI aasigi® from construction material
manufacturing. Due to the high efficiency of theSig, and de-NQ at the power plants, their
relative contribution to cumulative emissions of ,S@&d NQ remains below 60%;
practically, the fuel upstream chain makes up #wst. rEmission of Cldis almost entirely
originated by mining (underground). About 70% o# ttumulative emission of P) stems
from the power plant, the upstream chain makinglapost the rest, whereas the proportions
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are practically inverted for PM.;o Emission of total NMVOC originates almost entyrel
from the upstream chain, e.g. from transport.
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Figure 5.1 Contribution analysis of selected cumulative air bur dens associated with the
electricity supplied to the grid by the current (year 2000) har d coal reference
350 MW power plant.

W Construction O Operation B Fuel O Disposal

Arsenic : ;
Cadmium ‘

Carbon dioxide, fossil

Chromium VI #

Dinitrogen monoxide

Formaldehyde [

Lead
Methane, fossil

Nickel

Nitrogen oxides

NMVOC (total)

PM2.5

PM2.5-10

Sulfur dioxide

[ [
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Figure 5.2 Contribution analysis of selected cumulative air burde ns associated with the
electricity supplied to the grid by the current (year 2000) har d coal reference
600 MW power plant.
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Figure 5.3 Contribution analysis of selected cumulative air burde ns associated with the

electricity supplied to the grid by the current (year 2000) har d coal reference
800 MW power plant.

5.1.2 Hard Coal IGCC

5.1.2.1 Key resources and emissions

Table 5.2 shows selected LCI results for the d@t@ttrproduction at the busbar of the present
hard coal IGCC reference power plant per kWh oftelgty generated.
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Table 5.2 Consumption of selected resources and key emissions for pr esent hard coal
IGCC reference power plant.

Parameter Path Unit IGCC 450 MW
kWhe

Coal, hard, unspecified, in ground resource kg 4.02E-01
Arsenic air kg 1.11E-09
Cadmium air kg 4.45E-10
Carbon dioxide, fossil air kg 7.83E-01
Chromium VI air kg 9.98E-11
Dinitrogen monoxide air kg 3.27E-05
Formaldehyde air kg 2.87E-08
Lead air kg 3.88E-09
Methane, fossil air kg 2.22E-03
Nickel air kg 1.09E-08
Nitrogen oxides air kg 5.11E-04
NMVOC (total) air kg 6.46E-05
PM10

PM2.5 air kg 1.76E-05

PM2.5-10 air kg 1.79E-05
Sulfur dioxide air kg 3.01E-04

5.1.2.2 Contribution analysis

Figure 5.4 shows the shares of the cumulative tefad the four life cycle phases defined for
NEEDS integration. The contribution from constrantiis negligible for the specific
emissions, having a maximum of 8% for PMThe operation is not as dominant as in case of
other fossil fuelled technologies, because IGCQrnelogy features no methane emissions,
scarcely NMVOC as well as PM emissions and considerably reduced sulphur dioxide
emissions. In Figure 5.4 the operation phase isimEm only for carbon dioxide and
dinitrogen monoxide emissions. The fuel supply aot® for nearly total of methane
emissions and more than half of nitrogen oxide, NDB/ PMys and sulphur dioxide
emissions. Also for trace elements, most of emissere released in the upstream fuel chain.
The dismantling accounts for more than 80% of tloket emissions. For the other heavy
metal in Table 5.2, cadmium, 15% of its emissions @mitted during dismantling. For
NMVOC and PM ;s around 20% of the cumulative emissions are retedseing dismantling.

It is important to take into account that Figurd Sloes not show absolute numbers for
specific emissions, but their relative contributioom the herewith used life cycle phases to
total cumulative results. As there is hardly methamission in IGCC electricity generation,
the gas emissions released during underground gngen high relative importance. The high
contributions from power plant dismantling to NMVO&hd PM s cumulative emissions
result from very low emissions of these substanttesg the operation of the IGCC power
plant.
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Contribution analysis for current hard coal IGCC pow er plants
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Figure 5.4 Contribution analysis of selected cumulative air burde ns associated with the
electricity supplied to the grid by the current (year 2000) har d coal reference
450 MW IGCC power plant.

5.1.3 Lignite

5.1.3.1 Key resources and emissions

Table 5.3 shows selected LCI results for the algttr production at the busbar of the
reference lignite power plant.
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Table 5.3 Consumption of selected resources and key emissions for present lignite
reference technologies, per kWh . at the busbar.

Parameter Path Unit Lignite (BoA)
kWhe
Coal, brown, in ground resource | kg 9.50E-01
Arsenic air kg 9.03E-09
Cadmium air kg 1.29E-09
Carbon dioxide, fossil air kg 9.21E-01
Chromium VI air kg 7.45E-10
Dinitrogen Monoxide air kg 2.20E-05
Formaldehyde air kg 5.22E-07
Lead air kg 1.19E-05
Methane, fossil air kg 2.48E-04
Nickel air kg 1.98E-08
Nitrogen oxides air kg 7.38E-04
NMVOC (total) air kg 2.17E-05
PM10 air kg 7.61E-05
PM2.5 air kg 6.47E-05
PM2.5-10 air kg 1.14E-05
Sulfur dioxide air kg 1.69E-04

5.1.3.2 Contribution analysis

The contribution analysis addresses only seleatgdeknissions species split into the four life
cycle phases defined for NEEDS integration. Figbu® shows that in general power plant
operation is contributing the most to the seledtiaddens more remarkably for GONG,
PM, N,O, and Formaldehyde emissions. £&hd some heavy metals show a different
behaviour: methane is emitted during lignite prddurc for more than 90% (however, the
absolute value per kWh is generally much lower tfrarhard coal mining), and significant
parts of emissions of some heavy metals originate foower plant construction and lignite
production. Contributions of power plant constraotio cumulative results are around 5% or
lower for the other selected emissions. Contrimgidrom the dismantling phase are
negligible.

136



NEEDS RS l1a — WP 7Advanced fossil power technglogie

Contribution analysis for current reference lignite power plant
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Figure 5.5 Contribution analysis of selected cumulative burdens a ssociated with the
electricity supplied to the grid by the current lignite referenc e power plant.

5.1.4 Natural Gas

5.1.4.1 Key resources and emissions

Table 5.4 shows selected LCI results for the at@ttrproduction at the busbar of the three
natural gas reference power plants.
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Table 5.4 Consumption of selected resources and key emissions for present natural gas
reference technologies, per kWh . at the busbar.

Parameter Path Unit natural natural natural
gas CHP, | gas gas
allocation | turbine combined
exergy cycle

plant
kWhe kWhe kWhe

Gas, natural, in ground resource | Nm3 | 2.67E-01 | 2.88E-01 1.90E-01

Arsenic air kg 3.89E-09 | 1.20E-09 | 1.66E-09

Cadmium air kg 1.42E-09 | 5.38E-10 | 6.27E-10

Carbon dioxide, fossil air kg 5.50E-01 | 6.02E-01 | 3.98E-01

Chromium VI air kg 1.24E-10 | 1.06E-10 | 6.04E-10

Formaldehyde air kg 2.15E-08 | 8.78E-09 | 2.15E-07

Methane, fossil air kg 3.25E-03 1.54E-03 | 9.94E-04

Dinitrogen monoxide air kg 4.42E-05 | 1.05E-05 | 6.98E-06

Lead air kg 3.24E-07 | 3.18E-07 | 2.48E-07

Nickel air kg 1.15E-08 | 7.20E-09 | 7.00E-09

Nitrogen oxides air kg 8.23E-04 | 1.45E-03 | 3.09E-04

NMVOC air kg 2.64E-04 | 1.61E-04 | 1.01E-04

PM10 air kg 1.53E-05 | 1.22E-05 | 1.23E-05

PM2.5 air kg 8.26E-06 | 6.95E-06 | 8.22E-06
PM2.5-10 air kg 7.04E-06 | 5.25E-06 | 4.08E-06
Sulfur dioxide air kg 2.52E-04 | 2.19E-04 | 1.47E-04

5.1.4.2 Contribution analysis

Figure 5.6 shows the shares of the cumulative te$al the four life cycle phases (power
plant construction, operation and dismantling, &rel supply) for the natural gas combined
cycle power plant. Only selected key emissions Wwhacte important in the context of
electricity generation by the natural gas plant sihewn. Cumulative COemissions are
dominated by the emissions from the operating pgaert. Nevertheless, the contribution of
the fuel supply to the total G@missions is significant (about 12%) due mostlyh® gas
burning for energy uses along the gas upstreamnckaimulative methane emissions are
strongly dominated by the losses along the nagaslsupply chain. Methane emissions from
operation are small and the other life cycle phasesiegligible. About half of the cumulative
NOy emissions originate from the operating power planbther half from the fuel supply.
The construction phase contributes about 1.3% toutative NQ emissions. NMVOC
emissions originate mainly from the fuel supply gdarhe operation contributes about 24%
to cumulative NMVOC emission. S@missions from the operating power plant are \@ny
due to the low sulphur content of the average aatgas mix distributed in Europe. The
cumulative S@ emissions originate mainly from the gas supplg; tfajor contributor is the
gas production. Construction of the plant and dpmracontribute both about 2% to the
cumulative S@emissions.
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Contribution analysis for current reference natural gas combined cycle power plant
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Figure 5.6 Contribution analysis of selected cumulative burdens a ssociated with the
electricity supplied to the grid by the current natural gas co mbined cycle power

plant.

Figure 5.7 shows the shares of selected cumula@sealts for the modelled natural gas
turbine. The shares of the cumulative 3fnissions related to the gas turbine are almest th
same as the corresponding shares related to thieimedncycle plant because the construction
and dismantling phases are negligible in both casdghe lower efficiency of the gas turbine
compared to the GCC increases the,@issions from operation and the gas input in the
same proportion. Cumulative methane emissions anm@rchted by the gas supply phase, the
operation contributes only about 3% and the otheasps are negligible. Power plant
operation contributes 85% to cumulative Né@missions; the gas supply contributes 15%,
whereas the construction phase contributes nefligffiMVOC and SQ emissions are
strongly dominated by the gas supply phase.
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Contribution analysis for current reference natural gas turbine
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Figure 5.7 Contribution analysis of selected cumulative burdens a ssociated with the
electricity supplied to the grid by the current natural gas tur bine.

Figure 5.8 shows the shares of selected cumuladisgts for the modelled natural gas CHP
plant. The operation of the CHP plant contributesud 88%, and the fuel supply about 12%
to the cumulative C®emissions. The estimated methane emission factahé small CHP
plant is higher than the estimated emission fadtmrshe large combined cycle plant and for
the turbine. Therefore, the contribution of the rapien phase of the CHP plant (21%) is
significant although the cumulative methane emissi@are again dominated by the gas
supply. NQ emissions from the operating CHP plant are regftihigh because no catalyst is
included in the modelled CHP plant. Thus, operatontributes about 73% to cumulative
NOy emissions; the fuel supply contributes about 286dout one third of the cumulative
NMVOC emissions originate from the operation phadmut two thirds from the gas supply.
The construction and operation phases contributeutal?% and 3%, respectively, to
cumulative SQ@ emissions, but the major part of S@&mission is related to the gas supply
phase.
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Contribution analysis for current reference natural gas CHP plant
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Figure 5.8 Contribution analysis of selected cumulative burdens a ssociated with the
electricity supplied to the grid by the current natural gas CH P plant, allocation

exergy.

5.1.5 Conclusions

In general, for current fossil technologies the smioins of CQ are prevalently from power
plant operation. However, for the total GHG emissibe supply chain is important taking
into account the differences of the natural gas @al supply from different world regions.
Considering that the environmental effects of GH&iadependent from the site of emission,
the knowledge of the exact distribution of theiusm®s is not necessary for external cost
estimation. For other air pollutant species, aetgriof results has been obtained for the
different systems, for which a general conclusmmféssil systems cannot be taken. Although
for the lignite energy chain the power plant operaidoes remain the main contributor to
most of the analysed species, for the hard coaltfC supply chain may contribute
meaningfully to emissions like NOSG, and PMy, due to the high efficiency of pollution
control devices at the power plant. In case of hawdl IGCC this aspect may even be
enhanced due to the improved environmental perfocmaf the power plant operation due to
the gasification process. For the gas systems ndépg whether the technology is GCC, GT
or CHP, the power plant operation may be more ss lenportant for the cumulative

emissions of species like NMVOC and NO
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5.2 Future technologies
5.2.1 Hard coal PC

5.2.1.1 Key emissions and resource consumption

Selected LCA results for the hard coal PC techriebbgnalyzed in this study for 2025 and
2050 with “realistic-optimistic” technology develmgnt in the “440 ppm-scenario” are
presented in Table 5.5 through Table 5.10. More preirensive results can be found in
Appendix .

Table 5.5 Selected LCA results, hard coal technologies in year 2 025, “realistic-optimistic”
technology development, “440 ppm-scenario”.
electricity, hard coal, at electricity, hard coal, at electricity, hard coal, at
power plant 350 MW power plant 600 MW power plant 800 MW
Total Total Total
kWh kWh kWh

Resources
|Coal, hard, unspecified, in groundresource [kg 3.92E-01 3.91E-01 3.91E-01

Emissions to air
Arsenic air kg 1.35E-08 1.34E-08 1.34E-08
Cadmium air kg 1.38E-09 1.35E-09 1.35E-09
Carbon dioxide, fossil air kg 7.06E-01 7.05E-01 7.05E-01
Chromium VI air kg 4.33E-09 3.91E-09 3.91E-09
Dinitrogen monoxide air kg 3.09E-05 3.09E-05 3.09E-05
Lead air kg 5.44E-08 5.37E-08 5.37E-08
Methane, fossil air kg 2.17E-03 2.17E-03 2.17E-03
Nickel air kg 9.98E-08 9.94E-08 9.94E-08
Nitrogen oxides air kg 7.26E-04 7.26E-04 7.26E-04
NMVOC total air kg 5.41E-05 5.40E-05 5.40E-05
PM2.5-10 air kg 1.99E-05 1.97E-05 1.97E-05
PM2.5 air kg 4.67E-05 4.65E-05 4.65E-05
PCDD/F (measured as I-TEQ) |air kg 6.21E-14 6.18E-14 6.18E-14
Radon-222 air kBq 5.95E+00 5.93E+00 5.93E+00
Sulfur dioxide air kg 5.25E-04 5.24E-04 5.24E-04

Table 5.6 Selected LCA results, hard coal technologies in year 2 025, “realistic-optimistic”
technology development, “440 ppm-scenario”.
electricity, hard coal plant  |electricity, hard coal plant  |electricity, hard coal plant |electricity, hard coal plant
500MW class oxyf CCS, 500MW class oxyf CCS, 500MW class post CCS, 500MW class post CCS,
200km & 2500m deplet 400km & 2500m deplet 200km & 2500m deplet 400km & 2500m deplet
gasfield gasfield gasfield gasfield
Total Total Total Total
Kwh kwh kwh KWh
Resources
|Coal, hard, unspecified, in groundresource |kg 4.71E-01 4.71E-01 4.60E-01 4.60E-01
Emissions to air
Arsenic air g 1.79E-08) 1.81E-08 1.78E-08 1.80E-08]
Cadmium air g 2.10E-09 2.14E-09 2.57E-09 2.61E-09
Carbon dioxide, fossil air g 5.71E-02 5.89E-02 1.40E-01 1.41E-01
Chromium VI air kg 6.79E-09 6.95E-09 6.74E-09 6.88E-09
Dinitrogen monoxide air kg 3.85E-05 3.86E-05 3.76E-05 3.77E-05
Lead air g 7.24E-08) 7.37E-08 7.23E-08 7.34E-08
Methane, fossil air g 2.64E-03 2.64E-03 2.58E-03 2.59E-03
Nickel air g 1.24E-07 1.25E-07 1.31E-07 1.31E-07
Nitrogen oxides air (] 6.11E-04| 6.16E-04 8.89E-04 8.94E-04
NMVOC total air kg 7.27E-05 7.40E-05 7.94E-05 8.05E-05
PM2.5-10 air kg 2.58E-05 2.66E-05 2.62E-05 2.69E-05
PM2.5 air g 5.82E-05) 5.89E-05 5.80E-05 5.86E-05
PCDD/F (measured as I-TEQ) |air g 7.86E-14) 7.97E-14 8.93E-14 9.03E-14
[ [Radon-222 air Bq 2.67E+01 2.81E+01 2.48E+01 2.60E+01
Sulfur dioxide air g 3.62E-04) 3.64E-04 3.68E-04 3.70E-04
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Table 5.7 Selected LCA results, hard coal technologies in year 2 025, “realistic-optimistic”
technology development, “440 ppm-scenario”.
electricity, hard coal electricity, hard coal electricity, hard coal electricity, hard coal
power plant 500MW class |power plant 500MW class |power plant 500MW class [power plant 500MW class
oxyf CCS, 200km & 800m  |oxyf CCS, 400km & 800m [post CCS, 200km & 800m |post CCS, 400km & 800m
aquifer aquifer aquifer aquifer
Total Total Total Total
kwh kwh kWh kwh
Resources
[Coal, hard, unspecified, in groundresource [kg 4.69E-01 4.69E-01 4.58E-01 4.58E-01
Emissions to air
Arsenic air kg 1.71E-08 1.72E-08 1.70E-08 1.72E-08
Cadmium air kg 1.81E-09 1.86E-09 2.32E-09 2.36E-09
Carbon dioxide, fossil air kg 4.49E-02 4.67E-02 1.29E-01 1.30E-01
Chromium VI air g 6.65E-09 6.81E-09 6.62E-09 6.76E-09
Dinitrogen monoxide air g 3.74E-05 3.76E-05 3.67E-05 3.68E-05
Lead air g 6.93E-08) 7.05E-08 6.95E-08 7.06E-08
Methane, fossil air kg 2.61E-03 2.61E-03 2.56E-03 2.56E-03
Nickel air kg 1.21E-07 1.21E-07 1.28E-07 1.28E-07
| [Nitrogen oxides air g 5.94E-04 5.99E-04 8.74E-04 8.79E-04.
NMVOC total air g 6.79E-05) 6.91E-05 7.52E-05 7.62E-05
PM2.5-10 air g 2.53E-05) 2.60E-05 2.57E-05 2.64E-05
PM2.5 air g 5.74E-05) 5.80E-05 5.72E-05 5.78E-05
PCDD/F (measured as I-TEQ) [air kg 7.68E-14] 7.80E-14 8.77E-14 8.87E-14
Radon-222 air kBq 1.36E+01 1.50E+01 1.32E+01 1.45E+01
Sulfur dioxide air kg 3.49E-04) 3.52E-04 3.57E-04 3.59E-04
Table 5.8 Selected LCA results, hard coal technologies in year 2050, “realistic-optimistic”
technology development, “440 ppm-scenario”.
electricity, hard coal, at electricity, hard coal, at electricity, hard coal, at
power plant 350 MW power plant 600 MW power plant 800 MW
Total Total Total
kWh kWh kWh
Resources
[Coal, hard, unspecified, in ground resource  |kg 3.53E-01 3.53E-01 3.53E-01
Emissions to air
Arsenic air kg 1.17E-08 1.16E-08 1.16E-08
Cadmium air kg 1.15E-09 1.13E-09 1.13E-09
Carbon dioxide, fossil air kg 6.37E-01 6.37E-01 6.37E-01
Chromium VI air kg 4.24E-09 3.82E-09 3.81E-09
Dinitrogen monoxide air kg 2.79E-05 2.79E-05 2.79E-05
Lead air kg 4.60E-08 4.56E-08 4.56E-08
Methane, fossil air kg 1.96E-03 1.96E-03 1.96E-03
Nickel air kg 8.86E-08 8.84E-08 8.84E-08
Nitrogen oxides air kg 6.55E-04 6.55E-04 6.55E-04
NMVOC total air kg 4.96E-05 4.95E-05 4.95E-05
PM2.5-10 air kg 1.80E-05 1.78E-05 1.78E-05
PM2.5 air kg 4.23E-05 4.21E-05 4.21E-05
PCDD/F (measured as I-TEQ) air kg 5.44E-14 5.42E-14 5.42E-14
Radon-222 air kBq 4.47E+00] 4.45E+00 4.45E+00
Sulfur dioxide air kg 4.73E-04 4.72E-04 4.72E-04
Table 5.9 Selected LCA results, hard coal technologies in year 2 050, “realistic-optimistic”

technology development, “440 ppm-scenario”.

electricity, hard coal electricity, hard coal electricity, hard coal electricity, hard coal
power plant 500MW class  [power plant 500MW class  [power plant 500MW class  |power plant 500MW class
oxyf CCS, 200km & 800m  |oxyf CCS, 400km & 800m post CCS, 200km & 800m  |post CCS, 400km & 800m
aquifer aquifer aquifer aquifer
Total Total Total Total
kWh kWh kWh kWh
Resources
Coal, hard, unspecified, in ground resource kg 4.07E-01 4.07E-01 3.91E-01 3.91E-01]
Emissions to air
Arsenic air g .37E-08 .38E-0! .37E-08 .37E-0
|_|Cadmium air g .37E-0! .40E-0! .82E-0! .84E-09
Carbon dioxide, fossil air g . 75E-0: .82E-0: .04E-0. .04E-0:
Chromium VI air g .23E-0! .37E-0! .12E-0! .24E-0!
[ [Dinitrogen monoxide air q 23E-0 24E-05| 12E-0 "13E-05)
| |Lead air g 5.43E-0! 5.50E-08] 5.43E-0! 5.49E-08|
Methane, fossil air g 2.26E-0: 2.27E-03] 2.18E-0: 2.18E-03]
Nickel air g 1.02E-07 1.02E-07] 1.06E-07 1.07E-07]
| [Nitrogen oxides air g 5.18E-04 5.22E-04 7.44E-04 7.47E-04
| [NMVOC total air g 6.03E-05 6.15E-05] 6.57E-05 6.68E-05)
PM2.5-10 air g 2.15E-05 2.22E-05] 2.20E-05 2.26E-05]
PM2.5 air g 4.93E-05 4.98E-05] 4.88E-05 4.93E-05|
PCDD/F (measured as I-TEQ) air g 6.34E-14] 6.39E-14] 7.40E-14] 7.44E-14]
| _|Radon-222 air Bg 9.76E+00 1.08E+01, 9.38E+00 1.02E+01
Sulfur dioxide air g 3.11E-04) 3.13E-04] 3.15E-04] 3.16E-04]
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Table 5.10 Selected LCA results, hard coal technologies in year 2050, “realistic-optimistic
technology development, “440 ppm-scenario”.
electricity, hard coal plant  |electricity, hard coal plant  |electricity, hard coal plant  |electricity, hard coal plant
500MW class oxyf CCS, 500MW class oxyf CCS, 500MW class post CCS, 500MW class post CCS,
200km & 2500m deplet 400km & 2500m deplet 200km & 2500m deplet 400km & 2500m deplet
gasfield gasfield gasfield gasfield
Total Total Total Total
kwh kwh KWh kwh
Resources
Coal, hard, unspecified, in ground resource kg 4.08E-01 4.08E-01 3.91E-01 3.91E-01]
Emissions to air
Arsenic air g 42E-08 .42E-0 41E-08 .41E-0
|__|Cadmium air g .55E-0! .58E-0! .97E-0! .00E-0!
Carbon dioxide, fossil air g .04E -0 .11E-0: .06E-0. .07E-0:
Chromium VI air (] .33E-0! .47E-0! .21E-0! .32E-0!
|__[Dinitrogen monoxide air g .30E-0:! 31E-05] .18E-0! "19E-05]
| |Lead air g 5.61E-0! 5.68E-08 5.59E-0! 5.65E-08
Methane, fossil air g 2.28E-0: 2.28E-03] 2.20E-0: 2.20E-03]
Nickel air g 1.03E-07 1.03E-07] 1.08E-07 1.08E-07]
| [Nitrogen oxides air g 5.26E-04 5.30E-04 7.51E-04 7.54E-04
| [NMVOC total air g 6.59E-05 6.71E-05] 7.06E-05 7.16E-05]
PM2.5-10 air g 2.19E-05 2.26E-05] 2.24E-05 2.29E-05]
PM2.5 air 9 4.98E-05 5.04E-05| 4.93E-05 4.98E-05|
PCDDI/F (measured as I-TEQ) air g 6.42E-14) 6.47E-14] 7.46E-14) 7.51E-14]
| _|Radon-222 air Bq 1.91E+01 2.01E+01 1.75E+01 1.83E+01
Sulfur dioxide air g 3.17E-04) 3.19E-04] 3.20E-04) 3.22E-04]

5.2.2 Hard coal IGCC

5.2.2.1 Key emissions and land use

A “minimum air pollutant list” to be used for thexternal cost assessment was defined
between RS la and RS 1b. These emissions showgurefs.9 were analysed to be relevant
for the evaluation of the environmental performaaténe investigated electricity generation
technologies. Thus all emissions are referred ® ftinctional unit one kilowatt hour of
electricity, which is delivered to the electricgyd.

In Figure 5.9 the emissions of both hard coal- #igdite-fuelled IGCC technology are
compared for power plants with and without CCS eesipely. In this comparison the life
cycle of the considered scenarios is subdividea itite main phases ‘construction’,
‘operation’ and ‘dismantling’ of the power plantagll as the ‘fuel supply’ in order to show
the contribution of these individual life cycle glea to the overall release of emissions.
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Figure 5.9 Parameter analysis for hard coal- and lignite-fuelled

(realistic-optimistic scenario 2025) per kWh ..

IGCC power plants

5.2.2.2 Parameter analysis

The benefit of CCS technologies is shown in Figbr@ by the considerable reduction of
specific CQ emissions in IGCC power plants with CCS. In haodlduelled IGCC power
plants with CQ capture a reduction of approximately 82% in thecgmeCO, emissions is
achieved, in lignite-fuelled power plants a redmctof approximately 84% is realised. Lignite
IGCC power plants are mine-mouth operated and fisaisire lower specific COemissions
from fuel supply than hard coal-fuelled IGCC povpdaints. Hard coal originates from both
domestic hard coal mining and in the major parimfrbard coal imports, which due to
transportation services go along with higher eraissiinto air. The different fuel supply of
hard coal and lignite becomes also obvious for gheameter land use. The world-wide
infrastructure use and thus land use for hard nwalng and transportation is much more
spread and thus more space intensive than theusedor lignite mining. Transportation of
lignite occurs over very short distances and isrottarried out by only conveyer belts.

Also bulk of the release of particulate emissiomsnf hard coal-fuelled IGCC power plants

originates from the fuel supply. This is, as thpaetion of hard coal for intermediate storage
and processing to different hard coal productsnislved with a considerable release of
particulate emissions. Further contribution frorelfaupply of hard coal arises for ammonia,
NMVOC, nitrogen oxides and sulphur dioxide emissioRnlereby the major part of these
emissions is released at the transportation ofsteam coal. The combustion of diesel and
fuel is involved with major amounts of nitrogen des and sulphur dioxide. The latter gets
particular contribution from ship transportatioredo the high sulphur content of ship diesel.

For all investigated emissions in Figure 5.9 strammtribution arises from operational
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emissions of the electricity generation processeséhemissions are generated during the
gasification of hard coal and the following combmstof the generated syngas in a gas
turbine. The carbon of the hard coal is reacteduid CO,, whereas fuel impurities are
oxidised to build different emissions into air. &nlignite comprises more fuel impurities
than hard coal than hard coal used for IGCC in amiglysis, lignite IGCC power plants are
associated with higher specific operational emissithan hard coal IGCC power plants, as it
is shown in Figure 5.9. The lower calorific valudignite compared to hard coal furthermore
causes a lower efficiency for lignite-fuelled povpdaints and thus higher specific emissions.

The relevance of the power plant efficiency for gpecific power plant emissions is also
shown, when C@capture technology is integrated into the considdGCC power plants.
Due to the efficiency penalty due to €€apture the release of higher specific emissiens i
caused. This can be followed in Figure 5.9 for blighite- and hard coal-fuelled power
plants.

Compared to the fuel supply and the operationalsgimms the contribution from the

construction and dismantling of the investigate€@power plants is only marginal for the

release of most emissions. Only for particulate BMVVOC emissions contribution of these

life cycle phases is visible in Figure 5.9. Thoulyare are major emissions of all investigated
substances during the construction and the dismgndf the IGCC power plants, these
emissions are outweighed by the contribution fraral fsupply and power plant operation
over the life time.

5.2.2.3 Future development

The emissions of both hard coal- and lignite-fuklp@wer plants are anticipated to decline
for future time horizons as shown in Figure 5.1@ &mgure 5.11. The main reason for this
decrease is the further increase of the power gificiency, which is the parameter with the
most influence on the environmental performancéossil fuelled power plants. Both hard
coal- and lignite-fuelled IGCC power plants are eotpd to by 2025 incorporate flue gas
cleaning under hot conditions, which will preventansiderable loss of heat and thus a loss
of efficiency. Furthermore, improvements at the gy production in the air separation unit
are expected, which also contribute to an increasdGCC power plant efficiency.
Additionally, improvements in the CCS technologye agxpected, which will entail a
reduction in the efficiency penalty due to S€pture.

Changes in the background system for future tinm&zbns involve efficiency improvements
for the supply of materials and energy carrieravel$ as for the provision of basic services as
for instance transportation. In the NEEDS scenararleling these changes in background
processes are also incorporated in the investigatedarios on future time horizons and for
some emissions become especially apparent in dnsition from figures of 2005 to figures
of 2025. Within this time span IGCC power plantatige a considerable increase of the
power plant efficiency, but further improvementegominantly for nitrogen oxides and
sulphur dioxides originate from improvements witthie hard coal supply.
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5.2.3 Lignite

5.2.3.1 Key emissions and resource consumption

Selected LCA results for the lignite PC technolsga@alyzed in this study for 2025 and 2050
with “realistic-optimistic” technology developmeint the “440 ppm-scenario” are presented
in Table 5.11 through Table 5.16. More comprehensasults can be found in Appendix .

Table 5.11 Selected LCA results, lignite technologies in year 2025, “realistic-optimistic”
technology development, “440 ppm-scenario”.
electricity, lignite power electricity, lignite power
plant 800 MW class post plant 800 MW class post
CCS, 200km & 800m CCS, 400km & 800m electricity, lignite, at
aquifer aquifer power plant 950 MW
Total Total Total
kWh kKWh kWh
Resources
[Coal, brown, in ground resource |kg 9.76E-01 9.76E-01 8.36E-01
Emissions to air
Arsenic air kg 1.00E-08 1.02E-08 7.32E-09
Cadmium air kg 1.95E-09 1.99E-09 9.19E-10
Carbon dioxide, fossil air kg 1.25E-01 1.27E-01 8.08E-01
Chromium VI air kg 2.19E-09 2.36E-09 1.13E-09
Dinitrogen monoxide air kg 2.35E-05 2.36E-05 1.94E-05
Lead air kg 2.12E-08 2.25E-08 1.19E-08
Methane, fossil air kg 2.85E-04 2.89E-04 2.15E-04
Nickel air kg 2.81E-08 2.88E-08 1.25E-08
Nitrogen oxides air kg 7.80E-04 7.85E-04 6.41E-04
NMVOC total air kg 3.80E-05 3.93E-05 2.03E-05
PM2.5-10 air kg 1.48E-05 1.56E-05 9.83E-06
PM2.5 air kg 6.77E-05 6.84E-05 5.54E-05
PCDD/F (measured as I-TEQ)  [air kg 8.18E-14 8.30E-14 5.50E-14
Radon-222 air kBg 1.20E+01 1.34E+01 3.94E+00
Sulfur dioxide air kg 1.38E-04 1.41E-04 1.20E-04

Table 5.12 Selected LCA results, lignite technologies in year 2 025, “realistic-optimistic”
technology development, “440 ppm-scenario”.
electricity, lignite plant electricity, lignite power electricity, lignite power
800 MW class post CCS, plant 800 MW class oxyf plant 800 MW class oxyf
400km & 2500m depl. CCS, 200km & 800m CCS, 400km & 800m
gasfield aquifer aquifer
Total Total Total
kWh kWh kWh
Resources
|Coal, brown, in ground resource |kg 9.78E-01 1.00E+00 1.00E+00
Emissions to air
Arsenic air kg 1.11E-08 9.76E-09 9.95E-09
Cadmium air kg 2.29E-09 1.28E-09 1.34E-09
Carbon dioxide, fossil air kg 1.40E-01 2.70E-02 2.92E-02
Chromium VI air kg 2.49E-09 2.10E-09 2.28E-09
Dinitrogen monoxide air kg 2.47E-05 2.38E-05 2.40E-05
Lead air kg 2.57E-08 1.94E-08 2.09E-08
Methane, fossil air kg 3.21E-04 2.76E-04 2.81E-04
Nickel air kg 3.25E-08 1.58E-08 1.67E-08
Nitrogen oxides air kg 8.03E-04 3.02E-04 3.08E-04
NMVOC total air kg 4.43E-05 2.83E-05 2.98E-05
PM2.5-10 air kg 1.62E-05 1.39E-05 1.48E-05
PM2.5 air kg 6.93E-05 6.79E-05 6.87E-05
PCDD/F (measured as I-TEQ) |air kg 8.48E-14 7.07E-14 7.20E-14
Radon-222 air kBg 2.69E+01 1.23E+01 1.40E+01
Sulfur dioxide air kg 1.54E-04 1.23E-04 1.25E-04
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Table 5.13 Selected LCA results, lignite technologies in year 2 025, “realistic-optimistic”
technology development, “440 ppm-scenario”.
electricity, lignite plant electricity, lignite plant electricity, lignite plant
800 MW class oxyf CCS, 800 MW class oxyf CCS, 800 MW class post CCS,
200km & 2500m depl. 400km & 2500m depl. 200km & 2500m depl.
gasfield gasfield gasfield
Total Total Total
kWh kWh kWh
Resources
[Coal, brown, in ground resource |kg 1.00E+00 1.00E+00 9.78E-01
Emissions to air
Arsenic air kg 1.08E-08 1.10E-08 1.10E-08
Cadmium air kg 1.62E-09 1.67E-09 2.24E-09
Carbon dioxide, fossil air kg 4.13E-02 4.34E-02 1.38E-01
Chromium VI air kg 2.25E-09 2.44E-09 2.33E-09
Dinitrogen monoxide air kg 2.51E-05 2.52E-05 2.46E-05
Lead air kg 2.31E-08 2.46E-08 2.44E-08
Methane, fossil air kg 3.12E-04 3.17E-04 3.17E-04
Nickel air kg 2.00E-08 2.08E-08 3.17E-08
Nitrogen oxides air kg 3.22E-04 3.28E-04 7.98E-04
NMVOC total air kg 3.40E-05 3.55E-05 4.30E-05
PM2.5-10 air kg 1.46E-05 1.55E-05 1.54E-05
PM2.5 air kg 6.89E-05 6.97E-05 6.86E-05
PCDD/F (measured as I-TEQ) |air kg 7.28E-14 7.41E-14 8.36E-14
Radon-222 air kBq 2.77E+01 2.93E+01 2.55E+01
Sulfur dioxide air kg 1.37E-04 1.40E-04 1.52E-04

Table 5.14 Selected LCA results, lignite technologies in year 2 050, “realistic-optimistic”
technology development, “440 ppm-scenario”.
electricity, lignite power electricity, lignite power
plant 800 MW class post plant 800 MW class post
CCS, 200km & 800m CCS, 400km & 800m electricity, lignite, at
aquifer aquifer power plant 950 MW
Total Total Total
kWh kWh kWh
Resources
[Coal, brown, in ground resource  |kg 8.35E-01 8.35E-01 7.58E-01
Emissions to air
Arsenic air kg 7.63E-09 7.72E-09 6.10E-09
Cadmium air kg 1.44E-09 1.47E-09 7.02E-10
Carbon dioxide, fossil air kg 1.02E-01 1.02E-01 7.31E-01
Chromium VI air kg 2.00E-09 2.13E-09 1.10E-09
Dinitrogen monoxide air kg 1.99E-05 2.00E-05 1.76E-05
Lead air kg 1.36E-08 1.43E-08 8.37E-09
Methane, fossil air kg 2.34E-04 2.37E-04 1.92E-04
Nickel air kg 2.11E-08 2.15E-08 9.95E-09
Nitrogen oxides air kg 6.63E-04 6.67E-04 5.79E-04
NMVOC total air kg 3.39E-05 3.51E-05 1.89E-05
PM2.5-10 air kg 1.28E-05 1.35E-05 9.04E-06
PM2.5 air kg 5.78E-05 5.84E-05 5.02E-05
PCDD/F (measured as I-TEQ) air kg 6.89E-14 6.95E-14 4.93E-14
Radon-222 air kBg 8.46E+00 9.47E+00 2.96E+00
Sulfur dioxide air kg 1.28E-04 1.29E-04 1.07E-04
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Table 5.15 Selected LCA results, lignite technologies in year 2 050, “realistic-optimistic”
technology development, “440 ppm-scenario”.
electricity, lignite plant 800 [electricity, lignite power electricity, lignite power
MW class post CCS, plant 800 MW class oxyf plant 800 MW class oxyf
400km & 2500m depl. CCS, 200km & 800m CCS, 400km & 800m
gasfield aquifer aquifer
Total Total Total
kWh kWh kWh
Resources
[Coal, brown, in ground resource _|kg 8.35E-01 8.70E-01 8.70E-01
Emissions to air
Arsenic air kg 8.18E-09 7.38E-09 7.48E-09
Cadmium air kg 1.65E-09 8.40E-10 8.76E-10
Carbon dioxide, fossil air kg 1.05E-01 1.61E-02 1.70E-02
Chromium VI air kg 2.24E-09 1.65E-09 1.81E-09
Dinitrogen monoxide air kg 2.06E-05 2.05E-05, 2.06E-05
Lead air kg 1.62E-08 1.16E-08 1.24E-08
Methane, fossil air kg 2.55E-04 2.31E-04 2.34E-04
Nickel air kg 2.29E-08 1.04E-08 1.09E-08
Nitrogen oxides air kg 6.76E-04 2.65E-04 2.69E-04
NMVOC total air kg 4.07E-05 2.57E-05 2.71E-05
PM2.5-10 air kg 1.39E-05 1.17E-05 1.24E-05
PM2.5 air kg 5.89E-05 5.87E-05 5.94E-05
PCDD/F (measured as I-TEQ) air kg 7.03E-14 5.80E-14 5.86E-14
Radon-222 air kBg 1.90E+01 8.81E+00 9.97E+00
Sulfur dioxide air kg 1.36E-04 1.14E-04 1.15E-04
Table 5.16 Selected LCA results, lignite technologies in year 2 050, “realistic-optimistic”
technology development, “440 ppm-scenario”.
electricity, lignite plant 800 |electricity, lignite plant 800 [electricity, lignite plant 800
MW class oxyf CCS, MW class oxyf CCS, MW class post CCS,
200km & 2500m depl. 400km & 2500m depl. 200km & 2500m depl.
gasfield gasfield gasfield
Total Total Total
kWh kWh kWh
Resources
[Coal, brown, in ground resource _|kg 8.70E-01 8.70E-01 8.35E-01
Emissions to air
Arsenic air kg 7.91E-09 8.01E-09 8.09E-09
Cadmium air kg 1.05E-09 1.09E-09 1.62E-09
Carbon dioxide, fossil air kg 1.94E-02 2.03E-02 1.04E-01
Chromium VI air kg 1.77E-09 1.93E-09 2.10E-09
Dinitrogen monoxide air kg 2.13E-05 2.14E-05 2.05E-05
Lead air kg 1.37E-08 1.45E-08 1.55E-08
Methane, fossil air kg 2.51E-04 2.54E-04 2.52E-04
Nickel air kg 1.20E-08 1.25E-08 2.25E-08
Nitrogen oxides air kg 2.74E-04 2.79E-04 6.72E-04
NMVOC total air kg 3.22E-05 3.36E-05 3.95E-05
PM2.5-10 air kg 1.21E-05 1.28E-05 1.33E-05
PM2.5 air kg 5.94E-05 6.00E-05 5.84E-05
PCDD/F (measured as I-TEQ) air kg 5.89E-14 5.95E-14 6.97E-14
Radon-222 air kBg 1.97E+01 2.09E+01 1.80E+01
Sulfur dioxide air kg 1.21E-04 1.22E-04 1.34E-04

5.2.4 Natural gas

LCA results for some selected flows for the natgi technologies analyzed in this study for
2025 and 2050 with “realistic-optimistic” technojodevelopment in the “440 ppm-scenario”
are presented in Table 5.17 and Table 5.18. Mompoehensive results can be found in
Appendix .
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Table 5.17 Selected LCA results, natural gas technologies in year

technology development, “440 ppm-scenario”.

2025, “realistic-optimistic”

electricity, natural
gas, CC plant, electricity, natural

electricity, 500MWe post gas, at

natural gas, at electricity, CCS, cogeneration

combined cycle |naturalgas,at [400km&2500m 200kWe lean burn,

plant, 500MWe |turbine, 50MWe |deplet gasfield allocation exergy

Total Total Total Total
kWh kwh kWh kWh
Resources
Gas, natural, in ground resource [Nm3 1.76E-01 2.54E-01 1.99E-01 2.23E-01
Emissions to air

Ammonia air kg 1.87E-07 2.20E-07 1.49E-06 3.82E-07
Arsenic air kg 1.11E-09 9.17E-10 2.37E-09 2.45E-09
Cadmium air kg 4.57E-10 4.62E-10 1.06E-09 9.45E-10
Carbon dioxide, fossil air kg 3.67E-01 5.28E-01 9.50E-02 4.58E-01
Carbon monoxide, fossil air kg 8.78E-05 1.88E-04 1.09E-04 3.98E-04
Carbon-14 air kBq 3.06E-05 4.21E-05 4.59E-04 6.02E-05
Chromium air kg 2.45E-08 5.80E-09 4.61E-08 8.94E-09
Chromium VI air kg 5.82E-10 1.04E-10 1.11E-09 1.73E-10
Dinitrogen monoxide air kg 6.45E-06 9.29E-06 7.94E-06 3.69E-05
lodine-129 air kBq 2.65E-08 3.64E-08 3.93E-07 5.02E-08
Lead air kg 6.66E-09 7.06E-09 1.21E-08 1.27E-08
Methane, fossil air kg 7.71E-04 1.14E-03 8.87E-04 2.23E-03
Mercury air kg 1.71E-09 2.29E-09 2.47E-09 2.59E-09
Nickel air kg 5.09E-09 5.83E-09 1.33E-08 7.54E-09
Nitrogen oxides air kg 1.82E-04 3.54E-04 1.85E-04 2.46E-04
NMVOC total air kg 1.63E-04 2.01E-04 1.90E-04 3.15E-04
PM2.5-10 air kg 3.66E-06 4.53E-06 5.68E-06 5.97E-06
PM2.5 air kg 7.18E-06 5.68E-06 9.77E-06 6.43E-06
PCDD/F (measured as I-TEQ) air kg 6.60E-15 8.42E-15 1.19E-14 1.26E-14
Radon-222 air kBq 5.11E-01 7.03E-01 7.27E+00 1.01E+00
Sulfur dioxide air kg 1.31E-04 1.88E-04 1.60E-04 2.07E-04
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Table 5.18 Selected LCA results, natural gas technologies in year

technology development, “440 ppm-scenario”.

2050, “realistic-optimistic”

electricity,
natural gas, CC |electricity, natural

electricity, plant, 500MWe gas, at

natural gas, at electricity, post CCS, cogeneration

combined cycle [natural gas, at 400kmé&2500m 200kWe lean burn,

plant, 500MWe |turbine, 50MWe |deplet gasfield allocation exergy

Total Total Total Total
kwh kwh kwh kWh
Resources
Gas, natural, in ground resource [Nm3 1.66E-01 2.35E-01 1.80E-01 2.13E-01
Emissions to air

Ammonia air kg 1.72E-07 1.96E-07 1.30E-06 3.56E-07
Arsenic air kg 7.31E-10 6.14E-10 1.70E-09 1.56E-09
Cadmium air kg 3.50E-10 3.63E-10 8.00E-10 6.62E-10
Carbon dioxide, fossil air kg 3.46E-01 4.89E-01 8.00E-02 4.38E-01
Carbon monoxide, fossil air kg 7.89E-05 1.08E-04 9.00E-05 2.38E-04
Carbon-14 air kBq 4.28E-05 5.78E-05 6.00E-04 7.92E-05
Chromium air kg 2.43E-08 5.49E-09 4.50E-08 8.55E-09
Chromium VI air kg 5.79E-10 9.94E-11 1.10E-09 1.66E-10
Dinitrogen monoxide air kg 6.09E-06 8.60E-06 7.00E-06 3.56E-05
lodine-129 air kBqg 2.73E-08 3.69E-08 4.00E-07 5.16E-08
Lead air kg 3.94E-09 4.11E-09 7.00E-09 7.60E-09
Methane, fossil air kg 4.94E-04 7.25E-04 5.50E-04 1.62E-03
Mercury air kg 1.60E-09 2.08E-09 2.20E-09 2.43E-09
Nickel air kg 4.16E-09 4.95E-09 1.00E-08 5.49E-09
Nitrogen oxides air kg 1.30E-04 1.83E-04 1.60E-04 1.88E-04
NMVOC total air kg 1.50E-04 1.80E-04 1.70E-04 2.68E-04
PM2.5-10 air kg 3.46E-06 4.19E-06 5.20E-06 5.70E-06
PM2.5 air kg 6.72E-06 5.15E-06 9.00E-06 5.97E-06
PCDD/F (measured as I-TEQ) air kg 3.75E-15 4.57E-15 7.00E-15 7.94E-15
Radon-222 air kBq 5.28E-01 7.13E-01 7.00E+00 1.04E+00
Sulfur dioxide air kg 1.22E-04 1.72E-04 1.40E-04 1.96E-04

Among the considered natural gas power plant opfitime combined cycle plant without
CCS has the lowest natural gas resource consumpiokWh due to its high efficieny. The
comparison of combined cycle (CC) power plants vaitid without CCS shows that carbon
capture and sequestration can lead to much lowat ©0C, emissions to air per kWh
electricity considering the full LCA chain. Neveethss, the price for the reduction of £0
emissions to air are increasing total emissionseskeral other substances per kWh and an
increase of natural gas consumption due to thedbgfficiency of the power plant and the
energy consumption of the GQrapture and sequestration processes. Due to gis hi
efficiency, the combined cycle plant with carbomptcae and sequestration yields lower total
CO, emissions and resource consumption per kWh thatamdalone natural gas turbine
without carbon capture and sequestration. Thusn filee LCA perspective, the natural gas
combined cycle plant with CCS remains an attractipgon compared to other natural gas
alternatives (provided, of course, that the seguedtcarbon dioxide remains confined and
does not leak out into the atmosphere) althougretivronmental price for the CCS process
is not negligible.

5.3 Overall comparison and conclusions

Table 5.19 summarizes GHG emissions of the difteaealyzed power generation chains for
the three different technology development pathisctorent and future technologies in the
“440 ppm” scenario. The contributions of fuel egtran and processing, power plant
construction and dismantling, power plant operaiimeciuding capture and compression of
CO, as well as transport and storage of,@®total cumulative emissions per kWh electricity
produced are quantified. The minimum emissionsrginethe table for the various coal power
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chains with CCS are valid for the CCS option “pominbustion C@separation, 200 km GO
transport by pipeline and GGstorage in the saline aquifer at a depth of 800 Tiie
maximum emissions are valid for the CCS option fary combustion C@ separation,
400 km CQ transport by pipeline and GGtorage in the depleted gasfield at a depth of
2500 m”.

Natural gas is clearly the fossil energy carriethwthe lowest GHG emissions among the
energy chains without CCS with emissions of moentb0% below those of hard coal and
lignite chains for all time horizons and technolatgvelopment scenarios analyzed. Lignite
chains without CCS show the highest emissions, aldi®% above hard coal chains.
Differences between hard coal PC and IGCC powentplare not significant. Contributions
from the power plant infrastructure (constructiomd adismantling) are negligible for all
technologies. While fuel production and processiogtributes about 10% to cumulative
emissions per kWh in case of hard coal and nagaslchains without CCS, lignite mining
contributes only 1-2% to total emissions for lignithains without CCS since it is not
associated with methane emissions from the coatsramd lignite plants are operated “mine-
mouth”. Contrary, hard coal is imported to Europeerolong distances by ship causing
relatively significant C@emissions; natural gas is imported via pipeliresoaiated with Ci
leakages mainly responsible for these GHG emissions

Fossil energy chains with CCS show different patean their cumulative GHG emissions.
Due to the energy demand for £€eparation at the power plant, net efficienciesraduced
(Table 4.46). Along with this reduction goes a mndienal increase in the contribution of
upstream processes (mainly fuel production andgssing), which are not reduced by CCS,
to cumulative emissions per kWh electricity prodiicAs a result, lignite based power
generation with oxyfuel combustion becomes the ggnerhain with the lowest GHG
emissions in the range of about 30 g (&Q.)/kWh in year 2050 — about one third of the
emissions of the equivalent hard coal chain. Duthéolower efficiency of C@removal of
post and pre combustion GOapture technologies (compared to oxyfuel combaostiable
4.46), the cumulative emissions of post combusk@ and IGCC chains are significantly
higher, in 2050 in the range of 120 g (£€¥.)/kWh for lignite, 170 g (C£eq.)/kWh for
hard coal and 80 g (C&eq.)/kWh for natural gas. Natural gas chains witkyfuel
combustion as C£capture technology (not analyzed in this study)ld@pproximately reach
emission levels of about 40 g (&€q.)/kWh in year 2050. In general, the analyzetibop of
transport and injection of CQor final storage do not cause significant GHG sswns. The
development of GHG emissions of selected generatimains in the realistic-optimistic
scenario for technology development is visualizedable 5.19.

The advantage of CCS in reducing GHG emissionsossif power generation (between
minus 95% and minus 70% of cumulative emission@edding on energy carrier, GO
capture technology and scenario) goes along wéldibadvantage of increasing fuel demand
(proportionally to the reduced power plant effiagnTable 4.46) and therefore with the
increase of all environmental burdens (emissioasd luse) associated with the upstream
chain. This effect is visible in Table 5.5 througfable 5.18 — several cumulative
environmental flows are higher for electricity ammiwith CCS than without CCS. These
advantages and disadvantages have to be weighttcaggregated in order to allow a
comprehensive environmental assessment. An ad@egbased on external costs is
provided in (Krewitt 2009). Application of Life Cie Impact Assessment (LCIA) methods
for aggregation of overall environmental burdersowever, out of scope of this report — can
serve as an alternative.
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Greenhouse gas emissions of hard coal and lignite
for current and future (2025, 2050) technologies with and with
pessimistic (PE), realistic-optimistic (RO) and very opti
development, 440 ppm scenario.

% power generation chains
out CCS for
mistic (VO) technology

GHG emissions (fossil) fuel extraction & power plant power plant operation [CO, transport & storage TOTAL Year
[9(CO2eq)/kwh] processing construction & (incl. CO , capture &
dismantling compression)

PE RO VO PE RO PE RO VO PE RO VO PE RO VO

x x x x x x x x x x x x x x x

E E|E E|€ E|E E|E B|E E|E E|E E|€ E|E€ E|€ E|€ E|E E|€ E|E E
Lignite, PC 16 2 916 0 934 2005°
10 9 9 1 843 809 762 0 0 0 854 819 772 | 2025
7 6 6 1 792 733 695 0 0 0 800 741 702 | 2050
Lignite, PC, CCS na’ 2005°
13 13 11 11 10 10 3 3 2 2 2| 26 154 23135 22127 5 11 4 9 4 9| 46 178 41 156 39 147| 2025
8 8 7 7 6 6 2 2 2 2 2| 18118 16102 15 96| 3 8 3 7 3 7[ 32136 28 118 26 111 2050
Hard coal, PC ¢ 87 1 753 0 841 2005°
77 73 69 1 720 691 651 0 0 0 798 765 721 | 2025
68 63 59 1 677 627 593 0 0 0 746 691 654 | 2050
Hard coal, PC, CCS na’ 2005"
98 97 87 85 82 so| 2 2 2 2 2| 20 132 18 115 17 108| 3 9 3 8 2 7|130 243 117 213 109 200| 2025
79 82 72 69 68 65| 2 2 1 2 1) 16104 14 91 13 85| 2 7 2 6 2 6|101 192 90 168 84 157 2050
Lignite, IGCC na’ 2005"
5 5 5 | 1 | 797 782 618 | 0 0 0 | 803 788 623 | 2025
4 3 3 1 635 774 612 0 0 0 640 778 616 | 2050
Lignite, IGCC, CCS na’ 2005"
5 5 5 5 5 5 1 1 1 1 1|126 126 123 123 120 120| 5 11 4 9 4 9131 137 127 138 124 135 2025
4 4 4 4 4 4 1 1 1 1 1)116 116 112 112 108 108] 3 8 3 8 3  8|123 130 119 125 115 121| 2050
Hard coal, IGCC 82 5 755 0 842 2005"
64 62 61 1 1 641 629 618 0 0 0 706 692 680 | 2025
60 58 57 1 1 635 623 612 0 0 0 696 682 670 | 2050
Hard coal, IGCC, CCS na’ 2005°
72 72 70 70 69 69 1 1 1 1 1 95 95 93 93 91 91| 3 7 2 7 2 7|171 175 166 171 163 168| 2025
67 67 66 66 64 64 1 1 1 1 1) 92 92 89 89 86 86 2 6 2 6 2 6|161 167 157 162 153 157 2050
Natural Gas CC 46 1 351 0 398 2005"
43 41 38 1 1 333 325 320 0 0 0 377 366 359 | 2025
42 35 34 1 1 325 310 305 0 0 0 368 346 340 | 2050
Natural Gas CC, CCS © na’ 2005"
50 45 42 1 1 47 44 43 3 3 3 101 93 90 2025
48 38 37 1 1 38 36 33 3 3 3 90 77 74 2050

Applicable for coal systems with CCS; min: lowest total GHG emissions of the 4 CCS options analyzed (oxyfuel combustion,

200km CO, transport, aquifer storage); max: highest total GHG emissions of the 4 CCS options analyzed (post combustion,
400km CO, transport, depleted gasfield storage).

The analysis of current technologies does not include different scenarios.
Power plants with CCS and lignite-fuelled IGCC plants were not analyzed for current technologies in this study.
Only results for the 600MW plant are shown - the total emissions for the 350MW and 800MW units only differ by

a few percent (maximum).

Only one option for CCS analyzed: post combustion CO2 capture, 400km CO2 transport, depleted gasfield storage.

% Figures given incursive for lignite IGCC (2025: VO and 2050: PE and VOp assumed to be wrong.
However the complete calculation of LCA results donbt be repeated in order to correct these eabthe
time the report was finalized
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Figure 5.12 GHG emissions of fossil power generation, realist ic-optimistic technology
development, “440 ppm scenario”. “CCS min” = oxyfuel combustion CO,
capture, 200 km CO , transport, saline aquifer CO , storage; “CCS max” = post
combustion CO , capture, 200 km CO , transport, depleted gasfield CO , storage.
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7 Appendix 1

Appendix 1 provides a summary overview of all datasfor advanced fossil power
generation technologies analyzed in this projeatlyQhe “final” datasets for electricity
production are shown in Table 7.1 (lignite), Tabl2 (hard coal) and Table 7.3 (natural gas).

Table 7.1 Datasets for lignite based electricity production an alyzed within this project.
Lignite
2005 electricity, lignite, at power plant 950 MW
2025 electricity, lignite, at power plant 950 MW

electricity, lignite, at IGCC power plant 450MW
electricity, lignite power plant 800MW class post CCS, 200km & 800m aquifer
electricity, lignite power plant 800MW class post CCS, 400km & 800m aquifer
electricity, lignite plant 800MW class post CCS, 200km & 2500m depl. gasfield
electricity, lignite plant 800MW class post CCS, 400km & 2500m depl. gasfield
electricity, lignite power plant 800MW class oxyf CCS, 200km & 800m aquifer
electricity, lignite power plant 800MW class oxyf CCS, 400km & 800m aquifer
electricity, lignite plant 800MW class oxyf CCS, 200km & 2500m depl. gasfield
electricity, lignite plant 800MW class oxyf CCS, 400km & 2500m depl. gasfield
electricity, lignite IGCC plant 400MW, CCS, 200km & 800m aquifer
electricity, lignite IGCC plant 400MW, CCS, 400km & 800m aquifer
electricity, lignite IGCC plant 400MW, CCS, 200km & 2500m depleted gasfield
electricity, lignite IGCC plant 400MW, CCS, 400km & 2500m depleted gasfield
2050 electricity, lignite, at power plant 950 MW
electricity, lignite, at IGCC power plant 450MW
electricity, lignite power plant 800MW class post CCS, 200km & 800m aquifer
electricity, lignite power plant 800MW class post CCS, 400km & 800m aquifer
electricity, lignite plant 800MW class post CCS, 200km & 2500m depl. gasfield
electricity, lignite plant 800MW class post CCS, 400km & 2500m depl. gasfield
electricity, lignite power plant 800MW class oxyf CCS, 200km & 800m aquifer
electricity, lignite power plant 800MW class oxyf CCS, 400km & 800m aquifer
electricity, lignite plant 800MW class oxyf CCS, 200km & 2500m depl. gasfield
electricity, lignite plant 800MW class oxyf CCS, 400km & 2500m depl. gasfield
electricity, lignite IGCC plant 400MW, CCS, 200km & 800m aquifer
electricity, lignite IGCC plant 400MW, CCS, 400km & 800m aquifer
electricity, lignite IGCC plant 400MW, CCS, 200km & 2500m depleted gasfield
electricity, lignite IGCC plant 400MW, CCS, 400km & 2500m depleted gasfield
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Table 7.2 Datasets for hard coal based electricity production a nalyzed within this project.
Hard coal
2005 electricity, hard coal, at power plant 350 MW

electricity, hard coal, at power plant 600 MW
electricity, hard coal, at power plant 800 MW
electricity, hard coal, at IGCC power plant 450MW

2025 electricity, hard coal, at power plant 350 MW
electricity, hard coal, at power plant 600 MW
electricity, hard coal, at power plant 800 MW
electricity, hard coal, at IGCC power plant 450MW
electricity, hard coal power plant 500MW class post CCS, 200km & 800m aquifer
electricity, hard coal power plant 500MW class post CCS, 400km & 800m aquifer
electricity, hard coal plant 500MW class post CCS, 200km & 2500m depl. gasfield
electricity, hard coal plant 500MW class post CCS, 400km & 2500m depl. gasfield
electricity, hard coal power plant 500MW class oxyf CCS, 200km & 800m aquifer
electricity, hard coal power plant 500MW class oxyf CCS, 400km & 800m aquifer
electricity, hard coal plant 500MW class oxyf CCS, 200km & 2500m depl. gasfield
electricity, hard coal plant 500MW class oxyf CCS, 400km & 2500m depl. gasfield
electricity, hard coal IGCC plant 400MW, CCS, 200km & 800m aquifer
electricity, hard coal IGCC plant 400MW, CCS, 400km & 800m aquifer
electricity, hard coal IGCC plant 400MW, CCS, 200km & 2500m depleted gasfield
electricity, hard coal IGCC plant 400MW, CCS, 400km & 2500m depleted gasfield
2050 electricity, hard coal, at power plant 350 MW

electricity, hard coal, at power plant 600 MW

electricity, hard coal, at power plant 800 MW

electricity, hard coal, at IGCC power plant 450MW

electricity, hard coal power plant 500MW class post CCS, 200km & 800m aquifer
electricity, hard coal power plant 500MW class post CCS, 400km & 800m aquifer
electricity, hard coal plant 500MW class post CCS, 200km & 2500m depl. gasfield
electricity, hard coal plant 500MW class post CCS, 400km & 2500m depl. gasfield
electricity, hard coal power plant 500MW class oxyf CCS, 200km & 800m aquifer
electricity, hard coal power plant 500MW class oxyf CCS, 400km & 800m aquifer
electricity, hard coal plant 500MW class oxyf CCS, 200km & 2500m depl. gasfield
electricity, hard coal plant 500MW class oxyf CCS, 400km & 2500m depl. gasfield
electricity, hard coal IGCC plant 400MW, CCS, 200km & 800m aquifer

electricity, hard coal IGCC plant 400MW, CCS, 400km & 800m aquifer

electricity, hard coal IGCC plant 400MW, CCS, 200km & 2500m depleted gasfield
electricity, hard coal IGCC plant 400MW, CCS, 400km & 2500m depleted gasfield
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Datasets for natural gas based electricity producti on analyzed within this
project.

2005

Natural gas
electricity, natural gas, at combined cycle plant 500 MW
electricity, natural gas, at gas turbine 50 MW

electricity, natural gas, at cogeneration 200 kWe lean burn, allocation exergy

2025

electricity, natural gas, at combined cycle plant 500 MW
electricity, natural gas, CC plant, 500MWe post CCS, 400km&2500m deplet gasfield
electricity, natural gas, at gas turbine 50 MW

electricity, natural gas, at cogeneration 200 kWe lean burn, allocation exergy

2050

electricity, natural gas, at combined cycle plant 500 MW
electricity, natural gas, CC plant, 500MWe post CCS, 400km&2500m deplet gasfield
electricity, natural gas, at gas turbine 50 MW

electricity, natural gas, at cogeneration 200 kWg lean burn, allocation exergy
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Appendix 2

Appendix 2 provides selected LCA results (cumukatenvironmental burdens per kWh
electricity), agreed upon in NEEDS RS1a as the madstant ones, for all hard coal, lignite,
and natural gas technologies analyzed in this prdj the different scenarios and future
time horizons (2025, 2050).

Table 8.1 LCA results for year 2025, realistic-optimistic development, “440 ppm-scenario”.
electricity, hard coal, at electricity, hard coal, at electricity, hard coal, at
power plant 350 MW power plant 600 MW power plant 800 MW

Total Total Total
kWh kWh kWh
Resources
Coal, brown, in ground resource _|kg 9.38E-04 9.33E-04 9.33E-04
Coal, hard, unspecified, in ground resource _|kg 3.92E-01 3.91E-01 3.91E-01
Gas, natural, in ground resource  |Nm3 2.42E-03 2.40E-03 2.40E-03
Qil, crude, in ground resource  |kg 5.06E-03 5.04E-03 5.04E-03
Uranium, in ground resource  |kg 1.83E-07 1.83E-07 1.82E-07
Freshwater (lake, river, groundwater) resource  |m3 1.97E-03 1.97E-03 1.97E-03
Occupation, agricultural and forestal area resource  |m2a 1.83E-02 1.83E-02 1.83E-02
Occupation, built up area incl. mineral extractiqresource |m2a 4.24E-03 4.23E-03 4.23E-03
Emissions to air
Ammonia air kg 1.92E-05 1.92E-05 1.92E-05
Arsenic air kg 1.35E-08 1.34E-08 1.34E-08
Cadmium air kg 1.38E-09 1.35E-09 1.35E-09
Carbon dioxide, fossil air kg 7.06E-01 7.05E-01 7.05E-01
Carbon monoxide, fossil air kg 1.42E-04 1.42E-04 1.42E-04
Carbon-14 air kBqg 3.75E-04 3.74E-04 3.74E-04
Chromium air kg 1.53E-07 1.36E-07 1.36E-07
Chromium VI air kg 4.33E-09 3.91E-09 3.91E-09
Dinitrogen monoxide air kg 3.09E-05 3.09E-05 3.09E-05
lodine-129 air kBq 3.20E-07 3.18E-07 3.18E-07
Lead air kg 5.44E-08 5.37E-08 5.37E-08
Methane, fossil air kg 2.17E-03 2.17E-03 2.17E-03
Mercury air kg 3.15E-08 3.15E-08 3.15E-08
Nickel air kg 9.98E-08 9.94E-08 9.94E-08
Nitrogen oxides air kg 7.26E-04 7.26E-04 7.26E-04
NMVOC total air kg 5.41E-05 5.40E-05 5.40E-05
thereof:
Benzene air kg 1.85E-06 1.85E-06 1.85E-06
Benzo(a)pyrene air kg 9.37E-11 9.04E-11 9.04E-11
Formaldehyde air kg 4.50E-07 4.49E-07 4.49E-07
PAH air kg 1.83E-08 1.81E-08 1.81E-08
PM2.5-10 air kg 1.99E-05 1.97E-05 1.97E-05
PM2.5 air kg 4.67E-05 4.65E-05 4.65E-05
PCDD/F (measured as I-TEQ) air kg 6.21E-14 6.18E-14 6.18E-14
Radon-222 air kBq 5.95E+00 5.93E+00 5.93E+00
Sulfur dioxide air kg 5.25E-04 5.24E-04 5.24E-04
Emissions to Water
Ammonium, ion water kg 7.81E-07 7.81E-07 7.81E-07
Arsenic, ion water kg 1.18E-07 1.18E-07 1.18E-07
Cadmium, ion water kg 1.12E-08 1.09E-08 1.09E-08
Carbon-14 water kBqg 1.28E-04 1.28E-04 1.28E-04
Cesium-137 water kBq 5.98E-05 5.95E-05 5.95E-05
Chromium, ion water kg 1.60E-08 1.59E-08 1.59E-08
Chromium VI water kg 2.40E-07 2.34E-07 2.34E-07
COD water kg 1.15E-04 1.14E-04 1.14E-04
Copper, ion water kg 4.53E-07 4.49E-07 4.49E-07
Lead water kg 1.92E-07 1.89E-07 1.87E-07
Mercury water kg 2.66E-09 2.64E-09 2.64E-09
Nickel, ion water kg 9.65E-07 9.03E-07 9.01E-07
Nitrate water kg 2.41E-05 2.41E-05 2.41E-05
Oils, unspecified water kg 2.21E-05 2.20E-05 2.20E-05
PAH water kg 4.97E-09 4.62E-09 4.62E-09
Phosphate water kg 2.75E-06 2.72E-06 2.72E-06
Emissions to Soil
Arsenic soil kg 6.30E-11 6.28E-11 6.28E-11
Cadmium soil kg 6.37E-12 6.29E-12 6.28E-12
Chromium soil kg 8.96E-10 8.93E-10 8.92E-10
Chromium VI soil kg 2.86E-09 2.84E-09 2.84E-09
Lead soil kg 4.61E-11 4.56E-11 4.55E-11
Mercury soil kg 5.21E-13 5.20E-13 5.20E-13
Oils, unspecified soil kg 2.24E-05 2.23E-05 2.23E-05
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Table 8.2

LCA results for year 2025, realistic-optimistic

development, “440 ppm-scenario”.

electricity, hard coal
power plant 500MW class
oxyf CCS, 200km & 800m
aquifer

electricity, hard coal
power plant 500MW class
oxyf CCS, 400km & 800m
aquifer

electricity, hard coal
power plant 500MW class
post CCS, 200km & 800m
aquifer

electricity, hard coal
power plant 500MW class
post CCS, 400km & 800m
aquifer

Total Total Total Total
kWh kwh kWh kWh
Resources
Coal, brown, in ground resource [k 2.14E-03 2.36E-03 2.09E-03 2.28E-03
|_[Coal, hard, unspecified, in ground resource kg 4.69E-01 4.69E-01 4.58E-01 4.58E-01
Gas, natural, in ground resource  [Nm3 4.85E-03] 5.31E-03] 7.00E-03 7.41E-03
Qil, crude, in ground resource [kg 6.23E-03| 6.34E-03] 7.73E-03 7.83E-03
Uranium, in ground resource [kg 4.19E-07 4.61E-07 4.09E-07 4.47E-07
Freshwater (lake, river, groundwater) resource  |m3 2.48E-03] 2.51E-03] 2.46E-03 2.48E-03
Occupation, agricultural and forestal area resource _|m2a 2.24E-02] 2.25E-02 2.22E-02 2.23E-02.
Occupation, built up area incl. mineral extractidresource Eza 5.13E-03| 5.16E-03 5.03E-03 5.06E-03.
[Emissions to air
Ammonia air kg 2.13E-05 2.14E-05 2.45E-04 2.45E-04
Arsenic air kg 1.72E-08] 1.70E-08 1.72E-08
Cadmium air k 1.86E-0 .36E-09
Carbon dioxide, fossil air ki 4.67E-02 .30E-01.
Carbon monoxide, fossil air ki 1.85E-04 .85E-04
Carbon-14 air kBg 9.48E-04 .14E-04
Chromium air kg 2.49E-07 47E-07
Chromium VI air g 6.81E-09] 6.76E-09
| |Dinitrogen monoxide air g 3.76E-05 3.67E-05 3.68E-05
lodine-129 air Bq 8.09E-07 7.14E-07 7.80E-07
| |Lead air 7.05E-0¢ .95E-0 7.06E-08|
Methane, fossil air k 2.61E-0: .56E-0: 2.56E-03
Mercury air ki 3.83E-0! . 76E-0: 3.78E-08
Nickel air kg . 1.21E-0 .28E-0 1.28E-07
Nitrogen oxides air kg 5.94E-04 5.99E-04; 8.74E-04 8.79E-04
NMVOC total air kg 6.79E-05 6.91E-05 7.52E-05 7.62E-05
thereof:
Benzene air k .24E-06 .37E-06 .38E-06
Benzo(a)pyrene air ki .38E-10 .32E-10, .38E-10
Formaldehyde air ki .4TE-07 .45E-07 7
PAH air ki .35E-0
PM2.5-10 air kg .60E-0
PM2.5 air |kg .80E-0! . .
PCDD/F (measured as I-TEQ) air |£q 7.68E-14| 7.80E-14 8.77E-14 8.87E-14
| _|Radon-222 air kBq 1.36E+01 1.50E+01 1.32E+01 1.45E+01
|__|Sulfur dioxide air ILg 3.49E-04| 3.52E-04/ 3.57E-04 3.59E-04
Emissions to Water
Ammonium, ion water kg 9.91E-07] 9.99E-07 4.47E-06 4.48E-06
Arsenic, ion 1.50E-07 1.53E-07 1.48E-07 1.50E-07
Cadmium, ion 1.60E-08| 1.73E-08] 1.59E-08 1.71E-08
Carbon-14 .95E-04 .87E-04 .14E-04|
| _|Cesium-137 .33E-04 .46E-04|
Chromium, ion .0’ 8
Chromium VI
Ccob
Copper, ion
Lead
Mercury
Nickel, ion
|_INitrate
|_[Oils, unspecified
PAH
Phosphate
Emissions to Soil
Arsenic SOl k .12E-1
Cadmium SO ki .05E-1.
Chromium SO ki .54E-0
Chromium VI SO kg .08E-0!
| [tead soi |kg . .34E-1 . K
Mercury SOl ki 6.42E-13| 6.48E-13| 7.43E-13 7.49E-13
Oils, unspecified SOl k 2.75E-05 2.80E-05 2.94E-05 2.98E-05
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Table 8.3 LCA results for year 2025, realistic-optimistic development, “440 ppm-scenario”.
electricity, hard coal plant  |electricity, hard coal plant  |electricity, hard coal plant  |electricity, hard coal plant
500MW class oxyf CCS, 500MW class oxyf CCS, 500MW class post CCS, 500MW class post CCS,
200km & 2500m deplet 400km & 2500m deplet 200km & 2500m deplet 400km & 2500m deplet
gasfield gasfield gasfield gasfield

Total Total Total Total
kWh kwh kWh kWh
Resources
Coal, brown, in ground resource |kg 4.20E-03| 4.42E-03! 3.91E-03 4.10E-03
Coal, hard, unspecified, in ground resource |kg 4.71E-01 4.71E-01] 4.60E-01 4.60E-01
Gas, natural, in ground resource  [Nm3 8.96E-03 9.42E-03] 1.06E-02 1.10E-02
Qil, crude, in ground resource |kg 6.44E-03| 6.56E-03] 7.91E-03 8.02E-03
Uranium, in ground resource [kg 8.21E-07| 8.63E-07 7.64E-07 8.02E-07
Freshwater (lake, river, groundwater) resource |m3 2.67E-03| 2.70E-03] 2.63E-03 2.65E-03
Occupation, agricultural and forestal area resource |m2a 2.34E-02] 2.36E-02 2.31E-02 2.32E-02
Occupation, built up area incl. mineral extractiqresource |m2a 5.17E-03| 5.21E-03 5.07E-03 5.10E-03,
Emissions to air
Ammonia air k 2.18E-05 2.19E-05 2.45E-04 2.45E-04
Arsenic air kg 1.79E-08| 1.81E-08] 1.78E-08 1.80E-08
Cadmium air kg 2.10E-09 2.14E-09] 2.57E-09 2.61E-09
Carbon dioxide, fossil air kg 5.71E-02 5.89E-02| 1.40E-01 1.41E-01
Carbon monoxide, fossil air kg 1.85E-04 1.90E-04 1.84E-04 1.89E-04
Carbon-14 air kBq 1.69E-03| 1.78E-03] 1.57E-03 1.64E-03
Chromium air kg 2.47E-07| 2.54E-07 2.46E-07 2.52E-07
Chromium VI air kg 6.79E-09 6.95E-09] 6.74E-09 6.88E-09
Dinitrogen monoxide air kg 3.85E-05 3.86E-05 3.76E-05 3.77E-05
lodine-129 air kBq 1.44E-06| 1.52E-06] 1.34E-06 1.41E-06
Lead air kg 7.24E-08 7.37E-08] 7.23E-08 7.34E-08
Methane, fossil air kg 2.64E-03 2.64E-03! 2.58E-03 2.59E-03
Mercury air kg 3.84E-08| 3.86E-08 3.79E-08 3.81E-08
Nickel air kg 1.24E-07| 1.25E-07] 1.31E-07 1.31E-07
Nitrogen oxides air kg 6.11E-04| 6.16E-04] 8.89E-04 8.94E-04
NMVOC total air kg 7.27E-05 7.40E-05 7.94E-05| 8.05E-05
thereof:
Benzene air kg 2.25E-06 2.26E-06] 2.39E-06 2.39E-06
Benzo(a)pyrene air kg 1.40E-10| 1.47E-10] 1.40E-10| 1.46E-10
Formaldehyde air kg 5.55E-07| 5.57E-07 5.54E-07 5.56E-07
PAH air kg 2.43E-08| 2.48E-08 2.40E-08 2.44E-08
PM2.5-10 air kg 2.58E-05 2.66E-05 2.62E-05 2.69E-05
PM2.5 air kg 5.82E-05 5.89E-05 5.80E-05 5.86E-05
PCDD/F (measured as I-TEQ) air kg 7.86E-14| 7.97E-14 8.93E-14 9.03E-14
Radon-222 air kBq 2.67E+01 2.81E+01 2.48E+01 2.60E+01
Sulfur dioxide air 1kg 3.62E-04| 3.64E-04/ 3.68E-04 3.70E-04
Emissions to Water
Ammonium, ion \water kg 1.05E-06| 1.06E-06 4.53E-06 4.53E-06
Arsenic, ion \water kg 1.57E-07| 1.60E-07| 1.54E-07 1.56E-07
Cadmium, ion \water kg 1.69E-08| 1.82E-08] 1.67E-08 1.79E-08
Carbon-14 water kBq 5.80E-04| 6.10E-04 5.38E-04 5.65E-04
Cesium-137 water kBqg 2.70E-04 2.84E-04 2.50E-04 2.63E-04
Chromium, ion \water kg 2.24E-08| 2.28E-08 2.19E-08 2.22E-08
Chromium VI water kg 4.03E-07 4.41E-07 3.98E-07 4.32E-07
CoD \water kg 1.62E-04 1.68E-04 2.42E-04] 2.47E-04|
Copper, ion \water kg 6.32E-07| 6.45E-07| 6.42E-07 6.53E-07
Lead water kg 2.75E-07| 2.80E-07| 2.70E-07 2.74E-07
Mercury \water kg 3.98E-09 4.22E-09 3.97E-09 4.18E-09
Nickel, ion water kg 1.48E-06| 1.56E-06 1.48E-06 1.55E-06
Nitrate \water kg 3.06E-05 3.06E-05 4.00E-05 4.00E-05
Oils, unspecified water kg 2.83E-05 2.89E-05 3.01E-05 3.07E-05
PAH \water kg 7.54E-09 7.82E-09 7.66E-09 7.90E-09
Phosphate water kg 4.15E-06 4.33E-06 7.03E-06 7.19E-06
Emissions to Soil
Arsenic soil kg 1.82E-10| 1.84E-10| 1.77E-10| 1.79E-10
Cadmium soil kg 8.95E-12| 9.55E-12 1.22E-11 1.27E-11
Chromium soil kg 2.42E-09 2.45E-09 2.50E-09 2.53E-09
Chromium VI soil kg 2.19E-08 2.32E-08] 2.02E-08| 2.13E-08
Lead soil kg 6.42E-11 6.77E-11 1.09E-10 1.12E-10
Mercury soil kg 6.72E-13| 6.78E-13] 7.69E-13 7.75E-13
Oils, unspecified soil 1kg 2.84E-05| 2.89E-05] 3.02E-05 3.06E-05
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Table 8.4 LCA results for year 2025, realistic-optimistic development, “440 ppm-scenario”.
electricity, lignite power electricity, lignite power
plant 800 MW class post plant 800 MW class post
CCS, 200km & 800m CCS, 400km & 800m electricity, lignite, at
aquifer aquifer power plant 950 MW
Total Total Total
kWh kWh kWh
Resources
Coal, brown, in ground resource  |kg 9.76E-01 9.76E-01 8.36E-01
Coal, hard, unspecified, in ground resource _ |kg 3.02E-03 3.39E-03 1.15E-03
Gas, natural, in ground resource  |Nm3 6.80E-03 7.28E-03 1.64E-03
Qil, crude, in ground resource _ |kg 3.05E-03 3.17E-03 7.92E-04
Uranium, in ground resource  |kg 3.71E-07 4.15E-07 1.21E-07
Freshwater (lake, river, groundwater) resource  |m3 5.14E-03 5.17E-03 4.26E-03
Occupation, agricultural and forestal area resource |m2a 2.27E-03 2.40E-03 1.00E-03
Occupation, built up area incl. mineral extractiqresource  |m2a 1.30E-03 1.33E-03 1.02E-03
Emissions to air
Ammonia air kg 2.39E-04 2.39E-04 4.86E-06
Arsenic air kg 1.00E-08 1.02E-08 7.32E-09
Cadmium air kg 1.95E-09 1.99E-09 9.19E-10
Carbon dioxide, fossil air kg 1.25E-01 1.27E-01 8.08E-01
Carbon monoxide, fossil air kg 2.16E-04 2.22E-04 1.68E-04
Carbon-14 air kBq 7.57E-04 8.48E-04 2.49E-04
Chromium air kg 8.27E-08 8.94E-08 4.03E-08
Chromium VI air kg 2.19E-09 2.36E-09 1.13E-09
Dinitrogen monoxide air kg 2.35E-05 2.36E-05 1.94E-05
lodine-129 air kBq 6.48E-07 7.25E-07 2.12E-07
Lead air kg 2.12E-08 2.25E-08 1.19E-08
Methane, fossil air kg 2.85E-04 2.89E-04 2.15E-04
Mercury air kg 2.18E-08 2.20E-08 1.77E-08
Nickel air kg 2.81E-08 2.88E-08 1.25E-08
Nitrogen oxides air kg 7.80E-04 7.85E-04 6.41E-04
NMVOC total air kg 3.80E-05 3.93E-05 2.03E-05
thereof:
Benzene air kg 2.13E-06 2.13E-06 1.61E-06
Benzo(a)pyrene air kg 8.94E-11 9.63E-11 4.91E-11
Formaldehyde air kg 5.50E-07 5.52E-07 4.50E-07
PAH air kg 1.38E-08 1.42E-08 1.01E-08
PM2.5-10 air kg 1.48E-05 1.56E-05 9.83E-06
PM2.5 air kg 6.77E-05 6.84E-05 5.54E-05
PCDD/F (measured as I-TEQ) air kg 8.18E-14 8.30E-14 5.59E-14
Radon-222 air kBqg 1.20E+01 1.34E+01 3.94E+00
Sulfur dioxide air kg 1.38E-04 1.41E-04 1.20E-04
Emissions to Water
Ammonium, ion water kg 4.20E-06 4.21E-06 4.13E-08
Arsenic, ion water kg 9.54E-07 9.56E-07 8.08E-07
Cadmium, ion water kg 3.35E-08 3.49E-08 2.50E-08
Carbon-14 water kBq 2.60E-04 2.92E-04 8.53E-05
Cesium-137 water kBq 1.21E-04 1.36E-04 3.97E-05
Chromium, ion water kg 2.55E-09 2.96E-09 9.74E-10
Chromium VI water kg 8.41E-07 8.80E-07 6.19E-07
CcoD water kg 1.40E-04 1.46E-04 2.81E-05
Copper, ion water kg 1.07E-06 1.08E-06 8.49E-07
Lead water kg 1.01E-06 1.01E-06 8.39E-07
Mercury water kg 6.19E-09 6.44E-09 4.66E-09
Nickel, ion water kg 1.98E-06 2.06E-06 1.47E-06
Nitrate water kg 1.18E-05 1.18E-05 1.26E-07
Oils, unspecified water kg 8.52E-06 9.14E-06 3.72E-06
PAH water kg 2.71E-09 3.00E-09 1.25E-09
Phosphate water kg 3.65E-05 3.67E-05 2.82E-05
Emissions to Soil
Arsenic soil kg 6.20E-11 6.43E-11 1.30E-11
Cadmium soil kg 9.93E-12 1.06E-11 3.70E-12
Chromium soil kg 1.02E-09 1.05E-09 2.14E-10
Chromium VI soil kg 7.72E-09 9.07E-09 6.32E-10
Lead soil kg 8.93E-11 9.30E-11 2.37E-11
Mercury soil kg 2.22E-13 2.29E-13 6.33E-14
Oils, unspecified soil kg 7.72E-06 8.22E-06 3.42E-06
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Table 8.5 LCA results for year 2025, realistic-optimistic development, “440 ppm-scenario”.
electricity, lignite plant electricity, lignite power electricity, lignite power
800 MW class post CCS, plant 800 MW class oxyf plant 800 MW class oxyf
400km & 2500m depl. CCS, 200km & 800m CCS, 400km & 800m
gasfield aquifer aquifer
Total Total Total
kWh kWh kWh
Resources
Coal, brown, in ground resource  |kg 9.78E-01 1.00E+00 1.00E+00
Coal, hard, unspecified, in ground resource _ |kg 5.64E-03 3.01E-03 3.43E-03
Gas, natural, in ground resource  |Nm3 1.15E-02 4.19E-03 4.73E-03
Qil, crude, in ground resource _ |kg 3.39E-03 1.15E-03 1.29E-03
Uranium, in ground resource  |kg 8.31E-07 3.80E-07 4.30E-07
Freshwater (lake, river, groundwater) resource  |m3 5.37E-03 5.23E-03 5.26E-03
Occupation, agricultural and forestal area resource |m2a 3.48E-03 1.95E-03 2.09E-03
Occupation, built up area incl. mineral extractiqresource  |m2a 1.38E-03 1.31E-03 1.34E-03
Emissions to air
Ammonia air kg 2.39E-04 2.78E-06 2.90E-06
Arsenic air kg 1.11E-08 9.76E-09 9.95E-09
Cadmium air kg 2.29E-09 1.28E-09 1.34E-09
Carbon dioxide, fossil air kg 1.40E-01 2.70E-02 2.92E-02
Carbon monoxide, fossil air kg 2.27E-04 2.17E-04 2.24E-04
Carbon-14 air kBq 1.71E-03 7.81E-04 8.84E-04
Chromium air kg 9.50E-08 7.85E-08 8.62E-08
Chromium VI air kg 2.49E-09 2.10E-09 2.28E-09
Dinitrogen monoxide air kg 2.47E-05 2.38E-05 2.40E-05
lodine-129 air kBq 1.46E-06 6.68E-07 7.56E-07
Lead air kg 2.57E-08 1.94E-08 2.09E-08
Methane, fossil air kg 3.21E-04 2.76E-04 2.81E-04
Mercury air kg 2.24E-08 2.18E-08 2.21E-08
Nickel air kg 3.25E-08 1.58E-08 1.67E-08
Nitrogen oxides air kg 8.03E-04 3.02E-04 3.08E-04
NMVOC total air kg 4.43E-05 2.83E-05 2.98E-05
thereof:
Benzene air kg 2.15E-06 1.95E-06 1.96E-06
Benzo(a)pyrene air kg 1.06E-10 8.72E-11 9.50E-11
Formaldehyde air kg 5.63E-07 5.47E-07 5.49E-07
PAH air kg 1.56E-08 1.37E-08 1.42E-08
PM2.5-10 air kg 1.62E-05 1.39E-05 1.48E-05
PM2.5 air kg 6.93E-05 6.79E-05 6.87E-05
PCDD/F (measured as I-TEQ) air kg 8.48E-14 7.07E-14 7.20E-14
Radon-222 air kBqg 2.69E+01 1.23E+01 1.40E+01
Sulfur dioxide air kg 1.54E-04 1.23E-04 1.25E-04
Emissions to Water
Ammonium, ion water kg 4.28E-06 8.86E-08 9.83E-08
Arsenic, ion water kg 9.63E-07 9.75E-07 9.78E-07
Cadmium, ion water kg 3.58E-08 3.40E-08 3.56E-08
Carbon-14 water kBq 5.87E-04 2.68E-04 3.04E-04
Cesium-137 water kBq 2.73E-04 1.25E-04 1.41E-04
Chromium, ion water kg 4.34E-09 2.45E-09 2.91E-09
Chromium VI water kg 9.27E-07 8.52E-07 8.96E-07
COD water kg 1.58E-04 4.70E-05 5.30E-05
Copper, ion water kg 1.11E-06 1.06E-06 1.07E-06
Lead water kg 1.03E-06 1.03E-06 1.04E-06
Mercury water kg 6.73E-09 6.22E-09 6.50E-09
Nickel, ion water kg 2.11E-06 1.99E-06 2.08E-06
Nitrate water kg 1.21E-05 3.04E-07 3.40E-07
Oils, unspecified water kg 1.02E-05 5.60E-06 6.30E-06
PAH water kg 3.20E-09 2.40E-09 2.73E-09
Phosphate water kg 3.71E-05 3.43E-05 3.45E-05
Emissions to Soil
Arsenic soil kg 1.39E-10 5.60E-11 5.85E-11
Cadmium soil kg 1.11E-11 5.94E-12 6.64E-12
Chromium soil kg 1.99E-09 7.69E-10 8.08E-10
Chromium VI soil kg 2.19E-08 7.97E-09 9.51E-09
Lead soil kg 9.74E-11 3.51E-11 3.92E-11
Mercury soil kg 2.59E-13 9.76E-14 1.05E-13
Oils, unspecified soil kg 9.16E-06 4.87E-06 5.44E-06
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Table 8.6 LCA results for year 2025, realistic-optimistic development, “440 ppm-scenario”.
electricity, lignite plant electricity, lignite plant electricity, lignite plant
800 MW class oxyf CCS, 800 MW class oxyf CCS, 800 MW class post CCS,
200km & 2500m depl. 400km & 2500m depl. 200km & 2500m depl.
gasfield gasfield gasfield
Total Total Total
kWh kWh kWh
Resources
Coal, brown, in ground resource  |kg 1.00E+00 1.00E+00 9.78E-01
Coal, hard, unspecified, in ground resource _ |kg 5.55E-03 5.97E-03 5.27E-03
Gas, natural, in ground resource  |Nm3 9.01E-03 9.55E-03 1.11E-02
Qil, crude, in ground resource _ |kg 1.40E-03 1.54E-03 3.27E-03
Uranium, in ground resource  |kg 8.51E-07 9.02E-07 7.87E-07
Freshwater (lake, river, groundwater) resource  |m3 5.46E-03 5.49E-03 5.34E-03
Occupation, agricultural and forestal area resource |m2a 3.17E-03 3.32E-03 3.35E-03
Occupation, built up area incl. mineral extractiqresource  |m2a 1.36E-03 1.40E-03 1.35E-03
Emissions to air
Ammonia air kg 3.39E-06 3.52E-06 2.39E-04
Arsenic air kg 1.08E-08 1.10E-08 1.10E-08
Cadmium air kg 1.62E-09 1.67E-09 2.24E-09
Carbon dioxide, fossil air kg 4.13E-02 4.34E-02 1.38E-01
Carbon monoxide, fossil air kg 2.24E-04 2.30E-04 2.22E-04
Carbon-14 air kBq 1.75E-03 1.85E-03 1.61E-03
Chromium air kg 8.48E-08 9.24E-08 8.82E-08
Chromium VI air kg 2.25E-09 2.44E-09 2.33E-09
Dinitrogen monoxide air kg 2.51E-05 2.52E-05 2.46E-05
lodine-129 air kBq 1.50E-06 1.59E-06 1.38E-06
Lead air kg 2.31E-08 2.46E-08 2.44E-08
Methane, fossil air kg 3.12E-04 3.17E-04 3.17E-04
Mercury air kg 2.22E-08 2.24E-08 2.21E-08
Nickel air kg 2.00E-08 2.08E-08 3.17E-08
Nitrogen oxides air kg 3.22E-04 3.28E-04 7.98E-04
NMVOC total air kg 3.40E-05 3.55E-05 4.30E-05
thereof:
Benzene air kg 1.97E-06 1.98E-06 2.15E-06
Benzo(a)pyrene air kg 9.80E-11 1.06E-10 9.90E-11
Formaldehyde air kg 5.59E-07 5.61E-07 5.61E-07
PAH air kg 1.52E-08 1.57E-08 1.52E-08
PM2.5-10 air kg 1.46E-05 1.55E-05 1.54E-05
PM2.5 air kg 6.89E-05 6.97E-05 6.86E-05
PCDD/F (measured as I-TEQ) air kg 7.28E-14 7.41E-14 8.36E-14
Radon-222 air kBqg 2.77E+01 2.93E+01 2.55E+01
Sulfur dioxide air kg 1.37E-04 1.40E-04 1.52E-04
Emissions to Water
Ammonium, ion water kg 1.60E-07 1.70E-07 4.27E-06
Arsenic, ion water kg 9.83E-07 9.86E-07 9.61E-07
Cadmium, ion water kg 3.50E-08 3.66E-08 3.44E-08
Carbon-14 water kBq 6.03E-04 6.39E-04 5.56E-04
Cesium-137 water kBq 2.80E-04 2.97E-04] 2.58E-04
Chromium, ion water kg 4.01E-09 4.48E-09 3.93E-09
Chromium VI water kg 9.04E-07 9.49E-07 8.87E-07
CcoD water kg 6.13E-05 6.74E-05 1.53E-04
Copper, ion water kg 1.10E-06 1.11E-06 1.10E-06
Lead water kg 1.05E-06 1.05E-06 1.03E-06
Mercury water kg 6.55E-09 6.83E-09 6.48E-09
Nickel, ion water kg 2.04E-06 2.13E-06 2.03E-06
Nitrate water kg 6.00E-07 6.37E-07 1.21E-05
Oils, unspecified water kg 6.78E-06 7.49E-06 9.57E-06
PAH water kg 2.63E-09 2.96E-09 2.92E-09
Phosphate water kg 3.48E-05 3.50E-05 3.70E-05
Emissions to Soil
Arsenic soil kg 1.41E-10 1.43E-10 1.37E-10
Cadmium soil kg 6.52E-12 7.22E-12 1.04E-11
Chromium soil kg 1.83E-09 1.87E-09 1.96E-09
Chromium VI soil kg 2.25E-08 2.40E-08 2.05E-08
Lead soil kg 4.01E-11 4.42E-11 9.38E-11
Mercury soil kg 1.33E-13 1.40E-13 2.53E-13
Oils, unspecified soil kg 5.93E-06 6.50E-06 8.66E-06
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Table 8.7 LCA results for year 2025, realistic-optimistic development, “440 ppm-scenario”.

electricity, hard coal, at IGCC electricity, lignite, at IGCC power
power plant 450MW plant 450MW
Total Total
kwh kWh
Resources
Coal, brown, in ground resource |kg 7.95E-04] 4.25E-01
Coal, hard, unspecified, in ground resource |kg 3.33E-01 9.33E-04
Gas, natural, in ground resource  |[Nm3 1.90E-03 8.70E-04
Oil, crude, in ground resource |kg 4.14E-03| 1.00E-03
Uranium, in ground resource |kg 1.58E-07 7.76E-08
Freshwater (lake, river, groundwater) resource |m3 5.98E-04 1.58E-03]
Occupation, agricultural and forestal area resource |m2a 1.55E-02] 4.89E-04
Occupation, built up area incl. mineral extractiqresource _|m2a 3.79E-03] 1.02E-03|
Emissions to air
Ammonia air k 1.41E-05| 6.20E-07
Arsenic air kg 6.13E-08| 5.60E-09
Cadmium air kg 1.33E-09 9.02E-10
Carbon dioxide, fossil air kg 6.42E-01] 7.77E-01
Carbon monoxide, fossil air kg 1.25E-04 8.07E-05
Carbon-14 air kBq 3.24E-04 1.58E-04
Chromium air kg 4.30E-08| 3.50E-08
Chromium VI air kg 1.39E-09 9.51E-10
Dinitrogen monoxide air kg 2.71E-05] 2.49E-05
lodine-129 air kBqg 2.75E-07 1.33E-07
Lead air kg 3.73E-08 1.07E-08
Methane, fossil air kg 1.85E-03 1.21E-04
Mercury air kg 1.96E-08 1.10E-08
Nickel air kg 7.98E-08 7.99E-09
Nitrogen oxides air kg 4.18E-04] 3.94E-04
NMVOC total air kg 4.77E-05| 2.04E-05
thereof:
Benzene air kg 1.18E-06 9.82E-07
Benzo(a)pyrene air kg 7.58E-11 3.52E-11
Formaldehyde air kg 2.75E-07| 2.70E-07
PAH air kg 5.34E-08 4.59E-08|
PM2.5-10 air kg 1.35E-05 3.34E-06
PM2.5 air kg 9.31E-06 2.55E-06
PCDDI/F (measured as I-TEQ) air kg 4.76E-14 4.56E-14
Radon-222 air kBq 5.13E+00| 2.51E+00
Sulfur dioxide lair kg 3.54E-04 5.76E-04
Emissions to Water
Ammonium, ion water kg 3.54E-07 5.67E-08|
Arsenic, ion water kg 8.12E-08 1.30E-06
Cadmium, ion water kg 1.22E-08 8.06E-08|
Carbon-14 water kBq 1.11E-04| 5.31E-05
Cesium-137 water kBq 5.15E-05 2.48E-05
Chromium, ion water kg 2.06E-09 8.94E-10|
Chromium VI water kg 7.18E-07 8.32E-06
CcoD water kg 2.17E-04 1.86E-03
Copper, ion water kg 1.28E-06 6.02E-06|
Lead water kg 3.26E-07 1.68E-06
Mercury water kg 4.87E-09 5.45E-08
Nickel, ion water kg 5.90E-07| 3.50E-06
Nitrate water kg 1.21E-06 7.16E-07
Oils, unspecified water kg 1.83E-05 3.19E-06
PAH water kg 2.47E-09 1.10E-09
Phosphate water kg 7.03E-06] 9.83E-05
Emissions to Soil
Arsenic soil kg 5.18E-11 1.09E-11
Cadmium soil kg 6.34E-12 5.68E-12
Chromium soil kg 7.59E-10 2.22E-10]
Chromium VI soil kg 2.54E-09 7.14E-10
Lead soil kg 5.02E-11 4.34E-11
Mercury soil kg 5.57E-13 1.92E-13
Oils, unspecified soil kg 1.86E-05 2.93E-06
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Table 8.8 LCA results for year 2025, realistic-optimistic development, “440 ppm-scenario”.
electricity, hard coal IGCC |electricity, hard coal IGCC |electricity, hard coal IGCC |electricity, hard coal IGCC
plant 400MW, CCS, 200km [plant 400MW, CCS, 400km |power plant 400MW, CCS, |power plant 400MW, CCS,
& 2500m depleted gasfield [& 2500m depleted gasfield |200km & 800m aquifer 400km & 800m aquifer

Total Total Total Total
kwh kWh kWh kwh
Resources
Coal, brown, in ground resource |kg 3.55E-03| 3.74E-03] 1.77E-03| 1.96E-03
Coal, hard, unspecified, in ground resource |kg 3.77E-01 3.78E-01 3.76E-01 3.76E-01
Gas, natural, in ground resource  |[Nm3 7.45E-03| 7.85E-03] 3.90E-03| 4.30E-03
Qil, crude, in ground resource |kg 5.00E-03| 5.10E-03] 4.82E-03 4.92E-03
Uranium, in ground resource |kg 6.96E-07| 7.33E-07] 3.49E-07 3.85E-07
Freshwater (lake, river, groundwater) resource |m3 9.32E-04 9.57E-04] 7.63E-04 7.88E-04
Occupation, agricultural and forestal area resource |m2a 1.88E-02] 1.89E-02] 1.79E-02] 1.80E-02
Occupation, built up area incl. mineral extractiqresource [m2a 4.32E-03 4.35E-03 4.28E-03 4.31E-03
Emissions to air
Ammonia air k 1.66E-05 1.67E-05 1.61E-05 1.62E-05
Arsenic air kg 7.71E-08| 7.72E-08] 7.63E-08| 7.65E-08
Cadmium air kg 1.85E-09 1.89E-09 1.60E-09 1.64E-09
Carbon dioxide, fossil air kg 1.18E-01 1.20E-01 1.08E-01 1.09E-01
Carbon monoxide, fossil air kg 1.58E-04 1.63E-04 1.53E-04 1.58E-04
Carbon-14 air kBq 1.43E-03| 1.51E-03] 7.16E-04 7.92E-04
Chromium air kg 5.99E-08| 6.55E-08] 5.52E-08 6.09E-08
Chromium VI air kg 1.88E-09 2.02E-09 1.76E-09 1.90E-09
Dinitrogen monoxide air kg 3.51E-05 3.52E-05] 3.42E-05 3.43E-05
lodine-129 air kBq 1.22E-06 1.29E-06 6.11E-07 6.76E-07
Lead air kg 4.92E-08| 5.03E-08 4.65E-08| 4.76E-08
Methane, fossil air kg 2.12E-03| 2.12E-03] 2.09E-03| 2.10E-03
Mercury air kg 2.48E-08| 2.50E-08] 2.46E-08| 2.47E-08
Nickel air kg 9.56E-08 9.62E-08 9.25E-08 9.32E-08
Nitrogen oxides air kg 5.15E-04 5.19E-04] 5.00E-04 5.04E-04
NMVOC total air kg 6.22E-05 6.33E-05 5.80E-05 5.91E-05
thereof:
Benzene air kg 1.48E-06| 1.48E-06 1.46E-06| 1.47E-06
Benzo(a)pyrene air kg 1.00E-10 1.06E-10 9.23E-11 9.80E-11
Formaldehyde air kg 3.55E-07 3.57E-07] 3.46E-07| 3.48E-07
PAH air kg 6.74E-08| 6.78E-08] 6.63E-08| 6.67E-08
PM2.5-10 air kg 1.63E-05 1.69E-05] 1.58E-05 1.65E-05
PM2.5 air kg 1.20E-05 1.26E-05] 1.13E-05 1.18E-05
PCDD/F (measured as I-TEQ) air kg 6.03E-14 6.12E-14] 5.88E-14| 5.97E-14
Radon-222 air kBq 2.26E+01 2.38E+01 1.13E+01 1.25E+01
Sulfur dioxide air kg 4.39E-04 4.41E-04 4.28E-04 4.30E-04
Emissions to Water
Ammonium, ion \water kg 4.78E-07 4.85E-07 4.25E-07 4.32E-07
Arsenic, ion \water kg 1.00E-07| 1.02E-07 9.42E-08| 9.64E-08
Cadmium, ion \water kg 1.56E-08| 1.68E-08 1.49E-08| 1.61E-08
Carbon-14 \water kBq 4.92E-04 5.18E-04] 2.46E-04| 2.72E-04
Cesium-137 \water kBq 2.29E-04 2.41E-04] 1.14E-04| 1.26E-04|
Chromium, ion \water kg 4.24E-09 4.58E-09 3.08E-09 3.43E-09
Chromium VI \water kg 8.83E-07| 9.15E-07] 8.44E-07| 8.77E-07
CcoD \water kg 2.60E-04| 2.65E-04] 2.50E-04 2.54E-04
Copper, ion \water kg 1.47E-06 1.48E-06 1.44E-06 1.45E-06
Lead water kg 3.81E-07| 3.85E-07 3.67E-07 3.71E-07
Mercury water kg 5.95E-09 6.15E-09] 5.70E-09 5.91E-09
Nickel, ion \water kg 7.73E-07| 8.39E-07| 7.32E-07 7.98E-07
Nitrate \water kg 1.68E-06| 1.71E-06] 1.46E-06| 1.49E-06
Qils, unspecified \water kg 2.23E-05 2.28E-05] 2.14E-05 2.19E-05
PAH water kg 3.22E-09 3.46E-09] 3.05E-09 3.29E-09
Phosphate water kg 8.50E-06 8.66E-06 8.11E-06 8.27E-06
Emissions to Soil
Arsenic soil kg 1.51E-10| 1.53E-10] 8.84E-11] 9.03E-11
Cadmium soil kg 8.13E-12| 8.64E-12] 7.70E-12] 8.22E-12
Chromium soil kg 2.02E-09 2.05E-09 1.24E-09 1.27E-09
Chromium VI soil kg 1.88E-08| 1.99E-08 8.10E-09 9.23E-09
Lead soil kg 6.39E-11] 6.69E-11] 6.02E-11] 6.32E-11
Mercury soil kg 6.65E-13| 6.71E-13] 6.40E-13| 6.45E-13
Qils, unspecified soil lkg 2.23E-05 2.27E-05 2.15E-05 2.20E-05
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Table 8.9 LCA results for year 2025, realistic-optimistic development, “440 ppm-scenario”.
electricity, lignite IGCC electricity, lignite IGCC electricity, lignite IGCC electricity, lignite IGCC
plant 400MW, CCS, 200km [plant 400MW, CCS, 400km |power plant 400MW, CCS, |power plant 400MW, CCS,
& 2500m depleted gasfield |& 2500m depleted gasfield |200km & 800m aquifer 400km & 800m aquifer
Total Total Total Total
kwWh kwh kWh kWh
Resources
Coal, brown, in ground resource |kg 4.84E-01] 4.80E-01 4.82E-01 4.82E-01
Coal, hard, unspecified, in ground resource |kg 4.67E-03| 5.10E-03! 2.32E-03 2.71E-03
Gas, natural, in ground resource  [Nm3 7.66E-03 8.20E-03! 3.21E-03 3.71E-03
Qil, crude, in ground resource |kg 1.57E-03 1.69E-03 1.34E-03 1.47E-03
Uranium, in ground resource |kg 7.36E-07| 7.80E-07| 3.01E-07 3.48E-07
Freshwater (lake, river, groundwater) resource |m3 2.11E-03| 2.14E-03] 1.90E-03 1.93E-03
Occupation, agricultural and forestal area resource |m2a 2.25E-03| 2.38E-03] 1.12E-03 1.25E-03
Occupation, built up area incl. mineral extractiqresource _|m2a 1.22E-03| 1.25E-03] 1.17E-03 1.20E-03
Emissions to air
Ammonia air ki 1.59E-06 1.70E-06 1.02E-06 1.13E-06
Arsenic air kg 8.05E-09 8.20E-09 7.09E-09 7.27E-09
Cadmium air kg 1.44E-09| 1.49E-09 1.13E-09 1.18E-09
Carbon dioxide, fossil air kg 1.27E-01 1.29E-01] 1.14E-01 1.16E-01
Carbon monoxide, fossil air kg 1.13E-04 1.19E-04 1.07E-04 1.13E-04
Carbon-14 air kBq 1.51E-03| 1.61E-03] 6.18E-04 7.13E-04
Chromium air kg 5.37E-08| 6.10E-08 4.79E-08 5.49E-08
Chromium VI air kg 1.44E-09 1.61E-09 1.29E-09 1.46E-09
Dinitrogen monoxide air kg 3.30E-05 3.32E-05 3.19E-05 3.20E-05
lodine-129 air kBq 1.29E-06| 1.37E-06 5.27E-07 6.08E-07
Lead air kg 1.78E-08| 1.92E-08] 1.44E-08 1.58E-08
Methane, fossil air kg 1.89E-04 1.93E-04 1.55E-04 1.60E-04
Mercury air kg 1.44E-08| 1.46E-08] 1.41E-08 1.43E-08
Nickel air kg 1.50E-08| 1.58E-08] 1.11E-08 1.19E-08
Nitrogen oxides air kg 5.26E-04 5.30E-04 5.07E-04 5.13E-04
NMVOC total air kg 3.36E-05 3.50E-05 2.83E-05 2.96E-05
thereof:
Benzene air kg 1.28E-06 1.29E-06 1.26E-06 1.27E-06
Benzo(a)pyrene air kg 5.88E-11] 6.60E-11] 4.88E-11 5.60E-11
Formaldehyde air kg 3.56E-07| 3.60E-07 3.45E-07 3.47E-07
PAH air kg 5.99E-08| 6.00E-08 5.85E-08 5.89E-08
PM2.5-10 air kg 5.26E-06 6.10E-06 4.66E-06 5.45E-06
PM2.5 air kg 4.82E-06 5.50E-06 3.88E-06 4.58E-06
PCDD/F (measured as I-TEQ) air kg 5.90E-14| 6.00E-14 5.71E-14 5.83E-14
Radon-222 air kBq 2.39E+01 2.54E+01 9.80E+00 1.13E+01
Sulfur dioxide air 1kg 7.46E-04| 7.50E-04/ 7.32E-04 7.34E-04
Emissions to Water
Ammonium, ion water kg 1.64E-07| 1.72E-07| 9.80E-08 1.06E-07
Arsenic, ion \water kg 1.47E-06| 1.47E-06] 1.46E-06 1.46E-06
Cadmium, ion \water kg 9.25E-08| 9.40E-08 9.20E-08 9.30E-08
Carbon-14 water kBq 5.20E-04| 5.50E-04 2.12E-04 2.44E-04
Cesium-137 \water kBq 2.42E-04 2.57E-04 9.80E-05 1.14E-04
Chromium, ion \water kg 3.42E-09| 3.80E-09 1.97E-09 2.40E-09
Chromium VI \water kg 9.38E-06 9.40E-06 9.30E-06 9.38E-06
CcoD \water kg 2.10E-03 2.10E-03] 2.09E-03 2.09E-03
Copper, ion \water kg 6.78E-06 6.80E-06 6.74E-06 6.75E-06
Lead water kg 1.90E-06| 1.90E-06 1.88E-06 1.89E-06
Mercury \water kg 6.15E-08 6.20E-08 6.12E-08 6.14E-08
Nickel, ion \water kg 4.05E-06 4.10E-06 4.00E-06 4.08E-06
Nitrate \water kg 1.21E-06 1.24E-06 9.40E-07 9.70E-07
Oils, unspecified \water kg 5.69E-06| 6.30E-06 4.59E-06 5.24E-06
PAH water kg 1.80E-09 2.10E-09] 1.59E-09 1.89E-09
Phosphate water kg 1.11E-04| 1.11E-04 1.10E-04| 1.10E-04
Emissions to Soil
Arsenic soil kg 1.28E-10| 1.30E-10] 5.00E-11 5.24E-11
Cadmium soil kg 7.67E-12] 8.30E-12 7.13E-12 7.78E-12
Chromium soil kg 1.71E-09 1.75E-09 7.30E-10 7.67E-10
Chromium VI soil kg 2.08E-08| 2.22E-08] 7.38E-09 8.79E-09
Lead soil kg 5.84E-11] 6.20E-11 5.38E-11 5.76E-11
Mercury soil kg 2.65E-13| 2.72E-13 2.33E-13 2.40E-13
Oils, unspecified soil 1kg 5.12E-06 5.60E-06 4.14E-06 4.67E-06
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Table 8.10 LCA results for year 2025, pessimistic developme  nt, “440 ppm-scenario”.
electricity, hard coal, at electricity, hard coal, at electricity, hard coal, at
power plant 350 MW power plant 600 MW power plant 800 MW
Total Total Total
kWh kWh kWh
Resources
Coal, brown, in ground resource _|kg 1.04E-03 1.03E-03 1.03E-03
Coal, hard, unspecified, in ground resource _|kg 4.08E-01 4.08E-01 4.08E-01
Gas, natural, in ground resource  |Nm3 2.60E-03 2.58E-03 2.58E-03
Qil, crude, in ground resource _|kg 5.28E-03 5.26E-03 5.26E-03
Uranium, in ground resource _|kg 1.92E-07 1.91E-07 1.91E-07
Freshwater (lake, river, groundwater) resource_ |m3 2.06E-03 2.06E-03 2.06E-03
Occupation, agricultural and forestal area resource |m2a 1.91E-02 1.90E-02 1.90E-02
Occupation, built up area incl. mineral extractiqresource [m2a 4.42E-03 4.41E-03 4.41E-03
Emissions to air
Ammonia air kg 2.00E-05 2.00E-05, 2.00E-05
Arsenic air kg 1.47E-08 1.45E-08 1.45E-08
Cadmium air kg 1.56E-09 1.52E-09 1.52E-09
Carbon dioxide, fossil air kg 7.36E-01 7.36E-01 7.36E-01
Carbon monoxide, fossil air kg 1.51E-04 1.50E-04 1.50E-04
Carbon-14 air kBg 3.93E-04 3.91E-04 3.91E-04
Chromium air kg 1.54E-07 1.37E-07 1.37E-07
Chromium VI air kg 4.37E-09 3.95E-09 3.95E-09
Dinitrogen monoxide air kg 3.22E-05, 3.21E-05 3.21E-05
lodine-129 air kBg 3.35E-07 3.34E-07 3.34E-07
Lead air kg 6.04E-08 5.95E-08 5.94E-08
Methane, fossil air kg 2.26E-03 2.26E-03 2.26E-03
Mercury air kg 3.29E-08 3.28E-08 3.28E-08
Nickel air kg 1.05E-07 1.05E-07 1.05E-07
Nitrogen oxides air kg 7.58E-04 7.58E-04 7.58E-04
NMVOC total air kg 5.65E-05 5.64E-05 5.64E-05
thereof:
Benzene air kg 1.93E-06 1.93E-06 1.93E-06
Benzo(a)pyrene air kg 1.19E-10, 1.15E-10, 1.15E-10
Formaldehyde air kg 4.69E-07 4.68E-07 4.68E-07
PAH air kg 1.92E-08 1.91E-08 1.91E-08
PM2.5-10 air kg 2.08E-05 2.06E-05 2.06E-05
PM2.5 air kg 4.89E-05 4.87E-05 4.87E-05
PCDD/F (measured as I-TEQ) air kg 6.67E-14 6.64E-14 6.64E-14
Radon-222 air kBg 6.24E+00 6.21E+00 6.21E+00
Sulfur dioxide air kg 5.48E-04 5.48E-04 5.48E-04
Emissions to Water
Ammonium, ion water kg 8.18E-07 8.17E-07 8.17E-07
Arsenic, ion water kg 1.23E-07 1.23E-07 1.22E-07
Cadmium, ion water kg 1.16E-08 1.14E-08 1.13E-08
Carbon-14 water kBg 1.35E-04 1.34E-04 1.34E-04
Cesium-137 water kBg 6.27E-05 6.24E-05 6.24E-05
Chromium, ion water kg 1.67E-08 1.66E-08 1.66E-08
Chromium VI water kg 2.48E-07 2.42E-07 2.42E-07
COD water kg 1.21E-04 1.20E-04 1.20E-04
Copper, ion water kg 4.71E-07 4.67E-07 4.67E-07
Lead water kg 2.00E-07 1.96E-07 1.94E-07
Mercury water kg 2.77E-09 2.74E-09 2.74E-09
Nickel, ion water kg 9.85E-07 9.23E-07 9.21E-07
Nitrate water kg 2.51E-05 2.51E-05 2.51E-05
Oils, unspecified water kg 2.30E-05 2.29E-05 2.29E-05
PAH water kg 5.07E-09 4.71E-09 4.71E-09
Phosphate water kg 2.86E-06 2.84E-06 2.84E-06
Emissions to Soil
Arsenic soil kg 6.59E-11 6.57E-11 6.57E-11
Cadmium soil kg 6.71E-12 6.63E-12 6.63E-12
Chromium soil kg 9.38E-10 9.35E-10 9.34E-10
Chromium VI soil kg 2.98E-09 2.96E-09 2.96E-09
Lead soil kg 4.93E-11 4.88E-11 4.87E-11
Mercury soil kg 5.60E-13 5.50E-13 5.50E-13
Oils, unspecified soil kg 2.34E-05 2.33E-05 2.33E-05
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Table 8.11

LCA results for year 2025, pessimistic development

, “440 ppm-scenario”.

electricity, hard coal electricity, hard coal electricity, hard coal electricity, hard coal
power plant 500MW class  |power plant 500MW class |power plant 500MW class  |power plant 500MW class
oxyf CCS, 200km & 800m  [oxyf CCS, 400km & 800m  [post CCS, 200km & 800m  |post CCS, 400km & 800m
aquifer aquifer aquifer aquifer
Total Total Total Total
kWh kWh kWh kWh
Resources
Coal, brown, in ground resource  [kg 2.48E-03 2.73E-03| 2.48E-03 2.71E-03|
Coal, hard, unspecified, in ground resource _[kg 5.19E-01 5.19E-01] 5.19E-01 5.19E-01]
| |Gas, natural, in ground resource  [Nm3 5.56E-03 6.10E-03 8.12E-03 8.60E-03
Oil, crude, in ground resource _[kg 6.90E-03 7.03E-03] 8.75E-03 8.87E-03]
Uranium, in ground resource _[kg 4.65E-07 5.13E-07] 4.66E-07 5.08E-07]
Freshwater (lake, river, groundwater) resource  |m3 2.74E-03 2.78E-03] 2.78E-03 2.81E-03]
Occupation, agricultural and forestal area resource  [m2a 2.48E-02 2.49E-02 2.51E-02 2.53E-02
Occupation, built up area incl. mineral extractiqresource _|m2a 5.67E-03 5.71E-03 5.70E-03 5.73E-03
Emissions to air
| _[Ammonia air (] .35E-0! "36E-05] .48E-04 .48E-04
Arsenic air g .00E-O! .02E-0! .06E-08 .08E-08
| [Cadmium air g .21E-0f L27E-0¢ .86E-09 .92E-09
Carbon dioxide, fossil air g 5.04E-0:. 5.25E-0: 1.46E-01 1.48E-01]
Carbon monoxide, fossil air g 2.04E-04 2.10E-04 2.09E-04 2.15E-04
Carbon-14 air Bq 9.55E-04 1.05E-03| 9.50E-04 1.04E-03|
Chromium air g 2.59E-07 2.66E-07] 2.64E-07 2.71E-07]
Chromium VI air g 7.13E-09 7.31E-09] 7.27E-09 7.43E-09]
| _|Dinitrogen monoxide air kg 4.14E-05 4.16E-05] 4.16E-05
| llodine-129 air Bq .15E-07 E-07,
| |Lead air g E-0: .50E-0! 3
Methane, fossil air ] .89E-0: .89E-0: .91E-O0:
Mercury air g 4.22E-0 4.25E-0: 4.30E-0:
Nickel air g 1.36E-07 1.37E-07] 1.48E-07|
| [Nitrogen oxides air g 6.48E-04 6.54E-04 1.00E-03|
| [NMVOC total air g 7.54E-05 7.68E-05 8.55E-05 8.67E-05
thereof:
Benzene air g .47E-06 2.48E-06 .69E-06 .70E-06
Benzo(a)pyrene air g .76E-10, .82E-10 .89E-10
Formaldehyde air g .03E-07 .18E-07 .20E-07
PAH air g .58E-0 .62E-0! .67E-08
PM2.5-10 air q B1E-0 93E-0 0 §|
PM2.5 air g .39E-0! .53E-0! .60E-05
PCDD/F (measured as I-TEQ) air g 8.83E-14 1.01E-13 1.03E-13|
| |Radon-222 air Bq 1.51E+01 1.51E+01 1.64E+01
Sulfur dioxide air g 3.78E-04 3.93E-04 3.96E-04
Ei ions to Water
|__[Ammonium, ion water g .11E-06 5.07E-06 5.08E-06
Arsenic, ion \water g .66E-07 71E-07]
L Cadmium, ion water g .76E-0: .93E-0
Carbon-14 \water Bq .28E-04 E-04
| [Cesium-137 \water Bq .52E-04 E-04
Chromium, ion water g .34E-08 .39E-08
Chromium VI water g .95E-07 4.05E-07 4.43E-07
coD water g 1.67E-04 2.59E-04 2.64E-04
Copper, ion water g 6.63E-07 6.95E-07 7.07E-07
Lead water g 2.87E-07 2.90E-07 2.94E-07]
Mercury water g 4.10E-09 9
Nickel, ion \water g .56E-06 6|
|_|Nitrate water g .37E-05 El
|__[Oils, unspecified \water g .02E-0! 5
PAH \water g .94E-0! 9)
| _|Phosphate \water (] 4.10E-0 6]
Emissions to Soil
Arsenic SOi g 1.22E-10 1.25E-10| 1.29E-10 1.31E-10|
Cadmium SOl g 9.48E-12 1.02E-11] 1.35E-11 1.41E-11]
Chromium SO g .68E-0! 1.72E-0 .93E-09 .96E-09
Chromium VI SOl g .06E-0 1.20E-0: .05E-08 .18E-08
| |Lead SOl g .90E-1. 7.32E-1. .22E-10 .25E-10
Mercury sol g .53E-1. 7.65E-1. . 76E-13 .86E-13|
Oils, unspecified SO q 3.04E-0 3.10E-05] 32E-05) 37E-05)

180



NEEDS RS la — WP 7Advanced fossil power technslogie

Table 8.12

LCA results for year 2025, pessimistic development

, “440 ppm-scenario”.

electricity, hard coal plant  |electricity, hard coal plant  [electricity, hard coal plant  |electricity, hard coal plant
500MW class oxyf CCS, 500MW class oxyf CCS, 500MW class post CCS, 500MW class post CCS,
200km & 2500m deplet 400km & 2500m deplet 200km & 2500m deplet 400km & 2500m deplet
gasfield gasfield gasfield gasfield
Total Total Total Total
kwWh kWh kWh kWh
Resources
Coal, brown, in ground resource [kg 4.82E-03 5.07E-03 4.60E-03 4.83E-03]
Coal, hard, unspecified, in ground resource [kg 5.21E-01 5.22E-01] 5.21E-01 5.22E-01]
Gas, natural, in ground resource [Nm3 1.03E-02 1.09E-02] 1.24E-02 1.29E-02]
Oil, crude, in ground resource [kg 7.14E-03 7.27E-03| 8.96E-03 9.08E-03|
Uranium, in ground resource [kg 9.11E-07 9.58E-07| 8.68E-07 9.11E-07|
Freshwater (lake, river, groundwater) resource |m3 2.96E-03 3.00E-03| 2.98E-03 3.01E-03|
Occupation, agricultural and forestal area resource |m2a 2.60E-02 2.61E-02] 2.62E-02 2.63E-02]
Occupation, built up area incl. mineral extractiqresource _[m2a 5.73E-03 5.76E-03 5.75E-03 5.78E-03
Emissions to air
Ammonia air kg 2.41E-05 2.42E-05| 2.49E-04 2.49E-04
Arsenic air kg 2.12E-08 2.15E-08| 2.17E-08 2.19E-08|
Cadmium air kg 2.61E-09 2.67E-09 3.22E-09 3.28E-09
Carbon dioxide, fossil air kg 6.45E-02 6.66E-02] 1.59E-01 1.61E-01]
Carbon monoxide, fossil air kg 2.11E-04 2.18E-04 2.16E-04 2.22E-04
Carbon-14 air kBq 1.87E-03 1.97E-03| 1.78E-03 1.87E-03|
Chromium air kg 2.65E-07 2.72E-07| 2.70E-07 2.76E-07|
Chromium VI air kg 7.28E-09 7.46E-09 7.41E-09 7.57E-09
Dinitrogen monoxide air kg 4.26E-05 4.28E-05 4.27E-05 4.28E-05
lodine-129 air kBq 1.60E-06 1.68E-06 1.52E-06 1.60E-06|
Lead air kg 8.76E-08 8.95E-08| 8.96E-08 9.13E-08|
Methane, fossil air kg 2.93E-03 2.93E-03| 2.94E-03 2.94E-03|
Mercury air kg 4.26E-08 4.28E-08 4.31E-08 4.33E-08
Nickel air kg 1.40E-07 1.41E-07 1.51E-07 1.52E-07
Nitrogen oxides air kg 6.70E-04 6.76E-04| 1.01E-03 1.02E-03|
NMVOC total air kg 8.11E-05 8.25E-05 9.06E-05 9.18E-05
thereof:
Benzene air kg 2.49E-06 2.50E-06| 2.71E-06 2.71E-06
Benzo(a)pyrene air kg 1.89E-10| 1.97E-10| 1.93E-10| 2.00E-10|
Formaldehyde air kg 6.15E-07 6.17E-07| 6.29E-07 6.31E-07|
PAH air kg 2.73E-08 2.78E-08 2.76E-08 2.80E-08|
PM2.5-10 air kg 2.87E-05 2.95E-05 2.99E-05 3.06E-05
PM2.5 air kg 6.49E-05 6.57E-05 6.62E-05 6.69E-05
PCDD/F (measured as I-TEQ) air kg 9.05E-14 9.23E-14 1.03E-13 1.05E-13|
Radon-222 air kBq 2.96E+01 3.11E+01 2.81E+01 2.95E+01
Sulfur dioxide air kg 3.92E-04 3.95E-04 4.06E-04 4.09E-04
Emissions to Water
Ammonium, ion \water kg 1.18E-06 1.19E-06 5.14E-06 5.15E-06
Arsenic, ion \water kg 1.74E-07 1.77E-07 1.75E-07 1.78E-07
Cadmium, ion \water kg 1.86E-08 2.01E-08 1.88E-08 2.02E-08
Carbon-14 \water kBq 6.44E-04 6.77E-04| 6.12E-04 6.42E-04|
Cesium-137 \water kBq 2.99E-04 3.15E-04 2.84E-04 2.99E-04
Chromium, ion \water kg 2.48E-08 2.53E-08| 2.48E-08 2.52E-08|
Chromium VI \water kg 4.46E-07 4.88E-07 4.51E-07 4.89E-07
CoD water kg 1.81E-04 1.87E-04 2.71E-04| 2.76E-04
Copper, ion \water kg 7.01E-07 7.15E-07 7.29E-07 7.41E-07
Lead water kg 3.04E-07 3.09E-07| 3.06E-07 3.10E-07|
Mercury \water kg 4.42E-09 4.69E-09 4.50E-09 4.75E-09
Nickel, ion \water kg 1.61E-06 1.70E-06 1.64E-06 1.72E-06
Nitrate water kg 3.41E-05 3.41E-05| 4.52E-05 4.52E-05
Qils, unspecified \water kg 3.13E-05 3.20E-05 3.41E-05 3.47E-05
PAH water kg 8.16E-09 8.47E-09 8.49E-09 8.77E-09|
Phosphate \water kg 4.62E-06 4.82E-06 7.60E-06 7.78E-06
Emissions to Soil
Arsenic soil kg 2.03E-10 2.05E-10| 2.02E-10 2.04E-10|
Cadmium soil kg 1.01E-11 1.08E-11] 1.40E-11 1.46E-11]
Chromium soil kg 2.69E-09 2.73E-09 2.84E-09 2.88E-09
Chromium VI soil kg 2.43E-08 2.57E-08 2.29E-08 2.42E-08|
Lead soil kg 7.62E-11 8.04E-11] 1.28E-10 1.32E-10|
Mercury soil kg 8.29E-13 8.40E-13| 9.44E-13 9.55E-13|
Oils, unspecified soil kg 3.15E-05 3.20E-05 3.42E-05 3.46E-05
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Table 8.13 LCA results for year 2025, pessimistic development  , “440 ppm-scenario”.
electricity, lignite power electricity, lignite power
plant 800 MW class post plant 800 MW class post
CCS, 200km & 800m CCS, 400km & 800m electricity, lignite, at
aquifer aquifer power plant 950 MW
Total Total Total
kWh kWh kWh
Resources
Coal, brown, in ground resource _|kg 1.11E+00| 1.11E+00| 8.71E-01
Coal, hard, unspecified, in ground resource _|kg 3.56E-03 4.00E-03 1.23E-03
Gas, natural, in ground resource  |Nm3 7.91E-03 8.48E-03 1.76E-03
Qil, crude, in ground resource _|kg 3.45E-03 3.59E-03 8.26E-04
Uranium, in ground resource _|kg 4.22E-07 4.72E-07 1.27E-07
Freshwater (lake, river, groundwater) resource_ |m3 5.85E-03 5.88E-03 4.44E-03
Occupation, agricultural and forestal area resource |m2a 2.57E-03 2.71E-03 1.03E-03
Occupation, built up area incl. mineral extractiqresource [m2a 1.48E-03 1.52E-03 1.06E-03
Emissions to air
Ammonia air kg 2.40E-04 2.40E-04 5.08E-06
Arsenic air kg 1.26E-08 1.29E-08 8.21E-09
Cadmium air kg 2.52E-09 2.59E-09 1.12E-09
Carbon dioxide, fossil air kg 1.42E-01 1.44E-01 8.43E-01
Carbon monoxide, fossil air kg 2.50E-04 2.57E-04 1.77E-04
Carbon-14 air kBg 8.61E-04 9.64E-04 2.60E-04
Chromium air kg 9.11E-08 9.88E-08 4.06E-08
Chromium VI air kg 2.42E-09 2.61E-09 1.14E-09
Dinitrogen monoxide air kg 2.67E-05 2.68E-05 2.02E-05
lodine-129 air kBg 7.37E-07 8.25E-07 2.22E-07
Lead air kg 2.99E-08 3.19E-08 1.51E-08
Methane, fossil air kg 3.31E-04 3.36E-04 2.25E-04
Mercury air kg 2.48E-08 2.51E-08 1.85E-08
Nickel air kg 3.44E-08 3.54E-08 1.43E-08
Nitrogen oxides air kg 8.88E-04 8.94E-04 6.69E-04
NMVOC total air kg 4.34E-05 4.48E-05] 2.13E-05
thereof:
Benzene air kg 2.42E-06 2.42E-06 1.68E-06
Benzo(a)pyrene air kg 1.17E-10 1.25E-10, 5.83E-11
Formaldehyde air kg 6.24E-07 6.26E-07 4.69E-07
PAH air kg 1.59E-08 1.64E-08 1.06E-08
PM2.5-10 air kg 1.68E-05 1.77E-05 1.02E-05
PM2.5 air kg 7.71E-05 7.79E-05 5.79E-05
PCDD/F (measured as I-TEQ) air kg 9.45E-14 9.64E-14 5.98E-14
Radon-222 air kBg 1.36E+01 1.53E+01 4.11E+00
Sulfur dioxide air kg 1.45E-04 1.48E-04 1.25E-04
Emissions to Water
Ammonium, ion water kg 4.78E-06 4.79E-06 4.54E-08
Arsenic, ion water kg 1.08E-06 1.08E-06 8.41E-07
Cadmium, ion water kg 3.77E-08 3.93E-08 2.59E-08
Carbon-14 water kBg 2.96E-04 3.32E-04 8.91E-05
Cesium-137 water kBg 1.38E-04 1.54E-04 4.15E-05
Chromium, ion water kg 2.87E-09 3.34E-09 1.00E-09
Chromium VI water kg 9.48E-07 9.93E-07 6.42E-07
COD water kg 1.56E-04 1.62E-04 2.94E-05
Copper, ion water kg 1.21E-06 1.22E-06 8.84E-07
Lead water kg 1.14E-06 1.15E-06 8.73E-07
Mercury water kg 6.99E-09 7.28E-09 4.84E-09
Nickel, ion water kg 2.23E-06 2.32E-06 1.52E-06
Nitrate water kg 1.31E-05 1.32E-05 1.43E-07
Oils, unspecified water kg 9.61E-06 1.03E-05 3.86E-06
PAH water kg 3.01E-09 3.33E-09 1.27E-09
Phosphate water kg 4.10E-05 4.12E-05 2.94E-05
Emissions to Soil
Arsenic soil kg 7.07E-11 7.33E-11 1.36E-11
Cadmium soil kg 1.13E-11 1.20E-11 3.83E-12
Chromium soil kg 1.16E-09 1.20E-09 2.25E-10
Chromium VI soil kg 8.75E-09 1.03E-08 6.56E-10
Lead soil kg 1.03E-10 1.07E-10 2.52E-11
Mercury soil kg 2.82E-13 2.94E-13 7.73E-14
Oils, unspecified soil kg 8.72E-06 9.29E-06 3.56E-06
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Table 8.14 LCA results for year 2025, pessimistic development  , “440 ppm-scenario”.
electricity, lignite plant 800 |electricity, lignite power electricity, lignite power
MW class post CCS, plant 800 MW class oxyf plant 800 MW class oxyf
400km & 2500m depl. CCS, 200km & 800m CCS, 400km & 800m
gasfield aquifer aquifer
Total Total Total
kWh kWh kWh
Resources
Coal, brown, in ground resource _|kg 1.12E+00 1.11E+00| 1.11E+00
Coal, hard, unspecified, in ground resource _|kg 6.71E-03 3.47E-03 8.45E-03
Gas, natural, in ground resource  |Nm3 1.35E-02 4.82E-03 9.43E-03
Qil, crude, in ground resource _|kg 3.84E-03 1.28E-03 4.35E-02
Uranium, in ground resource _|kg 9.45E-07 4.22E-07 6.85E-07
Freshwater (lake, river, groundwater) resource_ |m3 6.11E-03 5.81E-03 6.41E-03
Occupation, agricultural and forestal area resource |m2a 3.95E-03 2.15E-03 3.08E-03
Occupation, built up area incl. mineral extractiqresource [m2a 1.57E-03 1.45E-03 3.18E-03
Emissions to air
Ammonia air kg 2.40E-04 2.96E-06 4.99E-06
Arsenic air kg 1.42E-08 1.19E-08 1.90E-08
Cadmium air kg 3.01E-09 1.71E-09 6.54E-09
Carbon dioxide, fossil air kg 1.59E-01 3.05E-02 1.59E-01
Carbon monoxide, fossil air kg 2.66E-04 2.45E-04 6.12E-04
Carbon-14 air kBg 1.94E-03 8.68E-04 1.38E-03
Chromium air kg 1.05E-07 8.44E-08 1.20E-07
Chromium VI air kg 2.77E-09 2.26E-09 2.90E-09
Dinitrogen monoxide air kg 2.81E-05 2.64E-05 3.18E-05
lodine-129 air kBg 1.66E-06 7.43E-07 1.15E-06
Lead air kg 3.66E-08 2.70E-08 1.06E-07
Methane, fossil air kg 3.79E-04 3.12E-04 4.53E-04
Mercury air kg 2.54E-08 2.42E-08 2.99E-08
Nickel air kg 4.03E-08 1.98E-08 6.55E-08
Nitrogen oxides air kg 9.18E-04 3.21E-04 9.13E-04
NMVOC total air kg 5.08E-05 3.16E-05 3.42E-04
thereof:
Benzene air kg 2.44E-06 2.16E-06 6.01E-06
Benzo(a)pyrene air kg 1.39E-10 1.11E-10 5.24E-10
Formaldehyde air kg 6.39E-07 6.05E-07 6.36E-07
PAH air kg 1.80E-08 1.54E-08 3.13E-08
PM2.5-10 air kg 1.83E-05 1.54E-05 3.85E-05
PM2.5 air kg 7.90E-05 7.55E-05 1.11E-04
PCDD/F (measured as I-TEQ) air kg 9.87E-14 8.15E-14 1.25E-13
Radon-222 air kBg 3.06E+01 1.37E+01 2.21E+01
Sulfur dioxide air kg 1.63E-04 1.26E-04 3.16E-04
Emissions to Water
Ammonium, ion water kg 4.87E-06 1.06E-07 4.24E-07
Arsenic, ion water kg 1.09E-06 1.08E-06 1.13E-06
Cadmium, ion water kg 4.04E-08 3.74E-08 7.49E-08
Carbon-14 water kBg 6.67E-04 2.99E-04 4.61E-04
Cesium-137 water kBg 3.10E-04 1.39E-04 2.16E-04
Chromium, ion water kg 4.91E-09 2.70E-09 2.61E-08
Chromium VI water kg 1.05E-06 9.38E-07 1.72E-06
COD water kg 1.76E-04 5.23E-05 6.47E-04
Copper, ion water kg 1.26E-06 1.17E-06 1.49E-06
Lead water kg 1.17E-06 1.14E-06 1.25E-06
Mercury water kg 7.61E-09 6.86E-09 1.15E-08
Nickel, ion water kg 2.37E-06 2.19E-06 2.98E-06
Nitrate water kg 1.35E-05 3.75E-07 2.02E-06
Oils, unspecified water kg 1.15E-05 6.17E-06 1.70E-04
PAH water kg 3.57E-09 2.59E-09 1.80E-08
Phosphate water kg 4.17E-05 3.79E-05 4.09E-05
Emissions to Soil
Arsenic soil kg 1.59E-10 6.25E-11 5.17E-10
Cadmium soil kg 1.26E-11 6.56E-12 1.49E-09
Chromium soil kg 2.27E-09 8.58E-10 2.18E-08
Chromium VI soil kg 2.49E-08 8.85E-09 1.70E-08
Lead soil kg 1.15E-10 4.07E-11 7.89E-09
Mercury soil kg 3.74E-13 1.47E-13 1.07E-12
Oils, unspecified soil kg 1.04E-05 5.38E-06 1.73E-04
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Table 8.15 LCA results for year 2025, pessimistic development  , “440 ppm-scenario”.
electricity, lignite plant 800 |electricity, lignite plant 800 [electricity, lignite plant 800
MW class oxyf CCS, MW class oxyf CCS, MW class post CCS,
200km & 2500m depl. 400km & 2500m depl. 200km & 2500m depl.
gasfield gasfield gasfield
Total Total Total
kWh kWh kWh
Resources
Coal, brown, in ground resource _|kg 1.12E+00 1.12E+00 1.11E+00
Coal, hard, unspecified, in ground resource _|kg 6.47E-03 6.96E-03 6.27E-03
Gas, natural, in ground resource  |Nm3 1.04E-02 1.10E-02 1.30E-02
Qil, crude, in ground resource _|kg 1.56E-03 1.71E-03 3.70E-03
Uranium, in ground resource _|kg 9.46E-07 1.00E-06 8.95E-07
Freshwater (lake, river, groundwater) resource_ |m3 6.06E-03 6.10E-03 6.08E-03
Occupation, agricultural and forestal area resource |m2a 3.52E-03 3.68E-03 3.80E-03
Occupation, built up area incl. mineral extractiqresource [m2a 1.51E-03 1.56E-03 1.54E-03
Emissions to air
Ammonia air kg 3.66E-06 3.79E-06 2.40E-04
Arsenic air kg 1.34E-08 1.37E-08 1.39E-08
Cadmium air kg 2.18E-09 2.25E-09 2.95E-09
Carbon dioxide, fossil air kg 4.71E-02 4.95E-02 1.57E-01
Carbon monoxide, fossil air kg 2.54E-04 2.62E-04 2.58E-04
Carbon-14 air kBg 1.95E-03 2.06E-03 1.83E-03
Chromium air kg 9.14E-08 9.99E-08 9.75E-08
Chromium VI air kg 2.43E-09 2.64E-09 2.58E-09
Dinitrogen monoxide air kg 2.79E-05 2.80E-05 2.79E-05
lodine-129 air kBg 1.67E-06 1.76E-06 1.57E-06
Lead air kg 3.22E-08 3.44E-08 3.47E-08
Methane, fossil air kg 3.59E-04 3.65E-04 3.73E-04
Mercury air kg 2.46E-08 2.49E-08 2.52E-08
Nickel air kg 2.51E-08 2.63E-08 3.92E-08
Nitrogen oxides air kg 3.46E-04 3.54E-04 9.11E-04
NMVOC total air kg 3.82E-05 3.99E-05 4.94E-05
thereof:
Benzene air kg 2.18E-06 2.19E-06 2.44E-06
Benzo(a)pyrene air kg 1.26E-10 1.36E-10 1.30E-10
Formaldehyde air kg 6.19E-07 6.22E-07 6.36E-07
PAH air kg 1.71E-08 1.77E-08 1.75E-08
PM2.5-10 air kg 1.62E-05 1.71E-05 1.75E-05
PM2.5 air kg 7.67E-05 7.76E-05 7.82E-05
PCDD/F (measured as I-TEQ) air kg 8.41E-14 8.62E-14 9.68E-14
Radon-222 air kBg 3.08E+01 3.26E+01 2.90E+01
Sulfur dioxide air kg 1.44E-04 1.47E-04 1.61E-04
Emissions to Water
Ammonium, ion water kg 1.95E-07 2.07E-07 4.86E-06
Arsenic, ion water kg 1.09E-06 1.09E-06 1.09E-06
Cadmium, ion water kg 3.86E-08 4.04E-08 3.88E-08
Carbon-14 water kBg 6.70E-04 7.10E-04 6.32E-04
Cesium-137 water kBg 3.11E-04 3.30E-04 2.94E-04
Chromium, ion water kg 4.44E-09 4.96E-09 4.45E-09
Chromium VI water kg 9.98E-07 1.05E-06 1.00E-06
COD water kg 6.86E-05 7.55E-05 1.70E-04
Copper, ion water kg 1.22E-06 1.23E-06 1.25E-06
Lead water kg 1.16E-06 1.17E-06 1.16E-06
Mercury water kg 7.23E-09 7.55E-09 7.33E-09
Nickel, ion water kg 2.25E-06 2.35E-06 2.28E-06
Nitrate water kg 7.54E-07 8.00E-07 1.35E-05
Oils, unspecified water kg 7.51E-06 8.30E-06 1.08E-05
PAH water kg 2.86E-09 3.22E-09 3.24E-09
Phosphate water kg 3.85E-05 3.88E-05 4.15E-05
Emissions to Soil
Arsenic soil kg 1.57E-10 1.60E-10 1.56E-10
Cadmium soil kg 7.27E-12 8.06E-12 1.19E-11
Chromium soil kg 2.05E-09 2.09E-09 2.23E-09
Chromium VI soil kg 2.50E-08 2.67E-08 2.33E-08
Lead soil kg 4.91E-11 5.40E-11 1.10E-10
Mercury soil kg 2.36E-13 2.50E-13 3.62E-13
Oils, unspecified soil kg 6.58E-06 7.22E-06 9.80E-06
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Table 8.16 LCA results for year 2025, pessimistic development  , “440 ppm-scenario”.
electricity, hard coal, at IGCC electricity, lignite, at IGCC power
power plant 450MW plant 450MW

Total Total

kwWh kwh

Resources

Coal, brown, in ground resource |kg 8.56E-04 4.33E-01
Coal, hard, unspecified, in ground resource |kg 3.39E-01 1.03E-03
Gas, natural, in ground resource |[Nm3 2.00E-03 9.10E-04
Qil, crude, in ground resource |kg 4.23E-03 1.06E-03
Uranium, in ground resource  [kg 1.62E-07 7.95E-08
Freshwater (lake, river, groundwater) resource |m3 6.10E-04; 1.61E-03
Occupation, agricultural and forestal area resource |m2a 1.58E-02 5.02E-04
Occupation, built up area incl. mineral extractiqresource |m2a 3.86E-03 1.03E-03

Emissions to air

Ammonia air kg 1.44E-05 6.36E-07
Arsenic air kg 6.43E-08 6.53E-09
Cadmium air kg 1.58E-09 1.13E-09
Carbon dioxide, fossil air kg 6.54E-01 7.93E-01
Carbon monoxide, fossil air kg 1.30E-04 8.53E-05
Carbon-14 air kBq 3.31E-04; 1.62E-04
Chromium air kg 4.36E-08 3.54E-08
Chromium VI air kg 1.41E-09 9.65E-10
Dinitrogen monoxide air kg 2.76E-05 2.53E-05
lodine-129 air kBqg 2.82E-07 1.36E-07
Lead air kg 4.21E-08 1.39E-08
Methane, fossil air kg 1.88E-03 1.25E-04
Mercury air kg 2.04E-08 1.15E-08
Nickel air kg 8.31E-08 9.80E-09
Nitrogen oxides air kg 4.28E-04 4.06E-04
NMVOC total air kg 4.89E-05 2.12E-05
thereof:
Benzene air kg 1.22E-06 1.02E-06
Benzo(a)pyrene air kg 9.50E-11 4.15E-11
Formaldehyde air kg 2.85E-07 2.80E-07
PAH air kg 5.54E-08 4.77E-08
PM2.5-10 air kg 1.37E-05 3.45E-06
PM2.5 air kg 9.63E-06 2.74E-06
PCDD/F (measured as I-TEQ) air kg 5.11E-14; 4.80E-14
Radon-222 air kBq 5.26E+00 2.58E+00
Sulfur dioxide air kg 3.62E-04/ 5.89E-04
Emissions to Water
Ammonium, ion water kg 3.64E-07 5.93E-08
Arsenic, ion \water kg 8.27E-08 1.33E-06
Cadmium, ion water kg 1.24E-08 8.21E-08
Carbon-14 water kBq 1.13E-04 5.44E-05
Cesium-137 water kBq 5.27E-05 2.54E-05
Chromium, ion water kg 2.10E-09 9.18E-10
Chromium VI water kg 7.31E-07 8.48E-06
COoD water kg 2.21E-04/ 1.90E-03
Copper, ion water kg 1.30E-06 6.14E-06
Lead water kg 3.31E-07 1.71E-06
Mercury water kg 4.96E-09 5.56E-08
Nickel, ion \water kg 5.99E-07 3.57E-06
Nitrate water kg 1.25E-06 7.37E-07
Qils, unspecified water kg 1.87E-05 3.30E-06
PAH water kg 2.51E-09 1.12E-09
Phosphate water kg 7.16E-06 1.00E-04
Emissions to Soil
Arsenic soil kg 5.30E-11 1.14E-11
Cadmium soil kg 6.55E-12 5.88E-12
Chromium soil kg 7.77E-10 2.30E-10
Chromium VI soil kg 2.59E-09 7.31E-10
Lead soil kg 5.24E-11 4.51E-11
Mercury soil kg 5.82E-13 2.02E-13
Oils, unspecified soil kg 1.89E-05 3.02E-06

185



D 7.2 Final report on technical data, costs, arfé kycle inventories of advanced fossil
power generation systems

Table 8.17 LCA results for year 2025, pessimistic development  , “440 ppm-scenario”.
electricity, hard coal IGCC |electricity, hard coal IGCC [electricity, hard coal IGCC |electricity, hard coal IGCC
plant 400MW, CCS, 200km |plant 400MW, CCS, 400km |power plant 400MW, CCS, |power plant 400MW, CCS,
& 2500m depleted gasfield |& 2500m depleted gasfield |200km & 800m aquifer 400km & 800m aquifer
Total Total Total Total
kwWh kWh kWh kWh
Resources
Coal, brown, in ground resource [kg 3.76E-03 3.96E-03 1.89E-03 2.08E-03
Coal, hard, unspecified, in ground resource [kg 3.86E-01 3.86E-01] 3.84E-01 3.84E-01]
Gas, natural, in ground resource [Nm3 7.94E-03 8.37E-03| 4.14E-03 4.57E-03
Oil, crude, in ground resource [kg 5.12E-03 5.23E-03| 4.93E-03 5.04E-03|
Uranium, in ground resource [kg 7.13E-07 7.51E-07| 3.57E-07 3.95E-07|
Freshwater (lake, river, groundwater) resource |m3 9.56E-04 9.82E-04 7.81E-04 8.07E-04
Occupation, agricultural and forestal area resource |m2a 1.92E-02 1.93E-02] 1.83E-02 1.84E-02]
Occupation, built up area incl. mineral extractiqresource _[m2a 4.41E-03 4.44E-03] 4.37E-03 4.40E-03|
Emissions to air
Ammonia air kg 1.70E-05 1.71E-05| 1.65E-05 1.66E-05|
Arsenic air kg 8.14E-08 8.16E-08| 8.04E-08 8.06E-08|
Cadmium air kg 2.21E-09 2.26E-09 1.89E-09 1.94E-09
Carbon dioxide, fossil air kg 1.22E-01 1.24E-01] 1.11E-01 1.12E-01]
Carbon monoxide, fossil air kg 1.67E-04| 1.72E-04 1.61E-04| 1.66E-04
Carbon-14 air kBq 1.47E-03 1.54E-03| 7.33E-04 8.11E-04|
Chromium air kg 6.10E-08 6.67E-08| 5.62E-08 6.20E-08|
Chromium VI air kg 1.92E-09 2.06E-09 1.80E-09 1.94E-09
Dinitrogen monoxide air kg 3.59E-05 3.60E-05 3.50E-05 3.51E-05
lodine-129 air kBq 1.25E-06 1.32E-06 6.26E-07 6.93E-07|
Lead air kg 5.64E-08 5.79E-08| 5.28E-08 5.43E-08|
Methane, fossil air kg 2.17E-03 2.18E-03| 2.14E-03 2.15E-03|
Mercury air kg 2.59E-08 2.61E-08| 2.56E-08 2.58E-08|
Nickel air kg 1.00E-07 1.01E-07 9.68E-08 9.76E-08
Nitrogen oxides air kg 5.31E-04 5.36E-04 5.14E-04 5.19E-04
NMVOC total air kg 6.43E-05 6.54E-05 5.98E-05 6.09E-05|
thereof:
Benzene air kg 1.54E-06 1.54E-06 1.52E-06 1.52E-06
Benzo(a)pyrene air kg 1.25E-10] 1.31E-10| 1.15E-10| 1.21E-10|
Formaldehyde air kg 3.70E-07 3.72E-07| 3.60E-07 3.62E-07|
PAH air kg 7.03E-08 7.07E-08| 6.91E-08 6.95E-08|
PM2.5-10 air kg 1.67E-05 1.74E-05 1.62E-05 1.69E-05
PM2.5 air kg 1.25E-05 1.31E-05 1.17E-05 1.23E-05
PCDD/F (measured as I-TEQ) air kg 6.53E-14 6.67E-14 6.35E-14 6.49E-14
Radon-222 air kBq 2.32E+01 2.44E+01 1.16E+01 1.28E+01
Sulfur dioxide air kg 4.50E-04 4.53E-04 4.39E-04 4.41E-04
Emissions to Water
Ammonium, ion \water kg 5.01E-07 5.09E-07 4.41E-07 4.49E-07|
Arsenic, ion \water kg 1.03E-07 1.05E-07 9.63E-08 9.86E-08
Cadmium, ion water kg 1.60E-08 1.72E-08 1.52E-08 1.64E-08
Carbon-14 \water kBq 5.04E-04 5.31E-04 2.52E-04 2.78E-04
Cesium-137 \water kBq 2.34E-04 2.47E-04| 1.17E-04| 1.30E-04
Chromium, ion \water kg 4.35E-09 4.70E-09 3.16E-09 3.51E-09
Chromium VI \water kg 9.02E-07 9.36E-07| 8.62E-07 8.95E-07|
CoD \water kg 2.67E-04] 2.72E-04 2.56E-04| 2.60E-04
Copper, ion \water kg 1.50E-06 1.51E-06 1.47E-06 1.48E-06
Lead water kg 3.89E-07 3.93E-07| 3.75E-07 3.79E-07|
Mercury \water kg 6.08E-09 6.29E-09 5.83E-09 6.04E-09
Nickel, ion \water kg 7.89E-07 8.56E-07 7.46E-07 8.14E-07
Nitrate water kg 1.78E-06 1.82E-06 1.53E-06 1.56E-06|
Qils, unspecified water kg 2.28E-05 2.33E-05 2.19E-05 2.24E-05
PAH water kg 3.29E-09 3.54E-09 3.11E-09 3.36E-09
Phosphate water kg 8.70E-06 8.86E-06 8.29E-06 8.46E-06
Emissions to Soil
Arsenic soil kg 1.55E-10] 1.57E-10| 9.08E-11 9.28E-11]
Cadmium soil kg 8.48E-12 9.02E-12| 8.00E-12 8.54E-12|
Chromium soil kg 2.08E-09 2.11E-09| 1.27E-09 1.30E-09
Chromium VI soil kg 1.92E-08 2.04E-08| 8.29E-09 9.45E-09
Lead soil kg 6.96E-11 7.29E-11] 6.39E-11 6.72E-11]
Mercury soil kg 7.47E-13 7.56E-13| 6.86E-13 6.96E-13|
Oils, unspecified soil kg 2.28E-05 2.33E-05] 2.20E-05 2.25E-05
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Table 8.18 LCA results for year 2025, pessimistic development  , “440 ppm-scenario”.
electricity, lignite IGCC electricity, lignite IGCC electricity, lignite IGCC electricity, lignite IGCC
plant 400MW, CCS, 200km |plant 400MW, CCS, 400km |power plant 400MW, CCS, [power plant 400MW, CCS,
Total Total Total Total
kWh kWh kWh kWh
Resources
Coal, brown, in ground resource |kg 4.95E-01] 5.00E-01 4.92E-01 4.95E-01
Coal, hard, unspecified, in ground resource |kg 5.09E-03 5.50E-03! 2.54E-03 5.09E-03
Gas, natural, in ground resource  |[Nm3 8.17E-03| 8.70E-03 3.42E-03 8.17E-03
Qil, crude, in ground resource |kg 1.66E-03| 1.79E-03] 1.42E-03 1.66E-03
Uranium, in ground resource |kg 7.55E-07| 8.00E-07 3.09E-07 7.55E-07
Freshwater (lake, river, groundwater) resource |m3 2.16E-03| 2.20E-03] 1.94E-03 2.16E-03
Occupation, agricultural and forestal area resource |m2a 2.32E-03| 2.46E-03 1.15E-03 2.32E-03
Occupation, built up area incl. mineral extractigresource _[m2a 1.25E-03 1.28E-03 1.19E-03 1.25E-03
Emissions to air
Ammonia air kg 1.64E-06 1.76E-06 1.05E-06 1.64E-06
Arsenic air kg 9.55E-09 9.80E-09 8.30E-09 9.55E-09
Cadmium air kg 1.82E-09 1.88E-09] 1.42E-09 1.82E-09
Carbon dioxide, fossil air kg 1.31E-01 1.34E-01 1.17E-01 1.31E-01
Carbon monoxide, fossil air kg 1.22E-04 1.29E-04 1.15E-04 1.22E-04
Carbon-14 air kBq 1.55E-03| 1.65E-03] 6.34E-04 1.55E-03
Chromium air kg 5.46E-08 6.20E-08] 4.87E-08 5.46E-08
Chromium VI air kg 1.46E-09 1.64E-09 1.31E-09 1.46E-09
Dinitrogen monoxide air kg 3.39E-05 3.40E-05 3.27E-05 3.39E-05
lodine-129 air kBq 1.33E-06 1.41E-06] 5.40E-07 1.33E-06
Lead air kg 2.32E-08 2.51E-08 1.87E-08 2.32E-08
Methane, fossil air kg 2.03E-04 2.09E-04 1.64E-04 2.03E-04
Mercury air kg 1.51E-08| 1.53E-08] 1.47E-08 1.51E-08
Nickel air kg 1.80E-08 1.90E-08 1.35E-08 1.80E-08
Nitrogen oxides air kg 5.47E-04 5.50E-04] 5.25E-04 5.47E-04
NMVOC total air kg 3.52E-05 3.70E-05 2.95E-05 3.52E-05
thereof:
Benzene air kg 1.34E-06 1.34E-06 1.32E-06 1.34E-06
Benzo(a)pyrene air kg 6.97E-11] 7.80E-11] 5.72E-11 6.97E-11
Formaldehyde air kg 3.71E-07| 3.70E-07 3.60E-07 3.71E-07
PAH air kg 6.26E-08 6.30E-08] 6.12E-08 6.26E-08
PM2.5-10 air kg 5.47E-06 6.30E-06 4.84E-06 5.47E-06
PM2.5 air kg 5.17E-06| 5.90E-06 4.17E-06 5.17E-06
PCDD/F (measured as I-TEQ) air kg 6.30E-14| 6.50E-14 6.09E-14 6.30E-14
Radon-222 air kBq 2.45E+01 2.61E+01 1.00E+01 2.45E+01
Sulfur dioxide air kg 7.67E-04] 7.70E-04/ 7.52E-04 7.67E-04
Emissions to Water
Ammonium, ion \water kg 1.81E-07| 1.91E-07| 1.06E-07 1.81E-07
Arsenic, ion \water kg 1.50E-06| 1.50E-06 1.49E-06 1.50E-06
Cadmium, ion \water kg 9.45E-08 9.60E-08! 9.40E-08 9.45E-08
Carbon-14 water kBq 5.33E-04| 5.70E-04 2.17E-04 5.33E-04
Cesium-137 \water kBq 2.48E-04 2.63E-04 1.01E-04| 2.48E-04
Chromium, ion \water kg 3.52E-09| 4.00E-09 2.03E-09 3.52E-09
Chromium VI \water kg 9.59E-06 9.60E-06 9.50E-06 9.59E-06
CcoD water kg 2.15E-03| 2.15E-03] 2.13E-03 2.15E-03
Copper, ion \water kg 6.92E-06 6.90E-06 6.89E-06 6.92E-06
Lead water kg 1.94E-06| 1.95E-06 1.92E-06 1.94E-06
Mercury \water kg 6.28E-08 6.30E-08 6.25E-08 6.28E-08
Nickel, ion \water kg 4.14E-06 4.20E-06 4.09E-06 4.14E-06
Nitrate \water kg 1.31E-06 1.35E-06 9.90E-07 1.31E-06
Oils, unspecified \water kg 5.89E-06| 6.60E-06 4.75E-06 5.89E-06
PAH water kg 1.85E-09 2.16E-09 1.63E-09 1.85E-09
Phosphate water kg 1.13E-04] 1.13E-04/ 1.12E-04| 1.13E-04
Emissions to Soil
Arsenic soil kg 1.32E-10| 1.35E-10] 5.17E-11 1.32E-10
Cadmium soil kg 8.03E-12| 8.70E-12 7.43E-12 8.03E-12
Chromium soil kg 1.77E-09 1.81E-09 7.56E-10 1.77E-09
Chromium VI soil kg 2.13E-08 2.27E-08] 7.56E-09 2.13E-08
Lead soil kg 6.43E-11 6.80E-11 5.72E-11 6.43E-11
Mercury soil kg 3.42E-13| 3.50E-13 2.66E-13 3.42E-13
Oils, unspecified soil 1kg 5.30E-06 5.80E-06 4.28E-06 5.30E-06
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Table 8.19 LCA results for year 2025, very optimistic devel ~ opment, “440 ppm-scenario”.
electricity, hard coal, at electricity, hard coal, at electricity, hard coal, at
power plant 350 MW power plant 600 MW power plant 800 MW
Total Total Total
kWh kWh kWh
Resources
Coal, brown, in ground resource _|kg 1.85E-04 1.83E-04 1.83E-04
Coal, hard, unspecified, in ground resource _|kg 3.68E-01 3.68E-01 3.68E-01
Gas, natural, in ground resource  |Nm3 2.39E-03 2.37E-03 2.37E-03
Qil, crude, in ground resource _|kg 4.75E-03 4.73E-03 4.73E-03
Uranium, in ground resource _|kg 9.52E-09 9.40E-09 9.36E-09
Freshwater (lake, river, groundwater) resource_ |m3 1.81E-03 1.81E-03 1.81E-03
Occupation, agricultural and forestal area resource |m2a 1.74E-02 1.74E-02 1.74E-02
Occupation, built up area incl. mineral extractiqresource [m2a 3.99E-03 3.98E-03 3.98E-03
Emissions to air
Ammonia air kg 1.81E-05 1.81E-05, 1.81E-05
Arsenic air kg 1.23E-08 1.22E-08 1.22E-08
Cadmium air kg 1.23E-09 1.21E-09 1.20E-09
Carbon dioxide, fossil air kg 6.65E-01 6.65E-01 6.65E-01
Carbon monoxide, fossil air kg 1.32E-04 1.32E-04 1.32E-04
Carbon-14 air kBg 1.77E-05 1.75E-05 1.74E-05
Chromium air kg 1.53E-07 1.36E-07 1.36E-07
Chromium VI air kg 4.31E-09 3.89E-09 3.88E-09
Dinitrogen monoxide air kg 2.91E-05 2.91E-05 2.91E-05
lodine-129 air kBg 1.33E-08 1.31E-08 1.31E-08
Lead air kg 4.89E-08 4.84E-08 4.84E-08
Methane, fossil air kg 2.04E-03 2.04E-03 2.04E-03
Mercury air kg 2.97E-08 2.97E-08 2.97E-08
Nickel air kg 9.28E-08 9.26E-08 9.26E-08
Nitrogen oxides air kg 6.84E-04 6.83E-04 6.83E-04
NMVOC total air kg 5.11E-05 5.10E-05 5.09E-05
thereof:
Benzene air kg 1.75E-06 1.75E-06 1.75E-06
Benzo(a)pyrene air kg 8.42E-11 8.11E-11 8.12E-11
Formaldehyde air kg 4.24E-07 4.23E-07 4.23E-07
PAH air kg 1.71E-08 1.70E-08 1.70E-08
PM2.5-10 air kg 1.87E-05 1.85E-05 1.85E-05
PM2.5 air kg 4.40E-05 4.38E-05] 4.38E-05
PCDD/F (measured as I-TEQ) air kg 5.69E-14 5.67E-14 5.67E-14
Radon-222 air kBg 3.06E-01 3.02E-01 3.01E-01
Sulfur dioxide air kg 4.93E-04 4.93E-04 4.93E-04
Emissions to Water
Ammonium, ion water kg 7.43E-07 7.42E-07 7.42E-07
Arsenic, ion water kg 1.10E-07 1.09E-07 1.09E-07
Cadmium, ion water kg 1.06E-08 1.03E-08 1.03E-08
Carbon-14 water kBg 5.17E-06 5.11E-06 5.09E-06
Cesium-137 water kBg 2.53E-06 2.49E-06 2.49E-06
Chromium, ion water kg 1.47E-08 1.46E-08 1.46E-08
Chromium VI water kg 2.20E-07 2.14E-07 2.14E-07
COD water kg 1.07E-04 1.06E-04 1.05E-04
Copper, ion water kg 4.23E-07 4.19E-07 4.18E-07
Lead water kg 1.79E-07 1.75E-07 1.73E-07
Mercury water kg 2.46E-09 2.44E-09 2.43E-09
Nickel, ion water kg 9.40E-07 8.78E-07 8.76E-07
Nitrate water kg 2.28E-05 2.28E-05 2.28E-05
Oils, unspecified water kg 2.07E-05 2.06E-05 2.06E-05
PAH water kg 4.87E-09 4.52E-09 4.51E-09
Phosphate water kg 2.48E-06 2.46E-06 2.46E-06
Emissions to Soil
Arsenic soil kg 5.99E-11 5.96E-11 5.96E-11
Cadmium soil kg 7.04E-12 6.87E-12 6.86E-12
Chromium soil kg 8.62E-10 8.57E-10 8.57E-10
Chromium VI soil kg 2.70E-09 2.68E-09 2.68E-09
Lead soil kg 5.55E-11 5.45E-11 5.45E-11
Mercury soil kg 6.42E-13 6.40E-13 6.40E-13
Oils, unspecified soil kg 2.10E-05 2.10E-05 2.10E-05
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LCA results for year 2025, very optimistic devel

opment, “440 ppm-scenario”.

electricity, hard coal plant  |electricity, hard coal plant  [electricity, hard coal plant  |electricity, hard coal plant
500MW class oxyf CCS, 500MW class oxyf CCS, 500MW class post CCS, 500MW class post CCS,
200km & 2500m deplet 400km & 2500m deplet 200km & 2500m deplet 400km & 2500m deplet
gasfield gasfield gasfield gasfield
Total Total Total Total
kWh kWh kWh kWh
Resources
Coal, brown, in ground resource  [kg 6.89E-04 7.23E-04 6.57E-04 6.87E-04
Coal, hard, unspecified, in ground resource _[kg 4.40E-01 4.40E-01 4.30E-01 4.30E-01
| |Gas, natural, in ground resource  [Nm3 8.88E-03 9.34E-03 1.04E-02 1.08E-02
Oil, crude, in ground resource _[kg 5.97E-03 6.08E-03| 7.36E-03 7.45E-03]
Uranium, in ground resource _[kg 1.23E-08 1.25E-08| 1.49E-08 1.51E-08|
Freshwater (lake, river, groundwater) resource  |m3 2.25E-03 2.27E-03] 2.23E-03 2.24E-03]
Occupation, agricultural and forestal area resource  [m2a 2.29E-02 2.31E-02 2.26E-02 2.27E-02
Occupation, built up area incl. mineral extractiqresource _|m2a 4.85E-03 4.88E-03 4.76E-03 4.78E-03]
Emissions to air
| _[Ammonia air g 2.08E-0! 2.09E-05| 2.44E-04 2.44E-04|
Arsenic air g 1.60E-0 1.62E-0: 1.60E-08 1.61E-08|
| [Cadmium air g 1.82E-0 1.86E-0¢ 2.25E-09 2.29E-09
Carbon dioxide, fossil air g 5.38E-0:. 5.55E-0: 1.31E-01 1.33E-01]
Carbon monoxide, fossil air g 1.70E-04 1.74E-04 1.70E-04 1.74E-04
Carbon-14 air Bq 2.24E-05 2.28E-05 2.37E-05 2.40E-05
Chromium air g L49E-07 2.55E-07] 47E-07 2.53E-07]
Chromium VI air g . 78E-09 6.93E-09 . 73E-09 .86E-09
| _|Dinitrogen monoxide air kg .61E-05)| 3.62E-05] .54E-05)|
| llodine-129 air Bq .67E-0: 1.70E-0:
| |Lead air g .41E-0: 6.49E-0: .
Methane, fossil air ] . 46E-0: 2.46E-0: . 41E-0:
Mercury air g .58E -0 3.59E-0¢ .54E-0! .56E-0!
Nickel air g 1.14E-07 1.15E-07 1.20E-07 1.21E-07
| [Nitrogen oxides air g 5.73E-04 5.78E-04 8.31E-04 8.36E-04
| [NMVOC total air g 6.85E-05 6.97E-05| 7.48E-05 7.59E-05
thereof:
Benzene air g 2.10E-06 2.10E-06| 2.23E-06 2.23E-06
Benzo(a)pyrene air g 1.28E-10 1.28E-10] 1.33E-10|
Formaldehyde air g 5.16E-07 5.16E-07 5.18E-07]
PAH air g .25E-0 .23E-0! .26E-08
PM2.5-10 air g .42E-0! 46E-0! .52E-05
PM2.5 air g .43E-0! . .42E-0! .47E-05
PCDD/F (measured as I-TEQ) air g 7.10E-14 7.17E-14 8.19E-14 8.25E-14]
| |Radon-222 air Bq 3.87E-01 3.94E-01 4.09E-01 4.16E-01]
Sulfur dioxide air g 3.41E-04 3.43E-04 3.47E-04 3.49E-04
Ei ions to Water
|__[Ammonium, ion water g -06)| 4.24E-06 4.25E-06
Arsenic, ion \water g 41E-07| .37E-07
L Cadmium, ion water g . -0 .55E-0:
Carbon-14 \water Bq 6.62E-0 E-Of
| [Cesium-137 \water Bq 3.23E-0 .38E-0! -0
Chromium, ion water g 1.92E-0: 1.86E-0 1.89E-0¢
Chromium VI water g 3.75E-07] 3.41E-07 3.70E-07]
coD water g 1.46E-04 2.19E-04 2.23E-04
Copper, ion water g 5.75E-07 5.76E-07 5.85E-07
Lead water g 2.42E-07] 2.36E-07 2.39E-07]
Mercury water g 7E-09 .47E-09 .66E-09
Nickel, ion \water g .51E-06 .43E-06
|_|Nitrate water g .90 E—0§| . 78E-05
|__[Oils, unspecified \water g .68E-05)
PAH \water g 7E-09
| _|Phosphate \water (] 3.51E-06 6.42E-06
Emissions to Soil
Arsenic SOi g 1.71E-10| 1.74E-10| 1.67E-10| 1.69E-10|
Cadmium SOl g 1.08E-11 1.15E-11] 137E-11 1.43E-11]
Chromium SO g .31E-09 .34E-09 .39E-09 .42E-09
Chromium VI SOl g .05E-08 .17E-08 .89E-08 .00E-08
| |Lead SOl g .05E-10 .10E-10 44E-10| 49E-10
Mercury sol g .31E-12 .35E-12] .36E-12 .40E-12]
Oils, unspecified sol g .63E-05 .67E-05 .80E-05 .84,—0&'—;'
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Table 8.21

LCA results for year 2025, very optimistic devel

opment, “440 ppm-scenario”.

electricity, hard coal electricity, hard coal electricity, hard coal electricity, hard coal
power plant 500MW class  |power plant 500MW class |power plant 500MW class  |power plant 500MW class
oxyf CCS, 200km & 800m  [oxyf CCS, 400km & 800m  [post CCS, 200km & 800m  |post CCS, 400km & 800m
aquifer aquifer aquifer aquifer
Total Total Total Total
kWh kWh kWh kWh
Resources
Coal, brown, in ground resource  [kg 3.74E-04 4.08E-04 3.78E-04 4.08E-04
Coal, hard, unspecified, in ground resource _[kg 4.37E-01 4.38E-01 4.28E-01 4.28E-01
| |Gas, natural, in ground resource  [Nm3 4.79E-03 5.25E-03 6.79E-03 7.20E-03
Oil, crude, in ground resource _[kg 5.79E-03 5.89E-03| 7.20E-03 7.29E-03]
Uranium, in ground resource _[kg 1.18E-08 1.20E-08| 1.45E-08 1.47E-08|
Freshwater (lake, river, groundwater) resource  |m3 2.19E-03 2.20E-03| 2.17E-03 2.19E-03|
Occupation, agricultural and forestal area resource  [m2a 2.14E-02 2.16E-02 2.13E-02 2.14E-02
Occupation, built up area incl. mineral extractiqresource _|m2a 4.79E-03 4.82E-03] 4.71E-03 4.74E-03]
Emissions to air
| _[Ammonia air g 2.01E-0! 2.02E-05| 2.43E-04 2.43E-04|
Arsenic air g 1.53E-0 1.54E-0: 1.53E-08 1.54E-08|
| [Cadmium air g 1.58E-0 1.62E-0¢ 2.04E-09 2.07E-09
Carbon dioxide, fossil air g 4.21E-0. 4.38E-0. 1.21E-01 1.22E-01]
Carbon monoxide, fossil air g 1.65E-04 1.70E-04 1.65E-04 1.69E-04
Carbon-14 air Bq 2.18E-05 2.22E-05 2.31E-05 2.35E-05
Chromium air g 2.47E-07| .40E-07 2.46E-07|
Chromium VI air g 6.73E-09] .55E-09 .68E-09
| _|Dinitrogen monoxide air kg 3.51E-05] . 44E-05)| .45E-05
| llodine-129 air Bq 1.65E-0: . 7T4E-0:i
| |Lead air g 6.18E-0: .11E-0:
Methane, fossil air ] 2.43E-0: .38E-0: . 3|
Mercury air g 3.56E-0¢ .52E-0: .53E-0!
Nickel air g 1.11E-07 1.18E-07 1.18E-07
| [Nitrogen oxides air g 5.61E-04 8.17E-04 8.21E-04
| [NMVOC total air g 6.36E-05 6.48E-05 7.05E-05 7.15E-05
thereof:
Benzene air g 2.08E-06 2.22E-06 2.22E-06
Benzo(a)pyrene air g 1.18E-10 1.19E-10| 1.24E-10|
Formaldehyde air g 5.08E-07 5.08E-07 5.10E-07]
PAH air g . 14E-0! .13E-0! .16E-08
PM2.5-10 air g .36E-0! .41E-0!
PM2.5 air g .34E-0! .34E-0!
PCDD/F (measured as I-TEQ) air g 6.92E-14 8.03E-14 8.09E-14]
| |Radon-222 air Bq 3.76E-01 4.00E-01 4.06E-01
Sulfur dioxide air g 3.30E-04 3.38E-04 3.40E-04
Ei ions to Water
|__[Ammonium, ion water g -07| 4.18E-06 4.19E-06]
Arsenic, ion \water g -07 .37E-07]
L Cadmium, ion water g . .60E-0!
Carbon-14 \water Bq 6.4 .86E-0!
| [Cesium-137 \water Bq 3.14E- .35E-0!
Chromium, ion water g 1.8 1.86E-0¢
Chromium VI water g 3.5 3.20E-07 3.50E-07]
CcobD water g 1.35E-04 1.3 2.14E-04| 2.17E-04
Copper, ion water g 5.47E-07 5.57 5.61E-07 5.70E-07
Lead water g 2.34E-07 2.371 2.32E-07 2.35E-07]
Mercury water g .33E-09 .54 .36E-09 .54E-09
Nickel, ion \water g .39E-06 .46 .39E-06
|_|Nitrate water g .85E-05 .85 . 74E-05
|__[Oils, unspecified \water g .54E-0! .59 . 73E-0!
PAH water g .15E-0! 42| .29E-0!
| _|Phosphate \water (] 3.20E-0 3.34 6.15E-0 6.28E-06
Emissions to Soil
Arsenic SOi g 1.04E-10| 1.06E-10| 1.07E-10 1.09E-10|
Cadmium SOl g 9.75E-12 1.04E-11] 1.28E-11 1.34E-11]
Chromium SO g 44E-09 48E-0! .62E-09 .65E-09
Chromium VI SO g .92E-0! -0 .69E-09 .77E-09
| |Lead SOl g . 13E-1. -1 .24E-10| .28E-10|
Mercury sol g .48E-1. -1 .04E-12 .07E-12]
Oils, unspecified sol g .55E-0! -0';'7| . 73E-05 77| ,-OETI
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Table 8.22 LCA results for year 2025, very optimistic devel ~ opment, “440 ppm-scenario”.
electricity, lignite power electricity, lignite power
plant 800 MW class post plant 800 MW class post
CCS, 200km & 800m CCS, 400km & 800m electricity, lignite, at
aquifer aquifer power plant 950 MW
Total Total Total
kWh kWh kWh
Resources
Coal, brown, in ground resource _|kg 9.09E-01 9.09E-01 7.87E-01
Coal, hard, unspecified, in ground resource _|kg 3.26E-03 3.65E-03 1.22E-03
Gas, natural, in ground resource  |Nm3 6.59E-03 7.07E-03 1.62E-03
Qil, crude, in ground resource _|kg 2.85E-03 2.96E-03 7.46E-04
Uranium, in ground resource _|kg 9.11E-09 9.36E-09 4.42E-09
Freshwater (lake, river, groundwater) resource_ |m3 4.69E-03 4.70E-03 3.98E-03
Occupation, agricultural and forestal area resource |m2a 2.63E-03 2.81E-03 1.12E-03
Occupation, built up area incl. mineral extractiqresource [m2a 1.23E-03 1.26E-03 9.64E-04
Emissions to air
Ammonia air kg 2.38E-04 2.38E-04 4.66E-06
Arsenic air kg 8.82E-09 8.95E-09 6.58E-09
Cadmium air kg 1.64E-09 1.68E-09 7.64E-10
Carbon dioxide, fossil air kg 1.18E-01 1.19E-01 7.62E-01
Carbon monoxide, fossil air kg 2.00E-04 2.05E-04 1.57E-04
Carbon-14 air kBg 1.23E-05 1.27E-05 8.07E-06
Chromium air kg 8.35E-08 9.01E-08 4.09E-08
Chromium VI air kg 2.20E-09 2.36E-09 1.14E-09
Dinitrogen monoxide air kg 2.20E-05, 2.22E-05 1.83E-05
lodine-129 air kBg 9.58E-09 9.89E-09 6.34E-09
Lead air kg 1.71E-08 1.80E-08 9.74E-09
Methane, fossil air kg 2.65E-04 2.69E-04 2.02E-04
Mercury air kg 2.04E-08 2.06E-08 1.67E-08
Nickel air kg 2.49E-08 2.56E-08 1.11E-08
Nitrogen oxides air kg 7.28E-04 7.34E-04 6.04E-04
NMVOC total air kg 3.59E-05 3.71E-05 1.93E-05
thereof:
Benzene air kg 1.99E-06 1.99E-06 1.52E-06
Benzo(a)pyrene air kg 8.29E-11 8.93E-11 4.57E-11
Formaldehyde air kg 5.13E-07 5.15E-07 4.25E-07
PAH air kg 1.28E-08 1.32E-08 9.44E-09
PM2.5-10 air kg 1.40E-05 1.48E-05 9.37E-06
PM2.5 air kg 6.32E-05 6.39E-05 5.22E-05
PCDD/F (measured as I-TEQ) air kg 7.48E-14 7.55E-14 5.15E-14
Radon-222 air kBg 2.15E-01 2.23E-01 1.42E-01
Sulfur dioxide air kg 1.34E-04 1.36E-04 1.12E-04
Emissions to Water
Ammonium, ion water kg 3.94E-06 3.95E-06 4.42E-08
Arsenic, ion water kg 8.87E-07 8.89E-07 7.59E-07
Cadmium, ion water kg 3.15E-08 3.28E-08 2.37E-08
Carbon-14 water kBg 3.73E-06 3.85E-06 2.47E-06
Cesium-137 water kBg 1.82E-06 1.88E-06 1.20E-06
Chromium, ion water kg 1.55E-09 1.82E-09 6.55E-10
Chromium VI water kg 7.76E-07 8.10E-07 5.82E-07
COD water kg 1.29E-04 1.34E-04 2.53E-05
Copper, ion water kg 9.86E-07 9.97E-07 7.97E-07
Lead water kg 9.36E-07 9.39E-07 7.88E-07
Mercury water kg 5.70E-09 5.92E-09 4.37E-09
Nickel, ion water kg 1.87E-06 1.95E-06 1.39E-06
Nitrate water kg 1.13E-05 1.14E-05 1.83E-07
Oils, unspecified water kg 7.98E-06 8.55E-06 3.52E-06
PAH water kg 2.68E-09 2.95E-09 1.25E-09
Phosphate water kg 3.40E-05 3.42E-05 2.65E-05
Emissions to Soil
Arsenic soil kg 5.89E-11 6.11E-11 1.26E-11
Cadmium soil kg 1.05E-11 1.12E-11 4.00E-12
Chromium soil kg 9.77E-10 1.01E-09 2.13E-10
Chromium VI soil kg 7.25E-09 8.51E-09 6.09E-10
Lead soil kg 1.04E-10 1.10E-10 2.97E-11
Mercury soil kg 5.19E-13 5.63E-13 1.61E-13
Oils, unspecified soil kg 7.19E-06 7.64E-06 3.22E-06
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Table 8.23 LCA results for year 2025, very optimistic deve  lopment, “440 ppm-scenario”.
electricity, lignite plant 800 |electricity, lignite power electricity, lignite power
MW class post CCS, plant 800 MW class oxyf plant 800 MW class oxyf
400km & 2500m depl. CCS, 200km & 800m CCS, 400km & 800m
gasfield aquifer aquifer
Total Total Total
kWh kWh kWh
Resources
Coal, brown, in ground resource _|kg 9.10E-01 9.30E-01 9.30E-01
Coal, hard, unspecified, in ground resource _|kg 6.27E-03 3.26E-03 3.71E-03
Gas, natural, in ground resource  |Nm3 1.13E-02 4.16E-03 4.69E-03
Qil, crude, in ground resource _|kg 3.15E-03 1.07E-03 1.20E-03
Uranium, in ground resource _|kg 9.84E-09 5.74E-09 6.02E-09
Freshwater (lake, river, groundwater) resource_ |m3 4.77E-03 4.76E-03 4.78E-03
Occupation, agricultural and forestal area resource |m2a 4.38E-03 2.34E-03 2.54E-03
Occupation, built up area incl. mineral extractiqresource [m2a 1.32E-03 1.23E-03 1.27E-03
Emissions to air
Ammonia air kg 2.39E-04 2.80E-06 2.94E-06
Arsenic air kg 9.78E-09 8.58E-09 8.73E-09
Cadmium air kg 1.93E-09 1.04E-09 1.08E-09
Carbon dioxide, fossil air kg 1.32E-01 2.55E-02 2.75E-02
Carbon monoxide, fossil air kg 2.10E-04 2.01E-04 2.06E-04
Carbon-14 air kBg 1.33E-05 1.03E-05 1.08E-05
Chromium air kg 9.85E-08 7.96E-08 8.71E-08
Chromium VI air kg 2.57E-09 2.11E-09 2.29E-09
Dinitrogen monoxide air kg 2.33E-05, 2.24E-05 2.25E-05
lodine-129 air kBg 1.04E-08 7.83E-09 8.19E-09
Lead air kg 2.12E-08 1.55E-08 1.65E-08
Methane, fossil air kg 2.99E-04 2.57E-04 2.62E-04
Mercury air kg 2.09E-08 2.04E-08 2.06E-08
Nickel air kg 2.87E-08 1.36E-08 1.43E-08
Nitrogen oxides air kg 7.51E-04 2.84E-04 2.90E-04
NMVOC total air kg 4.22E-05 2.68E-05 2.82E-05
thereof:
Benzene air kg 2.01E-06 1.82E-06 1.82E-06
Benzo(a)pyrene air kg 1.00E-10, 8.09E-11 8.80E-11
Formaldehyde air kg 5.24E-07 5.10E-07 5.12E-07
PAH air kg 1.44E-08 1.27E-08 1.31E-08
PM2.5-10 air kg 1.54E-05 1.32E-05 1.40E-05
PM2.5 air kg 6.48E-05 6.33E-05 6.40E-05
PCDD/F (measured as I-TEQ) air kg 7.73E-14 6.35E-14 6.43E-14
Radon-222 air kBg 2.34E-01 1.80E-01 1.88E-01
Sulfur dioxide air kg 1.47E-04 1.19E-04 1.22E-04
Emissions to Water
Ammonium, ion water kg 4.03E-06 9.93E-08 1.10E-07
Arsenic, ion water kg 8.92E-07 9.05E-07 9.08E-07
Cadmium, ion water kg 3.36E-08 3.19E-08 3.34E-08
Carbon-14 water kBg 4.05E-06 3.05E-06 3.19E-06
Cesium-137 water kBg 1.97E-06 1.49E-06 1.56E-06
Chromium, ion water kg 2.11E-09 1.42E-09 1.73E-09
Chromium VI water kg 8.34E-07 7.84E-07 8.23E-07
COD water kg 1.41E-04 3.96E-05 4.46E-05
Copper, ion water kg 1.01E-06 9.77E-07 9.89E-07
Lead water kg 9.44E-07 9.54E-07 9.58E-07
Mercury water kg 6.06E-09 5.71E-09 5.96E-09
Nickel, ion water kg 2.00E-06 1.88E-06 1.96E-06
Nitrate water kg 1.19E-05 4.85E-07 5.45E-07
Oils, unspecified water kg 9.47E-06 5.22E-06 5.87E-06
PAH water kg 3.21E-09 2.39E-09 2.70E-09
Phosphate water kg 3.44E-05 3.17E-05 3.19E-05
Emissions to Soil
Arsenic soil kg 1.31E-10 5.31E-11 5.56E-11
Cadmium soil kg 1.22E-11 6.73E-12 7.51E-12
Chromium soil kg 1.91E-09 7.44E-10 7.85E-10
Chromium VI soil kg 2.05E-08 7.47E-09 8.90E-09
Lead soil kg 1.34E-10 5.37E-11 6.02E-11
Mercury soil kg 9.40E-13 4.08E-13 4.58E-13
Oils, unspecified soil kg 8.43E-06 4.49E-06 5.01E-06
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Table 8.24 LCA results for year 2025, very optimistic deve  lopment, “440 ppm-scenario”.
electricity, lignite plant 800 |electricity, lignite plant 800 [electricity, lignite plant 800
MW class oxyf CCS, MW class oxyf CCS, MW class post CCS,
200km & 2500m depl. 400km & 2500m depl. 200km & 2500m depl.
gasfield gasfield gasfield
Total Total Total
kWh kWh kWh
Resources
Coal, brown, in ground resource _|kg 9.31E-01 9.31E-01 9.10E-01
Coal, hard, unspecified, in ground resource _|kg 6.22E-03 6.67E-03 5.88E-03
Gas, natural, in ground resource  |Nm3 8.96E-03 9.50E-03 1.08E-02
Qil, crude, in ground resource _|kg 1.28E-03 1.41E-03 3.04E-03
Uranium, in ground resource _|kg 6.28E-09 6.56E-09 9.59E-09
Freshwater (lake, river, groundwater) resource_ |m3 4.84E-03 4.85E-03 4.76E-03
Occupation, agricultural and forestal area resource |m2a 4.11E-03 4.32E-03 4.20E-03
Occupation, built up area incl. mineral extractiqresource [m2a 1.30E-03 1.33E-03 1.28E-03
Emissions to air
Ammonia air kg 3.61E-06 3.74E-06 2.39E-04
Arsenic air kg 9.52E-09 9.66E-09 9.65E-09
Cadmium air kg 1.32E-09 1.37E-09 1.89E-09
Carbon dioxide, fossil air kg 3.92E-02 4.12E-02 1.30E-01
Carbon monoxide, fossil air kg 2.06E-04 2.12E-04 2.05E-04
Carbon-14 air kBg 1.10E-05 1.15E-05 1.29E-05
Chromium air kg 8.90E-08 9.65E-08 9.18E-08
Chromium VI air kg 2.35E-09 2.53E-09 2.41E-09
Dinitrogen monoxide air kg 2.37E-05 2.38E-05 2.32E-05
lodine-129 air kBg 8.40E-09 8.75E-09 1.01E-08
Lead air kg 1.92E-08 2.02E-08 2.03E-08
Methane, fossil air kg 2.91E-04 2.95E-04 2.94E-04
Mercury air kg 2.07E-08 2.09E-08 2.08E-08
Nickel air kg 1.71E-08 1.78E-08 2.81E-08
Nitrogen oxides air kg 3.04E-04 3.10E-04 7.46E-04
NMVOC total air kg 3.25E-05 3.39E-05 4.09E-05
thereof:
Benzene air kg 1.84E-06 1.84E-06 2.00E-06
Benzo(a)pyrene air kg 9.32E-11 1.00E-10, 9.38E-11
Formaldehyde air kg 5.20E-07 5.22E-07 5.22E-07
PAH air kg 1.41E-08 1.45E-08 1.40E-08
PM2.5-10 air kg 1.40E-05 1.48E-05 1.47E-05
PM2.5 air kg 6.44E-05 6.51E-05 6.41E-05
PCDD/F (measured as I-TEQ) air kg 6.56E-14 6.64E-14 7.66E-14
Radon-222 air kBg 1.93E-01 2.01E-01 2.27E-01
Sulfur dioxide air kg 1.32E-04 1.34E-04 1.45E-04
Emissions to Water
Ammonium, ion water kg 1.87E-07 1.98E-07 4.02E-06
Arsenic, ion water kg 9.08E-07 9.11E-07 8.90E-07
Cadmium, ion water kg 3.28E-08 3.43E-08 3.23E-08
Carbon-14 water kBg 3.27E-06 3.41E-06 3.93E-06
Cesium-137 water kBg 1.60E-06 1.66E-06 1.91E-06
Chromium, ion water kg 1.74E-09 2.05E-09 1.83E-09
Chromium VI water kg 8.11E-07 8.50E-07 7.99E-07
COD water kg 4.74E-05 5.24E-05 1.36E-04
Copper, ion water kg 9.97E-07 1.01E-06 1.00E-06
Lead water kg 9.59E-07 9.63E-07 9.41E-07
Mercury water kg 5.87E-09 6.12E-09 5.84E-09
Nickel, ion water kg 1.94E-06 2.02E-06 1.93E-06
Nitrate water kg 1.01E-06 1.07E-06 1.18E-05
Oils, unspecified water kg 6.26E-06 6.90E-06 8.90E-06
PAH water kg 2.68E-09 2.99E-09 2.93E-09
Phosphate water kg 3.19E-05 3.21E-05 3.42E-05
Emissions to Soil
Arsenic soil kg 1.33E-10 1.35E-10 1.29E-10
Cadmium soil kg 7.94E-12 8.72E-12 1.15E-11
Chromium soil kg 1.76E-09 1.80E-09 1.88E-09
Chromium VI soil kg 2.10E-08 2.25E-08 1.92E-08
Lead soil kg 8.10E-11 8.75E-11 1.28E-10
Mercury soil kg 8.35E-13 8.84E-13 8.96E-13
Oils, unspecified soil kg 5.38E-06 5.90E-06 7.97E-06
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Table 8.25 LCA results for year 2025, very optimistic deve  lopment, “440 ppm-scenario”.

electricity, hard coal, at IGCC electricity, lignite, at IGCC power
power plant 450MW plant 450MW
Total Total
kWh kWh
Resources
Coal, brown, in ground resource |kg 1.54E-04 4.17E-01
Coal, hard, unspecified, in ground resource |kg 3.27E-01 7.56E-04
Gas, natural, in ground resource  |[Nm3 1.97E-03 8.15E-04
Qil, crude, in ground resource |kg 4.05E-03 5.15E-04
Uranium, in ground resource |kg 8.90E-09 3.54E-09
Freshwater (lake, river, groundwater) resource |m3 5.41E-04 1.50E-03
Occupation, agricultural and forestal area resource [m2a 1.54E-02 5.38E-04
Occupation, built up area incl. mineral extractiqresource |m2a 3.73E-03 7.22E-04
Emissions to air
Ammonia air kg 1.39E-05 4.56E-07
Arsenic air kg 5.87E-08 5.69E-08
Cadmium air kg 1.15E-09 8.51E-10
Carbon dioxide, fossil air kg 6.30E-01 6.13E-01
Carbon monoxide, fossil air kg 1.21E-04 6.54E-05
Carbon-14 air kBq 1.66E-05 6.44E-06
Chromium air kg 4.36E-08 3.61E-08
Chromium VI air kg 1.39E-09 1.17E-09
Dinitrogen monoxide air kg 2.67E-05 2.55E-05
lodine-129 air kBq 1.22E-08 4.72E-09
Lead air kg 3.41E-08 2.97E-08
Methane, fossil air kg 1.81E-03 1.15E-04
Mercury air kg 1.89E-08 1.82E-08
Nickel air kg 7.72E-08 1.53E-08
Nitrogen oxides air kg 4.11E-04 1.64E-04
NMVOC total air kg 4.68E-05 1.75E-05
thereof:
Benzene air kg 1.14E-06 9.42E-07
Benzo(a)pyrene air kg 7.00E-11 2.80E-11
Formaldehyde air kg 2.65E-07 2.60E-07
PAH air kg 5.15E-08 4.42E-08
PM2.5-10 air kg 1.32E-05 2.42E-06
PM2.5 air kg 9.05E-06 1.94E-06
PCDD/F (measured as I-TEQ) air kg 4.44E-14 3.92E-14
Radon-222 air kBq 2.84E-01 1.11E-01
Sulfur dioxide air kg 3.47E-04 1.91E-04
Emissions to Water
Ammonium, ion water kg 3.54E-07 5.43E-08
Arsenic, ion water kg 7.82E-08 6.93E-08
Cadmium, ion water kg 1.19E-08 8.74E-09
Carbon-14 water kBq 4.73E-06 1.84E-06
Cesium-137 water kBq 2.31E-06 8.99E-07
Chromium, ion water kg 1.64E-09 5.81E-10
Chromium VI water kg 6.98E-07 6.16E-07
COoD water kg 2.10E-04 1.56E-04
Copper, ion water kg 1.25E-06 1.22E-06
Lead water kg 3.16E-07 3.07E-07
Mercury water kg 4.73E-09 4.34E-09
Nickel, ion water kg 5.83E-07 4.63E-07
Nitrate water kg 1.27E-06 7.06E-07
Oils, unspecified water kg 1.80E-05 2.27E-06
PAH water kg 2.45E-09 9.49E-10
Phosphate water kg 6.80E-06 6.44E-06
Emissions to Soil
Arsenic soil kg 5.12E-11 7.79E-12
Cadmium soil kg 6.65E-12 3.60E-12
Chromium soil kg 7.55E-10 1.60E-10
Chromium VI soil kg 2.50E-09 5.34E-10
Lead soil kg 5.78E-11 3.43E-11
Mercury soil kg 6.80E-13 2.37E-13
Qils, unspecified soil kg 1.82E-05 2.10E-06
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Table 8.26 LCA results for year 2025, very optimistic deve  lopment, “440 ppm-scenario”.
electricity, hard coal IGCC |electricity, hard coal IGCC |electricity, hard coal IGCC |electricity, hard coal IGCC
plant 400MW, CCS, 200km |plant 400MW, CCS, 400km |power plant 400MW, CCS, [power plant 400MW, CCS,
& 2500m depleted gasfield |& 2500m depleted gasfield |200km & 800m aquifer 400km & 800m aquifer
Total Total Total Total
kWh kwh kWh kWh
Resources
Coal, brown, in ground resource |kg 5.98E-04 6.29E-04 3.13E-04 3.44E-04
Coal, hard, unspecified, in ground resource |kg 3.71E-01 3.71E-01 3.68E-01 3.69E-01
Gas, natural, in ground resource  [Nm3 7.76E-03 8.17E-03] 4.05E-03 4.46E-03
Qil, crude, in ground resource |kg 4.86E-03 4.96E-03 4.69E-03 4.79E-03
Uranium, in ground resource [kg 1.06E-08| 1.09E-08] 1.02E-08| 1.04E-08
Freshwater (lake, river, groundwater) resource |m3 6.99E-04| 7.13E-04 6.42E-04 6.55E-04
Occupation, agricultural and forestal area resource |m2a 1.94E-02] 1.95E-02] 1.80E-02 1.81E-02
Occupation, built up area incl. mineral extractiqresource |m2a 4.25E-03 4.28E-03 4.20E-03 4.23E-03
Emissions to air
Ammonia air k 1.66E-05 1.67E-05 1.60E-05 1.61E-05
Arsenic air kg 7.36E-08| 7.37E-08 7.29E-08 7.30E-08
Cadmium air kg 1.61E-09| 1.65E-09] 1.39E-09 1.43E-09
Carbon dioxide, fossil air kg 1.16E-01 1.18E-01 1.05E-01 1.07E-01
Carbon monoxide, fossil air kg 1.52E-04 1.56E-04 1.48E-04 1.52E-04
Carbon-14 air kBq 1.95E-05 1.98E-05] 1.89E-05 1.93E-05
Chromium air kg 6.44E-08| 7.02E-08] 5.71E-08 6.29E-08
Chromium VI air kg 1.98E-09 2.12E-09 1.80E-09 1.94E-09
Dinitrogen monoxide air kg 3.45E-05 3.46E-05 3.35E-05 3.36E-05
lodine-129 air kBq 1.43E-08 1.46E-08] 1.39E-08 1.42E-08
Lead air kg 4.54E-08 4.62E-08 4.26E-08 4.34E-08
Methane, fossil air kg 2.08E-03 2.08E-03! 2.05E-03 2.05E-03
Mercury air kg 2.39E-08| 2.41E-08 2.36E-08 2.38E-08
Nickel air kg 9.19E-08| 9.25E-08 8.92E-08 8.97E-08
Nitrogen oxides air kg 5.05E-04 5.09E-04] 4.90E-04 4.94E-04|
NMVOC total air kg 6.13E-05 6.24E-05] 5.69E-05 5.80E-05
thereof:
Benzene air kg 1.42E-06| 1.42E-06] 1.41E-06 1.41E-06
Benzo(a)pyrene air kg 9.56E-11] 1.01E-10] 8.61E-11 9.16E-11
Formaldehyde air kg 3.40E-07| 3.41E-07 3.32E-07 3.33E-07
PAH air kg 6.48E-08| 6.51E-08 6.37E-08 6.40E-08
PM2.5-10 air kg 1.61E-05 1.67E-05 1.56E-05 1.62E-05
PM2.5 air kg 1.17E-05 1.23E-05 1.09E-05 1.15E-05
PCDD/F (measured as I-TEQ) air kg 5.62E-14| 5.68E-14| 5.45E-14 5.51E-14
Radon-222 air kBq 3.35E-01] 3.42E-01 3.25E-01 3.32E-01
Sulfur dioxide air 1kg 4.26E-04 4.28E-04 4.17E-04 4.18E-04|
Emissions to Water
Ammonium, ion \water kg 5.00E-07| 5.08E-07| 4.32E-07 4.40E-07
Arsenic, ion \water kg 9.13E-08| 9.30E-08 8.89E-08 9.07E-08
Cadmium, ion \water kg 1.52E-08| 1.63E-08] 1.45E-08 1.57E-08
Carbon-14 water kBq 5.59E-06 5.69E-06 5.42E-06 5.52E-06
Cesium-137 water kBqg 2.73E-06 2.78E-06 2.65E-06 2.70E-06
Chromium, ion \water kg 2.41E-09| 2.65E-09 2.16E-09 2.40E-09
Chromium VI water kg 8.31E-07| 8.61E-07 8.10E-07 8.41E-07
CoD \water kg 2.46E-04 2.50E-04/ 2.40E-04| 2.44E-04|
Copper, ion \water kg 1.41E-06| 1.42E-06] 1.40E-06 1.41E-06
Lead water kg 3.56E-07| 3.59E-07 3.52E-07 3.55E-07
Mercury \water kg 5.60E-09 5.79E-09 5.48E-09 5.67E-09
Nickel, ion water kg 7.69E-07| 8.34E-07 7.24E-07 7.89E-07
Nitrate \water kg 2.03E-06 2.08E-06 1.62E-06 1.67E-06
Oils, unspecified water kg 2.17E-05 2.22E-05] 2.09E-05 2.14E-05
PAH \water kg 3.27E-09 3.51E-09 3.05E-09 3.29E-09
Phosphate water kg 7.87E-06 8.00E-06 7.72E-06 7.85E-06
Emissions to Soil
Arsenic soil kg 1.49E-10| 1.50E-10 8.71E-11 8.90E-11
Cadmium soil kg 9.26E-12| 9.87E-12 8.32E-12 8.93E-12
Chromium soil kg 2.01E-09| 2.05E-09 1.23E-09 1.26E-09
Chromium VI soil kg 1.84E-08 1.95E-08 7.94E-09 9.04E-09
Lead soil kg 9.83E-11 1.03E-10 7.72E-11 8.23E-11
Mercury soil kg 1.25E-12] 1.29E-12 9.26E-13 9.64E-13
Oils, unspecified soil 1kg 2.17E-05] 2.21E-05] 2.10E-05 2.14E-05
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Table 8.27

LCA results for year 2025, very optimistic deve

lopment, “440 ppm-scenario”.

electricity, lignite IGCC
plant 400MW, CCS, 200km

electricity, lignite IGCC
plant 400MW, CCS, 400km

electricity, lignite IGCC
power plant 400MW, CCS,

electricity, lignite IGCC
power plant 400MW, CCS,

Total Total Total Total
kwWh kWh kWh kWh
Resources
Coal, brown, in ground resource [kg 4.71E-01 4.71E-01 4.70E-01 4.70E-01
Coal, hard, unspecified, in ground resource [kg 5.42E-03 5.85E-03| 2.56E-03 2.99E-03|
Gas, natural, in ground resource  [Nm3 7.97E-03 8.48E-03 3.33E-03 3.85E-03
Oil, crude, in ground resource  [kg 1.47E-03 1.59E-03| 1.26E-03 1.39E-03|
Uranium, in ground resource [kg 1.26E-08 1.29E-08| 1.21E-08 1.24E-08|
Freshwater (lake, river, groundwater) resource |m3 1.84E-03 1.86E-03| 1.77E-03 1.79E-03|
Occupation, agricultural and forestal area resource [m2a 3.21E-03 3.40E-03 1.50E-03 1.69E-03|
Occupation, built up area incl. mineral extractiqresource _|m2a 1.22E-03 1.25E-03 1.16E-03 1.19E-03
Emissions to air
Ammonia air kg 1.92E-06 2.05E-06| 1.14E-06 1.28E-06
Arsenic air kg 7.25E-09 7.39E-09 6.35E-09 6.49E-09
Cadmium air kg 1.19E-09 1.24E-09 9.20E-10 9.63E-10|
Carbon dioxide, fossil air kg 1.24E-01 1.26E-01 1.11E-01 1.13E-01
Carbon monoxide, fossil air kg 1.09E-04 1.14E-04 1.04E-04 1.09E-04
Carbon-14 air kBq 2.30E-05 2.35E-05 2.24E-05 2.28E-05
Chromium air kg 5.87E-08 6.59E-08| 4.96E-08 5.68E-08|
Chromium VI air kg 1.56E-09 1.73E-09 1.33E-09 1.50E-09
Dinitrogen monoxide air kg 3.25E-05 3.27E-05 3.12E-05 3.14E-05
lodine-129 air kBq 1.68E-08 1.71E-08 1.62E-08 1.66E-08
Lead air kg 1.57E-08 1.67E-08 1.22E-08 1.32E-08
Methane, fossil air kg 1.84E-04| 1.88E-04 1.51E-04 1.56E-04
Mercury air kg 1.39E-08 1.41E-08| 1.36E-08 1.38E-08|
Nickel air kg 1.31E-08 1.38E-08| 9.66E-09 1.04E-08|
Nitrogen oxides air kg 5.15E-04 5.20E-04 4.96E-04 5.01E-04
NMVOC total air kg 3.32E-05 3.45E-05 2.76E-05 2.90E-05
thereof:
Benzene air kg 1.23E-06 1.23E-06 1.21E-06 1.21E-06
Benzo(a)pyrene air kg 5.90E-11 6.59E-11] 4.72E-11 5.41E-11]
Formaldehyde air kg 3.40E-07 3.42E-07| 3.30E-07 3.32E-07
PAH air kg 5.74E-08 5.78E-08 5.60E-08 5.64E-08
PM2.5-10 air kg 5.33E-06 6.10E-06| 4.62E-06 5.39E-06
PM2.5 air kg 4.75E-06 5.41E-06| 3.76E-06 4.42E-06
PCDD/F (measured as I-TEQ) air kg 5.59E-14 5.66E-14| 5.39E-14 5.46E-14|
Radon-222 air kBq 3.93E-01 4.01E-01 3.80E-01 3.88E-01]
Sulfur dioxide air kg 7.25E-04 7.28E-04 7.14E-04 7.16E-04
Emissions to Water
Ammonium, ion \water kg 1.94E-07 2.04E-07| 1.09E-07 1.19E-07|
Arsenic, ion \water kg 1.43E-06 1.43E-06| 1.43E-06 1.43E-06
Cadmium, ion \water kg 9.04E-08 9.19E-08| 8.96E-08 9.10E-08|
Carbon-14 \water kBq 6.54E-06 6.67E-06 6.32E-06 6.46E-06|
Cesium-137 water kBq 3.20E-06 3.26E-06 3.09E-06 3.16E-06
Chromium, ion \water kg 1.50E-09 1.81E-09 1.20E-09 1.50E-09
Chromium VI water kg 9.15E-06 9.19E-06| 9.13E-06 9.17E-06|
CcoD water kg 2.05E-03 2.05E-03| 2.04E-03 2.04E-03|
Copper, ion water kg 6.61E-06 6.62E-06 6.59E-06 6.60E-06
Lead water kg 1.84E-06 1.85E-06 1.84E-06 1.84E-06
Mercury water kg 5.99E-08 6.02E-08| 5.98E-08 6.00E-08|
Nickel, ion \water kg 3.98E-06 4.06E-06 3.92E-06 4.00E-06
Nitrate \water kg 1.59E-06 1.65E-06| 1.08E-06 1.14E-06|
Qils, unspecified \water kg 5.40E-06 6.02E-06| 4.40E-06 5.02E-06
PAH water kg 1.88E-09 2.18E-09 1.60E-09 1.90E-09
Phosphate water kg 1.08E-04 1.08E-04 1.08E-04 1.08E-04
Emissions to Soil
Arsenic soil kg 1.26E-10 1.28E-10| 4.92E-11 5.16E-11]
Cadmium soil kg 8.80E-12 9.56E-12| 7.63E-12 8.39E-12|
Chromium soil kg 1.71E-09 1.75E-09 7.28E-10 7.67E-10|
Chromium VI soil kg 2.03E-08 2.17E-08 7.21E-09 8.60E-09
Lead soil kg 9.45E-11 1.01E-10 6.82E-11 7.44E-11
Mercury soil kg 8.94E-13 9.42E-13| 4.83E-13 5.30E-13|
Qils, unspecified soil kg 4.81E-06 5.31E-06 3.95E-06 4.45E-06
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Table 8.28 LCA results for year 2050, realistic-optimisti ¢ development, “440 ppm-scenario”.
electricity, hard coal, at electricity, hard coal, at electricity, hard coal, at
power plant 350 MW power plant 600 MW power plant 800 MW
Total Total Total
kWh kWh kWh

Resources

Coal, brown, in ground resource _|kg 4.89E-05 4.75E-05 4.74E-05
Coal, hard, unspecified, in ground resource _|kg 3.53E-01 3.53E-01 3.53E-01
Gas, natural, in ground resource  |Nm3 3.03E-03 3.01E-03 3.01E-03
Qil, crude, in ground resource _|kg 4.54E-03 4.53E-03 4.52E-03
Uranium, in ground resource _|kg 1.38E-07 1.37E-07 1.37E-07
Freshwater (lake, river, groundwater) resource_ |m3 1.80E-03 1.80E-03 1.80E-03
Occupation, agricultural and forestal area resource  [m2a 1.64E-02 1.64E-02 1.64E-02
Occupation, built up area incl. mineral extractiqresource [m2a 3.83E-03 3.82E-03 3.82E-03
Emissions to air
Ammonia air kg 1.72E-05 1.72E-05, 1.72E-05
Arsenic air kg 1.17E-08 1.16E-08 1.16E-08
Cadmium air kg 1.15E-09 1.13E-09 1.13E-09
Carbon dioxide, fossil air kg 6.37E-01 6.37E-01 6.37E-01
Carbon monoxide, fossil air kg 1.27E-04 1.27E-04 1.27E-04
Carbon-14 air kBg 3.86E-04 3.84E-04 3.84E-04
Chromium air kg 1.51E-07 1.34E-07 1.34E-07
Chromium VI air kg 4.24E-09 3.82E-09 3.81E-09
Dinitrogen monoxide air kg 2.79E-05 2.79E-05 2.79E-05
lodine-129 air kBg 2.38E-07 2.37E-07 2.37E-07
Lead air kg 4.60E-08 4.56E-08 4.56E-08
Methane, fossil air kg 1.96E-03 1.96E-03 1.96E-03
Mercury air kg 2.85E-08 2.85E-08 2.85E-08
Nickel air kg 8.86E-08 8.84E-08 8.84E-08
Nitrogen oxides air kg 6.55E-04 6.55E-04 6.55E-04
NMVOC total air kg 4.96E-05 4.95E-05] 4.95E-05
thereof:
Benzene air kg 1.68E-06 1.68E-06 1.68E-06
Benzo(a)pyrene air kg 6.64E-11 6.40E-11 6.40E-11
Formaldehyde air kg 4.08E-07 4.07E-07 4.07E-07
PAH air kg 1.67E-08 1.66E-08 1.66E-08
PM2.5-10 air kg 1.80E-05 1.78E-05 1.78E-05
PM2.5 air kg 4.23E-05 4.21E-05 4.21E-05
PCDD/F (measured as I-TEQ) air kg 5.44E-14 5.42E-14 5.42E-14
Radon-222 air kBg 4.47E+00 4.45E+00 4.45E+00
Sulfur dioxide air kg 4.73E-04 4.72E-04 4.72E-04
Emissions to Water
Ammonium, ion water kg 7.20E-07 7.20E-07 7.20E-07
Arsenic, ion water kg 1.06E-07 1.05E-07 1.05E-07
Cadmium, ion water kg 1.02E-08 9.95E-09 9.92E-09
Carbon-14 water kBg 1.03E-04 1.02E-04 1.02E-04
Cesium-137 water kBqg 4.44E-05] 4.42E-05] 4.42E-05
Chromium, ion water kg 1.44E-08 1.44E-08 1.44E-08
Chromium VI water kg 2.10E-07 2.04E-07 2.04E-07
COD water kg 1.02E-04 1.01E-04 1.01E-04
Copper, ion water kg 4.05E-07 4.01E-07 4.00E-07
Lead water kg 1.74E-07 1.70E-07 1.69E-07
Mercury water kg 2.35E-09 2.33E-09 2.33E-09
Nickel, ion water kg 9.16E-07 8.54E-07 8.52E-07
Nitrate water kg 2.18E-05 2.18E-05 2.18E-05
Oils, unspecified water kg 1.98E-05 1.98E-05 1.98E-05
PAH water kg 4.75E-09 4.40E-09 4.39E-09
Phosphate water kg 2.36E-06 2.34E-06 2.34E-06
Emissions to Soil
Arsenic soil kg 5.84E-11 5.82E-11 5.82E-11
Cadmium soil kg 5.63E-12 5.56E-12 5.55E-12
Chromium soil kg 8.29E-10 8.25E-10 8.25E-10
Chromium VI soil kg 2.47E-09 2.45E-09 2.45E-09
Lead soil kg 4.16E-11 4.10E-11 4.10E-11
Mercury soil kg 4.70E-13 4.69E-13 4.69E-13
Oils, unspecified soil kg 2.01E-05 2.00E-05 2.00E-05
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Table 8.29 LCA results for year 2050, realistic-optimisti ¢ development, “440 ppm-scenario”.
electricity, hard coal electricity, hard coal electricity, hard coal electricity, hard coal
power plant 500MW class  |power plant 500MW class |power plant 500MW class |power plant 500MW class
oxyf CCS, 200km & 800m  |oxyf CCS, 400km & 800m post CCS, 200km & 800m  |post CCS, 400km & 800m
aquifer aquifer aquifer aquifer
Total Total Total Total
kwWh kWh kWh kWh
Resources
Coal, brown, in ground resource [kg 5.48E-05 5.60E-05 6.90E-05 7.01E-05
Coal, hard, unspecified, in ground resource _[kg 4.07E-01 4.07E-01 3.91E-01 3.91E-01]
|__|Gas, natural, in ground resource_ [Nm3 6.10E-03 6.70E-03 7.81E-03 8.33E-03
Oil, crude, in ground resource _[kg 5.32E-03 5.42E-03] .57E-03 .65E-03
Uranium, in ground resource _[kg .00E-07 .31E-07 .91E-07 .17E-07]
|_|Freshwater (lake, river, groundwater) resource  [m: .18E-0: . -0 . 12E-0: .15E-0:
|_|Occupation, agricultural and forestal area resource [m2a .91E-0: .92E-0: .87E-0:. .87E-O0:
|__[Occupation, built up area incl. mineral extractigresource _|m2a 4.45E-0; 4.47E-0: 4.30E-0; 4.32E-0:
[Emissions to air
Ammonia air g 1.83E-05 1.84E-05 2.41E-04 2.41E-04
Arsenic air g 1.37E-08 1.38E-08| 1.37E-08 1.37E-08|
Cadmium air g 1.37E-09 1.40E-09| 1.82E-09 1.84E-09|
Carbon dioxide, fossil air g . 75E-02 .82E-02 .04E-01 .04E-01
Carbon monoxide, fossil air g .53E-04 57E-04 52E-04 .55E-04
Carbon-14 air Bq .52E-04 .40E-04 .18E-04
Chromium air g .88E-07 .94E-07 .25E-07
Chromium VI air (] .23E-09 .37E-09] .12E-09
|__[Dinitrogen monoxide air g .23E-05 24E-05| .12E-05 3
lodine-129 air Bq .23E-07 77E-07 .03E-07 .49E-07
| |Lead air 9 5.43E-08 5.50E-08 5.43E-08 5.49E-08
Methane, fossil air g 2.26E-03 2.27E-03] 2.18E-03 2.18E-03|
Mercury air g 3.30E-08 3.31E-08| 3.21E-08 3.23E-08|
Nickel air g 1.02E-07 1.02E-07] 1.06E-07 1.07E-07]
|__|Nitrogen oxides air g 5.18E-04 5.22E-04 7.44E-04 7.47E-04]
|__INMVOC total air g 6.03E-05 6.15E-05 6.57E-05 6.68E-05|
| _|thereof:
Benzene air g 1.93E-06 1.94E-06 2.02E-06 2.0 6|
Benzo(a)pyrene air g 8.45E-11 8.97E-11 .94E-11 9.3 1]
Formaldehyde air g 4.72E-07 4.74E-07 4.66E-07 4.6 7
PAH air 9 2.03E-08 2.07E-08 2.01E-08 2.05E-08
PM2.5-10 air 9 2.15E-05 2.22E-05 2.20E-05 2.26E-05
PM2.5 air g 4.93E-05 4.98E-05 4.88E-05 4.93E-05
PCDD/F (measured as I-TEQ) air g 6.34E-14 6.39E-14| 7.40E-14 7.44E-14|
| |Radon-222 air Bq 9.76E+00 1.08E+01 9.38E+00 1.02E+01
Sulfur dioxide air g 3.11E-04 3.13E-04 3.15E-04 3.16E-04
Emissions to Water
|__[Ammonium, ion \water g .92E-07 .85E-06 .86E-06
Arsenic, ion \water g .25E-07 .23E-07 .25E-07|
| _[Cadmium, ion \water (] .34E-08 .36E-08 .46E-08|
Carbon-14 water Bq .26E-04, .17E-04) .37E-04
Cesium-137 water Bq . 75E-05 .37E-05 1.02E-04
Chromium, ion water g 1.80E-08 1.75E-08 1.78E-08|
Chromium VI water g 2.80E-07 2.90E-07 3.17E-07]
cob water g .23E-04 1.98E-04| 2.01E-04|
Copper, ion water g 4.96E-07 5.09E-07 5.17E-07
| |Lead \water g .14E-07 .16E-07 .19E-07]
Mercury \water g .03E-0! .05E-0! .22E-09]
| [Nickel, ion \water g .16E-0 .29E-0 .35E-06
| [Nitrate \water g .64E-0! .42E-0!
Qils, unspecified \water (] .33E-0! . 48E-0!
PAH water kg 5.89E-09 6.77E-09 6.97E-09]
Phosphate water kg 2.88E-06 5.83E-06 5.94E-06
El ions to Soil
Arsenic SOl g 9.87E-11 1.01E-10 .02E-10|
|__|Cadmium sol g 7.04E-12 7.53E-1. .04E-11
Chromium SO g .35E-09 .39E-0!
Chromium VI SO g .03E-09 .15E-0!
| |Lead sol g . 12E-11 42E-1!
Mercury sol (] .54E-13 .60E-1
Qils, unspecified SOi g .35E-05 .38E-05
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Table 8.30

LCA results for year 2050, realistic-optimisti

¢ development, “440 ppm

-scenario”.

electricity, hard coal plant
500MW class oxyf CCS,
200km & 2500m deplet
gasfield

electricity, hard coal plant
500MW class oxyf CCS,
400km & 2500m deplet
gasfield

electricity, hard coal plant
500MW class post CCS,
200km & 2500m deplet
gasfield

electricity, hard coal plant
500MW class post CCS,
400km & 2500m deplet
gasfield

Total Total Total Total
kwWh kWh kWh kWh
Resources
Coal, brown, in ground resource [kg 6.03E-05 6.16E-05 7.38E-05 7.49E-05
Coal, hard, unspecified, in ground resource _[kg 4.08E-01 4.08E-01 3.91E-01 3.91E-01]
|__|Gas, natural, in ground resource_ [Nm3 1.22E-02] 1.25E-02 1.31E-02]
Oil, crude, in ground resource _[kg 5.53E-03] 6.67E-03 .75E-03
Uranium, in ground resource _[kg 6.19E-07| 5.40E-07 E-07,
|_|Freshwater (lake, river, groundwater) resource  [m: 2.40E-0: 2. -0
|_|Occupation, agricultural and forestal area resource [m2a 1.97E-0; 1. 0. 5
|__[Occupation, built up area incl. mineral extractigresource _|m2a 4.49E-0: 4. 0. 4.
[Emissions to air
Ammonia air g 1.85E-05 1.86E-05 2.41E-04 2.41E-04
Arsenic air g 1.42E-08 1.42E-08| 1.41E-08 1.41E-08|
Cadmium air g 1.55E-09 1.58E-09 1.97E-09 2.00E-09
Carbon dioxide, fossil air g .04E-02 .11E-02 .06E-01 .07E-01
Carbon monoxide, fossil air g 57E-04 .61E-04] 55E-04
Carbon-14 air Bq .68E-0: 77E. .53E-03
Chromium air g .93E-07 .98 .28E-07
Chromium VI air (] .33E-0! .47 .21E-09
|__[Dinitrogen monoxide air kg .30E-0! .31E; .18E-05|
lodine-129 air kBg .03E-0f .08E: .39E-07 . -07]
| |Lead air 9 5.61E-08 5.68E-08 5.59E-08 5.65E-08
Methane, fossil air g 2.28E-03 2.28E-03] 2.20E-03 2.20E-03|
Mercury air g 3.31E-08 3.32E-08| 3.22E-08 3.23E-08|
Nickel air g 1.03E-07 1.03E-07] 1.08E-07 1.08E-07]
|__|Nitrogen oxides air g 5.26E-04 5.30E-04 7.51E-04 7.54E-04
|__INMVOC total air g 6.59E-05 6.71E-05| 7.06E-05 7.16E-05|
| _|thereof:
Benzene air g 1.94E-06 1.94E-06 2.0 2.03E-06
Benzo(a)pyrene air g 9.05E-11 9.58E-11 .4 9.92E-11
Formaldehyde air g 4.79E-07 4.81E-07 4.7 4.74E-07
PAH air 9 2.20E-08 2.24E-08 21 2.19E-08
PM2.5-10 air 9 2.19E-05 2.26E-05 2.24E-05 2.29E-05
PM2.5 air g 4.98E-05 5.04E-05 4.93E-05 4.98E-05
PCDD/F (measured as I-TEQ) air g 6.42E-14 6.47E-14| 7.46E-14 7.51E-14|
| |Radon-222 air Bq 1.91E+01 2.01E+01 1.75E+01 1.83E+01
Sulfur dioxide air g 3.17E-04 3.19E-04 3.20E-04 3.22E-04
Emissions to Water
|__[Ammonium, ion \water g . 74E-07 .84E-07| .92E-06
Arsenic, ion \water g .26E-07 E-07] .24E-07
| _[Cadmium, ion \water (] .40E-08 E-08] 41E-08 .
Carbon-14 water Bq 4.45E-04 4.68E-04 4.06E-04 4.26E-04
Cesium-137 water Bq 1.92E-04 2.02E-04 1.75E-04 1.84E-04
Chromium, ion water g 1.89E-08 1.93E-08| 1.83E-08 1.86E-08|
Chromium VI water g 2.94E-07 3.25E-07] 3.03E-07 3.29E-07]
cob water g 1.27E-04| 1.31E-04| 2.01E-04 2.05E-04
Copper, ion water g 5.l 5.14E-07 5.17E-07 5.24E-07
| |Lead water g .24E-07 -07 .25E-07
Mercury \water g .30E-09 -0
| [Nickel, ion \water g .25E-06 .32E-0
| [Nitrate \water g . 6E-OEZ| .44E-0!
Qils, unspecified \water (] . .44E-05 .53E-0!
PAH water kg 6.03E-09 6.26E-09 6.88E-09 7.09E-09
Phosphate water kg 2.96E-06 3.09E-06| 5.91E-06 6.02E-06
El ions to Soil
Arsenic SOl g 1.65E-10 1.67E-10| .58E-10 .60E-10
|__|Cadmium sol g 7.46E-12 7.95E-1. .03E-11 .07E-11
Chromium SO g .19E-0! .22E-0! . 22E-0! .25E-09
Chromium VI SO g .86E-Oi .97E-0 .68E-0i .78E-08|
| |Lead SOl g E-1. .86E-1. L 49E-1. .75E-1.
Mercury sol (] . 76E-1. .81E-1. .61E-1! .66E-1
Qils, unspecified SOi g .38E-05 .42E-05 .52E-05 .55E-05
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Table 8.31 LCA results for year 2050, realistic-optimisti ¢ development, “440 ppm-scenario”.
electricity, lignite power electricity, lignite power
plant 800 MW class post plant 800 MW class post
CCS, 200km & 800m CCS, 400km & 800m electricity, lignite, at
aquifer aquifer power plant 950 MW
Total Total Total
kWh kWh kWh
Resources
Coal, brown, in ground resource _|kg 8.35E-01 8.35E-01 7.58E-01
Coal, hard, unspecified, in ground resource _|kg 1.07E-03 1.20E-03 5.32E-04
Gas, natural, in ground resource  |Nm3 7.50E-03 8.11E-03 2.06E-03
Qil, crude, in ground resource _|kg 2.58E-03 2.68E-03 7.04E-04
Uranium, in ground resource _|kg 2.63E-07 2.94E-07 9.12E-08
Freshwater (lake, river, groundwater) resource_ |m3 4.43E-03 4.45E-03 3.88E-03
Occupation, agricultural and forestal area resource  [m2a 1.64E-03 1.71E-03 8.13E-04
Occupation, built up area incl. mineral extractiqresource [m2a 1.10E-03 1.13E-03 9.21E-04

Emissions to air

Ammonia air kg 2.37E-04 2.37E-04 4.35E-06
Arsenic air kg 7.63E-09 7.72E-09 6.10E-09
Cadmium air kg 1.44E-09 1.47E-09 7.02E-10
Carbon dioxide, fossil air kg 1.02E-01 1.02E-01 7.31E-01
Carbon monoxide, fossil air kg 1.84E-04 1.89E-04 1.52E-04
Carbon-14 air kBg 7.42E-04 8.31E-04 2.57E-04
Chromium air kg 7.58E-08 8.15E-08 3.96E-08
Chromium VI air kg 2.00E-09 2.13E-09 1.10E-09
Dinitrogen monoxide air kg 1.99E-05 2.00E-05 1.76E-05
lodine-129 air kBg 4.55E-07 5.10E-07 1.59E-07
Lead air kg 1.36E-08 1.43E-08 8.37E-09
Methane, fossil air kg 2.34E-04 2.37E-04 1.92E-04
Mercury air kg 1.87E-08 1.88E-08 1.60E-08
Nickel air kg 2.11E-08 2.15E-08 9.95E-09
Nitrogen oxides air kg 6.63E-04 6.67E-04 5.79E-04
NMVOC total air kg 3.39E-05 3.51E-05 1.89E-05
thereof:
Benzene air kg 1.81E-06 1.81E-06 1.47E-06
Benzo(a)pyrene air kg 6.59E-11 7.13E-11 3.90E-11
Formaldehyde air kg 4.71E-07 4.73E-07 4.09E-07
PAH air kg 1.23E-08 1.27E-08 9.30E-09
PM2.5-10 air kg 1.28E-05 1.35E-05 9.04E-06
PM2.5 air kg 5.78E-05 5.84E-05 5.02E-05
PCDD/F (measured as I-TEQ) air kg 6.89E-14 6.95E-14 4.93E-14
Radon-222 air kBg 8.46E+00] 9.47E+00] 2.96E+00
Sulfur dioxide air kg 1.28E-04 1.29E-04 1.07E-04
Emissions to Water
Ammonium, ion water kg 3.63E-06 3.64E-06 4.63E-08
Arsenic, ion water kg 8.15E-07 8.16E-07 7.31E-07
Cadmium, ion water kg 2.91E-08 3.03E-08 2.29E-08
Carbon-14 water kBg 1.97E-04 2.20E-04 6.85E-05
Cesium-137 water kBqg 8.48E-05 9.49E-05 2.96E-05
Chromium, ion water kg 2.04E-09 2.36E-09 8.47E-10
Chromium VI water kg 7.12E-07 7.43E-07 5.61E-07
COD water kg 1.20E-04 1.24E-04 2.41E-05
Copper, ion water kg 9.01E-07 9.11E-07 7.67E-07
Lead water kg 8.64E-07 8.67E-07 7.61E-07
Mercury water kg 5.22E-09 5.42E-09 4.21E-09
Nickel, ion water kg 1.72E-06 1.79E-06 1.35E-06
Nitrate water kg 1.04E-05 1.04E-05 1.11E-07
Oils, unspecified water kg 7.16E-06 7.65E-06 3.33E-06
PAH water kg 2.43E-09 2.67E-09 1.20E-09
Phosphate water kg 3.15E-05 3.16E-05 2.55E-05
Emissions to Soil
Arsenic soil kg 5.62E-11 5.85E-11 1.28E-11
Cadmium soil kg 8.60E-12 9.10E-12 3.43E-12
Chromium soil kg 9.15E-10 9.49E-10 2.09E-10
Chromium VI soil kg 6.41E-09 7.54E-09 5.01E-10
Lead soil kg 7.84E-11 8.15E-11 2.22E-11
Mercury soil kg 1.97E-13 2.02E-13 5.69E-14
Oils, unspecified soil kg 6.37E-06 6.75E-06 3.02E-06
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Table 8.32 LCA results for year 2050, realistic-optimisti ¢ development, “440 ppm-scenario”.
electricity, lignite plant 800 [electricity, lignite power electricity, lignite power
MW class post CCS, plant 800 MW class oxyf plant 800 MW class oxyf
400km & 2500m depl. CCS, 200km & 800m CCS, 400km & 800m
gasfield aquifer aquifer
Total Total Total
kWh kWh kWh
Resources
Coal, brown, in ground resource _|kg 8.35E-01 8.70E-01 8.70E-01
Coal, hard, unspecified, in ground resource _|kg 1.35E-03 9.01E-04 1.05E-03
Gas, natural, in ground resource  |Nm3 1.37E-02 5.36E-03 6.06E-03
Qil, crude, in ground resource _|kg 2.78E-03 9.08E-04 1.02E-03
Uranium, in ground resource _|kg 5.86E-07 2.71E-07 3.07E-07
Freshwater (lake, river, groundwater) resource_ |m3 4.65E-03 4.57E-03 4.61E-03
Occupation, agricultural and forestal area resource  [m2a 2.25E-03 1.29E-03 1.37E-03
Occupation, built up area incl. mineral extractiqresource [m2a 1.15E-03 1.11E-03 1.14E-03
Emissions to air
Ammonia air kg 2.37E-04 2.21E-06 2.28E-06
Arsenic air kg 8.18E-09 7.38E-09 7.48E-09
Cadmium air kg 1.65E-09 8.40E-10 8.76E-10
Carbon dioxide, fossil air kg 1.05E-01 1.61E-02 1.70E-02
Carbon monoxide, fossil air kg 1.93E-04 1.84E-04 1.89E-04
Carbon-14 air kBg 1.67E-03 7.73E-04 8.76E-04
Chromium air kg 8.57E-08 6.15E-08 6.80E-08
Chromium VI air kg 2.24E-09 1.65E-09 1.81E-09
Dinitrogen monoxide air kg 2.06E-05 2.05E-05 2.06E-05
lodine-129 air kBg 1.02E-06 4.74E-07 5.36E-07
Lead air kg 1.62E-08 1.16E-08 1.24E-08
Methane, fossil air kg 2.55E-04 2.31E-04 2.34E-04
Mercury air kg 1.89E-08 1.88E-08 1.89E-08
Nickel air kg 2.29E-08 1.04E-08 1.09E-08
Nitrogen oxides air kg 6.76E-04 2.65E-04 2.69E-04
NMVOC total air kg 4.07E-05 2.57E-05 2.71E-05
thereof:
Benzene air kg 1.82E-06 1.69E-06 1.69E-06
Benzo(a)pyrene air kg 7.74E-11 5.79E-11 6.40E-11
Formaldehyde air kg 4.80E-07 4.74E-07 4.75E-07
PAH air kg 1.45E-08 1.21E-08 1.26E-08
PM2.5-10 air kg 1.39E-05 1.17E-05 1.24E-05
PM2.5 air kg 5.89E-05 5.87E-05 5.94E-05
PCDD/F (measured as I-TEQ) air kg 7.03E-14 5.80E-14 5.86E-14
Radon-222 air kBg 1.90E+01 8.81E+00] 9.97E+00
Sulfur dioxide air kg 1.36E-04 1.14E-04 1.15E-04
Emissions to Water
Ammonium, ion water kg 3.73E-06 1.02E-07 1.14E-07
Arsenic, ion water kg 8.18E-07 8.45E-07 8.47E-07
Cadmium, ion water kg 3.09E-08 2.88E-08 3.01E-08
Carbon-14 water kBg 4.43E-04 2.05E-04 2.32E-04
Cesium-137 water kBqg 1.90E-04 8.83E-05 9.99E-05
Chromium, ion water kg 3.30E-09 1.84E-09 2.21E-09
Chromium VI water kg 7.57E-07 7.05E-07 7.41E-07
COD water kg 1.29E-04 3.31E-05 3.75E-05
Copper, ion water kg 9.19E-07 9.00E-07 9.10E-07
Lead water kg 8.74E-07 8.87E-07 8.91E-07
Mercury water kg 5.50E-09 5.19E-09 5.42E-09
Nickel, ion water kg 1.82E-06 1.68E-06 1.76E-06
Nitrate water kg 1.06E-05 2.46E-07 2.76E-07
Oils, unspecified water kg 8.21E-06 4.43E-06 4.99E-06
PAH water kg 2.81E-09 1.89E-09 2.17E-09
Phosphate water kg 3.17E-05 2.95E-05 2.97E-05
Emissions to Soil
Arsenic soil kg 1.25E-10 5.12E-11 5.38E-11
Cadmium soil kg 9.53E-12 4.80E-12 5.37E-12
Chromium soil kg 1.80E-09 7.01E-10 7.40E-10
Chromium VI soil kg 1.82E-08 6.66E-09 7.97E-09
Lead soil kg 8.60E-11 2.94E-11 3.29E-11
Mercury soil kg 2.24E-13 7.90E-14 8.50E-14
Oils, unspecified soil kg 7.13E-06 3.78E-06 4.22E-06
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Table 8.33 LCA results for year 2050, realistic-optimisti ¢ development, “440 ppm-scenario”.
electricity, lignite plant 800 |electricity, lignite plant 800 [electricity, lignite plant 800
MW class oxyf CCS, MW class oxyf CCS, MW class post CCS,
200km & 2500m depl. 400km & 2500m depl. 200km & 2500m depl.
gasfield gasfield gasfield
Total Total Total
kWh kWh kWh
Resources
Coal, brown, in ground resource _|kg 8.70E-01 8.70E-01 8.35E-01
Coal, hard, unspecified, in ground resource _|kg 1.08E-03 1.22E-03 1.23E-03
Gas, natural, in ground resource  |Nm3 1.17E-02 1.25E-02 1.30E-02
Qil, crude, in ground resource _|kg 1.03E-03 1.14E-03 2.69E-03
Uranium, in ground resource _|kg 6.08E-07 6.44E-07 5.55E-07
Freshwater (lake, river, groundwater) resource_ |m3 4.80E-03 4.83E-03 4.62E-03
Occupation, agricultural and forestal area resource  [m2a 1.91E-03 1.99E-03 2.18E-03
Occupation, built up area incl. mineral extractiqresource [m2a 1.13E-03 1.16E-03 1.12E-03
Emissions to air
Ammonia air kg 2.42E-06 2.50E-06 2.37E-04
Arsenic air kg 7.91E-09 8.01E-09 8.09E-09
Cadmium air kg 1.05E-09 1.09E-09 1.62E-09
Carbon dioxide, fossil air kg 1.94E-02 2.03E-02 1.04E-01
Carbon monoxide, fossil air kg 1.89E-04 1.94E-04 1.88E-04
Carbon-14 air kBg 1.74E-03 1.84E-03 1.58E-03
Chromium air kg 6.63E-08 7.29E-08 8.00E-08
Chromium VI air kg 1.77E-09 1.93E-09 2.10E-09
Dinitrogen monoxide air kg 2.13E-05, 2.14E-05 2.05E-05
lodine-129 air kBg 1.06E-06 1.13E-06 9.68E-07
Lead air kg 1.37E-08 1.45E-08 1.55E-08
Methane, fossil air kg 2.51E-04 2.54E-04 2.52E-04
Mercury air kg 1.89E-08 1.91E-08 1.88E-08
Nickel air kg 1.20E-08 1.25E-08 2.25E-08
Nitrogen oxides air kg 2.74E-04 2.79E-04 6.72E-04
NMVOC total air kg 3.22E-05 3.36E-05 3.95E-05
thereof:
Benzene air kg 1.69E-06 1.70E-06 1.82E-06
Benzo(a)pyrene air kg 6.50E-11 7.11E-11 7.21E-11
Formaldehyde air kg 4.82E-07 4.84E-07 4.78E-07
PAH air kg 1.41E-08 1.46E-08 1.41E-08
PM2.5-10 air kg 1.21E-05 1.28E-05 1.33E-05
PM2.5 air kg 5.94E-05 6.00E-05 5.84E-05
PCDD/F (measured as I-TEQ) air kg 5.89E-14 5.95E-14 6.97E-14
Radon-222 air kBg 1.97E+01 2.09E+01 1.80E+01
Sulfur dioxide air kg 1.21E-04 1.22E-04 1.34E-04
Emissions to Water
Ammonium, ion water kg 1.98E-07 2.10E-07 3.72E-06
Arsenic, ion water kg 8.46E-07 8.48E-07 8.16E-07
Cadmium, ion water kg 2.94E-08 3.08E-08 2.97E-08
Carbon-14 water kBg 4.61E-04 4.88E-04] 4.19E-04
Cesium-137 water kBqg 1.98E-04 2.10E-04 1.80E-04
Chromium, ion water kg 2.92E-09 3.29E-09 2.98E-09
Chromium VI water kg 7.22E-07 7.58E-07 7.26E-07
COD water kg 3.84E-05 4.28E-05 1.25E-04
Copper, ion water kg 9.10E-07 9.20E-07 9.10E-07
Lead water kg 8.95E-07 8.99E-07 8.71E-07
Mercury water kg 5.28E-09 5.51E-09 5.30E-09
Nickel, ion water kg 1.72E-06 1.79E-06 1.75E-06
Nitrate water kg 4.85E-07 5.14E-07 1.06E-05
Oils, unspecified water kg 5.06E-06 5.63E-06 7.72E-06
PAH water kg 2.04E-09 2.32E-09 2.56E-09
Phosphate water kg 2.96E-05 2.98E-05 3.16E-05
Emissions to Soil
Arsenic soil kg 1.28E-10 1.31E-10 1.23E-10
Cadmium soil kg 5.29E-12 5.87E-12 9.03E-12
Chromium soil kg 1.68E-09 1.72E-09 1.76E-09
Chromium VI soil kg 1.90E-08 2.03E-08 1.71E-08
Lead soil kg 3.46E-11 3.81E-11 8.29E-11
Mercury soil kg 1.04E-13 1.10E-13 2.19E-13
Oils, unspecified soil kg 4.22E-06 4.66E-06 6.75E-06
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Table 8.34 LCA results for year 2050, realistic-optimisti ¢ development, “440 ppm-scenario”.
electricity, hard coal, at IGCC electricity, lignite, at IGCC power
power plant 450MW plant 450MW

Total Total

kWh kwh

Resources

Coal, brown, in ground resource [kg 3.34E-05 4.21E-01
Coal, hard, unspecified, in ground resource [kg 3.29E-01 5.29E-04
Gas, natural, in ground resource |Nm3 2.67E-03 1.22E-03
Qil, crude, in ground resource kg 4.06E-03| 9.52E-04
Uranium, in ground resource kg 1.30E-07| 6.48E-08
Freshwater (lake, river, groundwater) resource |m3 6.02E-04| 1.57E-03
Occupation, agricultural and forestal area resource |m2a 1.52E-02] 4.08E-04
Occupation, built up area incl. mineral extractiqresource  |m2a 3.75E-03 1.00E-03

Emissions to air

Ammonia air kg 1.39E-05 5.60E-07
Arsenic air kg 5.94E-08 4.74E-09
Cadmium air kg 1.10E-09 6.75E-10
Carbon dioxide, fossil air kg 6.32E-01 7.68E-01
Carbon monoxide, fossil air kg 1.21E-04 7.89E-05
Carbon-14 air kBq 3.64E-04 1.75E-04
Chromium air kg 4.25E-08 3.47E-08
Chromium VI air kg 1.37E-09 9.41E-10
Dinitrogen monoxide air kg 2.67E-05 2.46E-05
lodine-129 air kBq 2.24E-07 1.09E-07
Lead air kg 3.29E-08 7.59E-09
Methane, fossil air kg 1.83E-03 1.17E-04
Mercury air kg 1.92E-08| 1.08E-08
Nickel air kg 7.68E-08 6.04E-09
Nitrogen oxides air kg 4.11E-04 3.88E-04
NMVOC total air kg 4.77E-05 2.03E-05
thereof:
Benzene air kg 1.16E-06| 9.61E-07
Benzo(a)pyrene air kg 5.75E-11 2.92E-11
Formaldehyde air kg 2.69E-07| 2.65E-07
PAH air kg 5.26E-08 4.51E-08
PM2.5-10 air kg 1.32E-05 3.25E-06
PM2.5 air kg 8.99E-06 2.39E-06
PCDD/F (measured as I-TEQ) air kg 4.47E-14 4.38E-14
Radon-222 air kBq 4.21E+00| 2.10E+00
Sulfur dioxide air kg 3.48E-04 5.68E-04
Emissions to Water
Ammonium, ion water kg 3.62E-07 6.13E-08
Arsenic, ion water kg 7.84E-08 1.29E-06
Cadmium, ion water kg 1.20E-08 7.98E-08
Carbon-14 water kBq 9.66E-05 4.68E-05
Cesium-137 water kBq 4.18E-05 2.04E-05
Chromium, ion water kg 1.94E-09 8.35E-10
Chromium VI water kg 7.01E-07| 8.24E-06
coD water kg 2.12E-04 1.84E-03
Copper, ion water kg 1.26E-06| 5.96E-06
Lead water kg 3.20E-07 1.66E-06
Mercury water kg 4.76E-09 5.39E-08
Nickel, ion water kg 5.80E-07| 3.47E-06
Nitrate water kg 1.19E-06| 7.06E-07
Qils, unspecified water kg 1.80E-05 3.06E-06
PAH water kg 2.43E-09| 1.08E-09
Phosphate water kg 6.83E-06 9.73E-05
Emissions to Sail
Arsenic soil kg 5.25E-11 1.12E-11
Cadmium soil kg 6.06E-12 5.40E-12
Chromium soil kg 7.66E-10 2.23E-10
Chromium VI soil kg 2.39E-09 6.52E-10
Lead soil kg 4.90E-11 4.20E-11
Mercury soil kg 5.50E-13| 1.89E-13
Qils, unspecified soil kg 1.82E-05 2.79E-06
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Table 8.35 LCA results for year 2050, realistic-optimisti ¢ development, “440 ppm-scenario”.
electricity, hard coal IGCC |electricity, hard coal IGCC |electricity, hard coal IGCC |electricity, hard coal IGCC
plant 400MW, CCS, 200km |plant 400MW, CCS, 400km |power plant 400MW, CCS, |power plant 400MW, CCS,
& 2500m depleted gasfield |& 2500m depleted gasfield |200km & 800m aquifer 400km & 800m aquifer

Total Total Total Total
kWh kWh kWh kWh
Resources
Coal, brown, in ground resource |kg 4.59E-05| 4.71E-05 4.05E-05 4.17E-05
Coal, hard, unspecified, in ground resource |kg 3.70E-01 3.70E-01! 3.70E-01 3.70E-01
Gas, natural, in ground resource  |[Nm3 1.10E-02] 1.16E-02] 5.64E-03 6.22E-03
Oil, crude, in ground resource |kg 4.78E-03 4.88E-03 4.68E-03 4.77E-03
Uranium, in ground resource |kg 5.65E-07| 5.95E-07 2.84E-07 3.14E-07
Freshwater (lake, river, groundwater) resource |m3 9.64E-04 9.91E-04 7.75E-04 8.02E-04
Occupation, agricultural and forestal area resource |m2a 1.78E-02] 1.79E-02] 1.73E-02 1.74E-02
Occupation, built up area incl. mineral extractigresource _[m2a 4.23E-03] 4.26E-03! 4.22E-03 4.24E-03
Emissions to air
Ammonia air kg 1.59E-05 1.60E-05] 1.57E-05 1.58E-05
Arsenic air kg 7.43E-08| 7.43E-08 7.38E-08 7.39E-08
Cadmium air kg 1.50E-09 1.53E-09] 1.32E-09 1.35E-09
Carbon dioxide, fossil air kg 1.02E-01 1.02E-01 9.89E-02 9.96E-02
Carbon monoxide, fossil air kg 1.52E-04 1.57E-04 1.49E-04 1.53E-04
Carbon-14 air kBq 1.61E-03| 1.70E-03] 8.05E-04 8.91E-04
Chromium air kg 5.83E-08| 6.38E-08 5.43E-08 5.98E-08
Chromium VI air kg 1.83E-09 1.96E-09] 1.73E-09 1.86E-09
Dinitrogen monoxide air kg 3.41E-05 3.42E-05 3.35E-05 3.36E-05
lodine-129 air kBq 9.88E-07| 1.04E-06 4.94E-07 5.47E-07
Lead air kg 4.27E-08 4.34E-08 4.10E-08 4.16E-08
Methane, fossil air kg 2.08E-03 2.08E-03! 2.06E-03 2.06E-03
Mercury air kg 2.40E-08| 2.42E-08 2.39E-08 2.41E-08
Nickel air kg 8.96E-08 9.00E-08] 8.83E-08 8.87E-08
Nitrogen oxides air kg 4.95E-04 4.99E-04 4.87E-04] 4.91E-04|
NMVOC total air kg 6.39E-05 6.51E-05] 5.85E-05 5.97E-05
thereof:
Benzene air kg 1.43E-06 1.43E-06 1.42E-06 1.43E-06
Benzo(a)pyrene air kg 7.66E-11] 8.17E-11 7.07E-11 7.58E-11
Formaldehyde air kg 3.45E-07| 3.46E-07 3.38E-07 3.39E-07
PAH air kg 6.71E-08 6.75E-08] 6.55E-08 6.58E-08
PM2.5-10 air kg 1.59E-05 1.65E-05 1.55E-05 1.61E-05
PM2.5 air kg 1.13E-05| 1.18E-05] 1.08E-05 1.13E-05
PCDD/F (measured as I-TEQ) air kg 5.54E-14| 5.59E-14/ 5.46E-14 5.51E-14
Radon-222 air kBq 1.84E+01| 1.93E+01 9.22E+00 1.02E+01
Sulfur dioxide air 1kg 4.23E-04 4.25E-04 4.17E-04 4.19E-04|
Emissions to Water
Ammonium, ion \water kg 5.28E-07| 5.37E-07] 4.47E-07 4.57E-07
Arsenic, ion \water kg 8.97E-08| 9.14E-08 8.86E-08 9.03E-08
Cadmium, ion \water kg 1.51E-08| 1.62E-08] 1.45E-08 1.57E-08
Carbon-14 water kBq 4.27E-04 4.50E-04 2.14E-04 2.36E-04
Cesium-137 water kBq 1.84E-04| 1.94E-04] 9.21E-05 1.02E-04
Chromium, ion \water kg 3.72E-09| 4.04E-09 2.82E-09 3.13E-09
Chromium VI water kg 8.26E-07| 8.56E-07 8.12E-07 8.42E-07
CoD water kg 2.45E-04 2.49E-04/ 2.41E-04] 2.44E-04|
Copper, ion \water kg 1.41E-06| 1.42E-06] 1.41E-06 1.41E-06
Lead water kg 3.63E-07| 3.66E-07 3.57E-07 3.60E-07
Mercury \water kg 5.56E-09 5.75E-09 5.49E-09 5.68E-09
Nickel, ion water kg 7.43E-07| 8.07E-07 7.14E-07 7.78E-07
Nitrate \water kg 1.63E-06 1.66E-06 1.43E-06 1.46E-06
Oils, unspecified water kg 2.13E-05 2.18E-05] 2.08E-05 2.13E-05
PAH \water kg 3.11E-09 3.34E-09 2.98E-09 3.21E-09
Phosphate water kg 7.81E-06 7.94E-06 7.73E-06 7.86E-06
Emissions to Soil
Arsenic soil kg 1.55E-10 1.57E-10] 9.02E-11 9.23E-11
Cadmium soil kg 7.76E-12| 8.25E-12 7.36E-12 7.84E-12
Chromium soil kg 2.08E-09 2.11E-09 1.26E-09 1.29E-09
Chromium VI soil kg 1.80E-08| 1.91E-08] 7.74E-09 8.83E-09
Lead soil kg 6.33E-11 6.63E-11 5.90E-11 6.19E-11
Mercury soil kg 6.49E-13| 6.54E-13] 6.29E-13 6.34E-13
Oils, unspecified soil 1kg 2.13E-05] 2.16E-05] 2.09E-05 2.13E-05
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Table 8.36 LCA results for year 2050, realistic-optimisti ¢ development, “440 ppm-scenario”.
electricity, lignite IGCC electricity, lignite IGCC electricity, lignite IGCC electricity, lignite IGCC
plant 400MW, CCS, 200km |plant 400MW, CCS, 400km |power plant 400MW, CCS, [power plant 400MW, CCS,
& 2500m depleted gasfield |& 2500m depleted gasfield |200km & 800m aquifer 400km & 800m aquifer
Total Total Total Total
kWh kwh kWh kWh
Resources
Coal, brown, in ground resource |kg 4.75E-01] 4.75E-01 4.75E-01 4.75E-01
Coal, hard, unspecified, in ground resource |kg 9.84E-04 1.14E-03 7.99E-04 9.50E-04
Gas, natural, in ground resource  [Nm3 1.14E-02 1.21E-02 4.70E-03 5.43E-03
Qil, crude, in ground resource |kg 1.36E-03| 1.48E-03] 1.23E-03 1.35E-03
Uranium, in ground resource [kg 5.97E-07| 6.35E-07 2.46E-07 2.83E-07
Freshwater (lake, river, groundwater) resource |m3 2.13E-03| 2.17E-03] 1.90E-03 1.93E-03
Occupation, agricultural and forestal area resource |m2a 1.43E-03| 1.52E-03] 7.89E-04 8.71E-04
Occupation, built up area incl. mineral extractiqresource |m2a 1.16E-03| 1.20E-03] 1.14E-03 1.17E-03
Emissions to air
Ammonia air k 1.01E-06 1.08E-06 7.82E-07 8.56E-07
Arsenic air kg 6.49E-09 6.59E-09 5.94E-09 6.04E-09
Cadmium air kg 1.07E-09| 1.10E-09] 8.45E-10 8.83E-10
Carbon dioxide, fossil air kg 1.10E-01 1.10E-01 1.06E-01 1.07E-01
Carbon monoxide, fossil air kg 1.09E-04 1.15E-04 1.04E-04 1.10E-04
Carbon-14 air kBq 1.70E-03| 1.81E-03] 6.94E-04 8.01E-04
Chromium air kg 5.22E-08| 5.90E-08 4.71E-08 5.40E-08
Chromium VI air kg 1.39E-09 1.56E-09] 1.27E-09 1.43E-09
Dinitrogen monoxide air kg 3.21E-05| 3.22E-05 3.13E-05 3.14E-05
lodine-129 air kBq 1.04E-06| 1.11E-06] 4.26E-07 4.92E-07
Lead air kg 1.24E-08| 1.32E-08 1.02E-08 1.10E-08
Methane, fossil air kg 1.66E-04 1.70E-04 1.45E-04 1.48E-04
Mercury air kg 1.38E-08| 1.40E-08] 1.37E-08 1.39E-08
Nickel air kg 9.59E-09 1.01E-08] 7.93E-09 8.44E-09
Nitrogen oxides air kg 5.04E-04 5.09E-04] 4.94E-04| 4.99E-04|
NMVOC total air kg 3.56E-05 3.71E-05] 2.88E-05 3.03E-05
thereof:
Benzene air kg 1.23E-06 1.24E-06] 1.23E-06 1.23E-06
Benzo(a)pyrene air kg 4.81E-11 5.45E-11 4.08E-11 4.72E-11
Formaldehyde air kg 3.45E-07| 3.47E-07 3.36E-07 3.38E-07
PAH air kg 5.97E-08| 6.02E-08 5.77E-08 5.82E-08
PM2.5-10 air kg 4.97E-06| 5.73E-06 4.49E-06 5.24E-06
PM2.5 air kg 4.18E-06 4.81E-06 3.52E-06 4.16E-06
PCDD/F (measured as I-TEQ) air kg 5.50E-14 5.57E-14] 5.41E-14 5.47E-14
Radon-222 air kBq 1.94E+01 2.06E+01 7.98E+00 9.19E+00
Sulfur dioxide air 1kg 7.26E-04| 7.27E-04 7.18E-04 7.20E-04
Emissions to Water
Ammonium, ion \water kg 2.20E-07| 2.32E-07] 1.19E-07 1.32E-07
Arsenic, ion \water kg 1.44E-06 1.44E-06] 1.44E-06 1.44E-06
Cadmium, ion \water kg 9.11E-08| 9.26E-08 9.04E-08 9.19E-08
Carbon-14 water kBq 4.51E-04 4.80E-04 1.84E-04| 2.12E-04
Cesium-137 water kBqg 1.94E-04| 2.06E-04 7.95E-05 9.17E-05
Chromium, ion \water kg 2.88E-09 3.27E-09 1.75E-09 2.14E-09
Chromium VI water kg 9.24E-06 9.27E-06 9.22E-06 9.26E-06
CoD \water kg 2.06E-03 2.07E-03] 2.06E-03 2.06E-03
Copper, ion \water kg 6.66E-06| 6.67E-06] 6.65E-06 6.66E-06
Lead water kg 1.86E-06 1.87E-06 1.86E-06 1.86E-06
Mercury \water kg 6.05E-08 6.07E-08 6.04E-08 6.06E-08
Nickel, ion water kg 3.99E-06 4.07E-06 3.95E-06 4.03E-06
Nitrate \water kg 1.16E-06| 1.19E-06 9.13E-07 9.43E-07
Oils, unspecified water kg 4.88E-06| 5.47E-06 4.22E-06 4.81E-06
PAH \water kg 1.70E-09 1.99E-09 1.53E-09 1.83E-09
Phosphate water kg 1.09E-04 1.09E-04 1.09E-04 1.09E-04
Emissions to Soil
Arsenic soil kg 1.32E-10| 1.35E-10 5.16E-11 5.43E-11
Cadmium soil kg 7.29E-12| 7.89E-12] 6.78E-12 7.38E-12
Chromium soil kg 1.77E-09| 1.81E-09] 7.50E-10 7.92E-10
Chromium VI soil kg 1.99E-08 2.13E-08] 7.05E-09 8.41E-09
Lead soil kg 5.79E-11 6.16E-11 5.25E-11 5.61E-11
Mercury soil kg 2.52E-13| 2.59E-13] 2.26E-13 2.33E-13
Oils, unspecified soil 1kg 4.18E-06 4.64E-06 3.71E-06 4.18E-06
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Table 8.37 LCA results for year 2050, pessimistic development , “440 ppm-scenario”.
electricity, hard coal, at electricity, hard coal, at electricity, hard coal, at
power plant 350 MW power plant 600 MW power plant 800 MW
Total Total Total
kWh kWh kWh
Resources
Coal, brown, in ground resource _ |kg 8.29E-05 8.01E-05 8.01E-05
Coal, hard, unspecified, in ground resource _|kg 3.82E-01 3.82E-01 3.82E-01
Gas, natural, in ground resource  |Nm3 3.52E-03 3.50E-03 3.50E-03
Qil, crude, in ground resource _|kg 4.92E-03 4.91E-03 4.91E-03
Uranium, in ground resource _|kg 1.55E-07 1.54E-07 1.54E-07
Freshwater (lake, river, groundwater) resource  |m3 1.95E-03 1.95E-03 1.95E-03
Occupation, agricultural and forestal area resource |m2a 1.78E-02 1.77E-02 1.77E-02
Occupation, built up area incl. mineral extractiqresource |m2a 4.14E-03 4.13E-03 4.13E-03
Emissions to air
Ammonia air kg 1.86E-05 1.86E-05 1.86E-05
Arsenic air kg 1.39E-08 1.37E-08 1.37E-08
Cadmium air kg 1.47E-09 1.44E-09 1.44E-09
Carbon dioxide, fossil air kg 6.88E-01 6.88E-01 6.88E-01
Carbon monoxide, fossil air kg 1.42E-04 1.41E-04 1.41E-04
Carbon-14 air kBq 3.17E-04 3.15E-04] 3.15E-04
Chromium air kg 1.52E-07 1.36E-07 1.35E-07
Chromium VI air kg 4.31E-09 3.89E-09 3.88E-09
Dinitrogen monoxide air kg 3.01E-05 3.01E-05 3.01E-05
lodine-129 air kBqg 2.70E-07 2.69E-07 2.69E-07
Lead air kg 5.71E-08 5.62E-08 5.62E-08
Methane, fossil air kg 2.12E-03 2.12E-03 2.12E-03
Mercury air kg 3.08E-08 3.08E-08 3.08E-08
Nickel air kg 9.85E-08 9.81E-08 9.81E-08
Nitrogen oxides air kg 7.10E-04 7.09E-04 7.09E-04
NMVOC total air kg 5.40E-05 5.39E-05 5.39E-05
thereof:
Benzene air kg 1.81E-06 1.81E-06 1.81E-06
Benzo(a)pyrene air kg 1.14E-10 1.10E-10 1.10E-10
Formaldehyde air kg 4.41E-07 4.40E-07 4.40E-07
PAH air kg 1.84E-08 1.83E-08 1.83E-08
PM2.5-10 air kg 1.96E-05 1.94E-05 1.94E-05
PM2.5 air kg 4.60E-05 4.58E-05 4.57E-05
PCDD/F (measured as I-TEQ) air kg 6.27E-14 6.23E-14 6.23E-14
Radon-222 air kBq 5.03E+00 5.01E+00 5.01E+00
Sulfur dioxide air kg 5.13E-04 5.13E-04 5.13E-04
Emissions to Water
Ammonium, ion water kg 7.84E-07 7.83E-07 7.83E-07
Arsenic, ion water kg 1.14E-07 1.13E-07 1.13E-07
Cadmium, ion water kg 1.09E-08 1.07E-08 1.06E-08
Carbon-14 water kBqg 1.08E-04 1.08E-04 1.08E-04
Cesium-137 water kBqg 5.05E-05 5.02E-05 5.02E-05
Chromium, ion water kg 1.56E-08 1.55E-08 1.55E-08
Chromium VI water kg 2.24E-07 2.18E-07 2.18E-07
COD water kg 1.11E-04 1.10E-04 1.10E-04
Copper, ion water kg 4.35E-07 4.31E-07 4.30E-07
Lead water kg 1.86E-07 1.82E-07 1.81E-07
Mercury water kg 2.53E-09 2.51E-09 2.51E-09
Nickel, ion water kg 9.50E-07 8.88E-07 8.87E-07
Nitrate water kg 2.36E-05 2.36E-05 2.36E-05
Oils, unspecified water kg 2.15E-05 2.14E-05 2.14E-05
PAH water kg 4.91E-09 4.56E-09 4.56E-09
Phosphate water kg 2.55E-06 2.52E-06 2.52E-06
Emissions to Soil
Arsenic soil kg 6.38E-11 6.36E-11 6.35E-11
Cadmium soil kg 6.18E-12 6.10E-12 6.10E-12
Chromium soil kg 9.04E-10 9.00E-10 9.00E-10
Chromium VI soil kg 2.68E-09 2.66E-09 2.66E-09
Lead soil kg 4.53E-11 4.48E-11 4.47E-11
Mercury soil kg 5.19E-13 5.18E-13 5.18E-13
Oils, unspecified soil kg 2.18E-05 2.17E-05 2.17E-05
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LCA results for year 2050, pessimistic development

, “440 ppm-scenario”.

electricity, hard coal

electricity, hard coal

electricity, hard coal

electricity, hard coal

power plant 500MW class  [power plant 500MW class |power plant 500MW class  |power plant 500MW class
oxyf CCS, 200km & 800m  |oxyf CCS, 400km & 800m |post CCS, 200km & 800m  |post CCS, 400km & 800m
aquifer aquifer aquifer aquifer
Total Total Total Total
kWh kwh kwh kWh
Resources
Coal, brown, in ground resource |k 1.01E-04; 1.19E-04 1.21E-04
Coal, hard, unspecified, in ground resource [k 4.56E-0: 4.45E-0 4.45E-0:
|__|Gas, natural, in ground resource  [Nm3 .13E-0: 9.46E-0. 1.01E-02|
Qil, crude, in ground resource [k .08E-0: 7.48E-0. 7.57E-0:
Uranium, in ground resource [kg .85E-07 3.43E-07 3.75E-07.
Freshwater (lake, river, groundwater) resource |m3 .49E-03 2.43E-03 2.46E-03
Occupation, agricultural and forestal area resource _|m2a 2.15E-02] 2.16E-02 2.13E-02 2.14E-02
Occupation, built up area incl. mineral extractiqresource _|m2a 4.97E-03 5.00E-03] 4.89E-03 4.91E-03
Emissions to air |
| _[Ammonia air ki 2.04E-05| 2.05E-0! 2.44E-04 2.44E-04
Arsenic air kg 1.71E-08| 1.73E-0¢ 1.78E-08 1.79E-08
| |Cadmium air |kg 1.88E-09] 1.93E-0¢ 2.48E-09 2.53E-09
Carbon dioxide, fossil air k 3.12E-02 3.20E-02 1.18E-01 1.19E-01
Carbon monoxide, fossil air k 1.77E- 1.83E-04 1.84E-04
Carbon-14 air kBq 7.17] 7.90E-04 7.64E-04.
Chromium air k .97 .04E-07 .45E-07
Chromium VI air ki E .67E-09 .69E-09
| |Dinitrogen monoxide air kg . .63E-05 .56E-05
| |lodine-129 air |kBq .1 .74E-07 5.97E-07 .53E-07
Lead air ki 7.14E-08| 7.30E-08] 7.41E-08 7.55E-08
Methane, fossil air k 55E-03 .55E-03 .50E-03 .51E-03
Mercury air ki 69E-08| .71E-08 .66E-08 .68E-08
Nickel air ki 18E-07 .18E-07 .26E-07 .26E-07
|_INitrogen oxides air ki 75E-04 .79E-04 .49E-04/ .53E-04/
NMVOC total air kg 84E-05| .98E-05 7.57E-05 7.70E-05
thereof: |
Benzene air ki 2.17E-06 2.17E-06] 2.31E-06 2.31E-06
Benzo(a)pyrene air ki 1.49E-10| .56E-10 1.59E-10 1.66E-10
Formaldehyde air k 5.28 .30E-07 5.32E-07 5.33E-07|
PAH air ki .33 .38E-0! .35E-0: .39E-08
PM2.5-10 air ki .43 .50E-0! .53E-0! .59E-05]
PM2.5 air kg .56E: .63E-0! .62E-0! .67E-05
PCDD/F (measured as I-TEQ) air kg 7.68E-14] 7.82E-14/ 8.86E-14 8.99E-14
| |Radon-222 air kBq 1.14E+01 1.25E+01 1.11E+01 1.21E+01
Sulfur dioxide i 3.39E-04| 3.41E-04 3.48E-04 3.49E-04
Emissions to Water
|__{Ammonium, ion 1.01E-06| 1.02E-06 4.40E-06 4.41E-06
Arsenic, ion 1.40E-07] 1.41E-07] 1.40E-07 1.41E-07
| |Cadmium, ion 1.62E-08 1.53E-08 1.65E-08
Carbon-14 2.71E-04/ 2.40E-04 2.62E-04
| |Cesium-137 .26E-04 .12E-04 .22E-04
Chromium, ion .06E-08 .00E-08 .03E-08:
Chromium VI ki .44E-07 .26E-07 .56E-07
CcoD ki 43E-04 .21E-04 .25E-04
Copper, ion kg .63E-07 . 77E-07 .86E-07
| |Lead water |kg 2.41E-07 2.44E-07 2.47E-07
Mercury ki 3.59E-09 3.46E-09 3.65E-09
Nickel, ion k .32E-06 .41E-06
|__|Nitrate ki .97E-05 .88E-05)
|_|Oils, unspecified ki .67E-05 .82E-05
PAH ki .59E-09 .36E-09
Phosphate water kg .36E-06 6.22E-06
El ions to Soil
Arsenic SOl k .1 .14E-10 .16E-10 .18E-1(
Cadmium SOl k .0! .59E-1. .14E-11 .19E-11]
Chromium SOl k .5! .57E-O 72E-09 .75E-0!
Chromium VI SO ki .0. .03E-0 . 79E-09 .89E-09|
Lead SOl kg .78E-1. .13E-1. .04E-10 .07E-1
Mercury soil kg 6.44E-13| 6.52E-13] 7.45E-13 7.53E-13
Oils, unspecified soil kg 2.63E-05 2.67E-05] 2.83E-05 2.86E-05
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Table 8.39

LCA results for year 2050, pessimistic development

, “440 ppm-scenario”.

electricity, hard coal plant
500MW class oxyf CCS,
200km & 2500m deplet
gasfield

electricity, hard coal plant
500MW class oxyf CCS,
400km & 2500m deplet
gasfield

electricity, hard coal plant
500MW class post CCS,
200km & 2500m deplet

gasfield

electricity, hard coal plant
500MW class post CCS,
400km & 2500m deplet
gasfield

Total Total Total Total
kWh kWh kWh kWh
Resources
Coal, brown, in ground resource |k 1.0 1.10E-04; 1.27E-04 1.29E-04
Coal, hard, unspecified, in ground resource [k 4.5 4.56E-0: 4.45E-0 4.45E-0:
|__|Gas, natural, in ground resource  [Nm3 1.4 1.48E-0: 1.53E-0; 1.60E-0.
Qil, crude, in ground resource [k 6.10E: 6.21E-0: 7.59E-0. 7.68E-03|
Uranium, in ground resource [kg 6.84E-07| 7.20E-07] 6.38E-07 6.69E-07.
Freshwater (lake, river, groundwater) resource |m3 2.68E-03] 2.71E-03 2.63E-03 2.66E-03
Occupation, agricultural and forestal area resource _|m2a 2.22E-02] 2.23E-02 2.20E-02 2.20E-02
Occupation, built up area incl. mineral extractiqresource _|m2a 4.99E-03 5.02E-03] 4.91E-03 4.93E-03
Emissions to air |
| _[Ammonia air ki 2.06E-05| 2.07E-0! 2.44E-04 2.44E-04
Arsenic air kg 1.81E-08| 1.83E-0¢ 1.86E-08 1.88E-08
| |Cadmium air |kg 2.22E-09 2.28E-0¢ 2.79E-09 2.83E-09
Carbon dioxide, fossil air k 3.47E-02 3.55E-02 1.21E-01 1.22E-01
Carbon monoxide, fossil air k .82E-04 .88E-04 .84E-04/
Carbon-14 air kBq .48E-03 .31E-03
Chromium air k .08E-07 .44E-07
Chromium VI air ki .79E-09 .66E-09
| |Dinitrogen monoxide air kg .71E-05 .63E-05)
| [iodine-129 air |kBq 1.26E-06) 1.12E-06
Lead air ki 7.67E-08] 7.74E-08
Methane, fossil air k .59E-03 .53E-03
Mercury air ki .72E-08 .67E-08
Nickel air k .21E-07 .28E-07
|_INitrogen oxides air ki -90E-04 .59E-04/ A
NMVOC total air kg 7.69E-05 .19E-05 .32E-05
thereof: |
Benzene air ki 2.17E-06 2.18E-06] 2.31E-06 2.32E-06
Benzo(a)pyrene air k 1.60E-10 .67E-10 1.69E-10 1.75E-10
Formaldehyde air ki 5.37E-07] .39E-07 5.40E-07 5.41E-07
PAH air ki .54E-08 .59E-0! .53E-0 .58E-08|
PM2.5-10 air ki .55E-0! .57E-0! .63E-05]
PM2.5 air kg . .70E-0! .68E-0! .73E-05
PCDD/F (measured as I-TEQ) air kg 7.82E-14] 7.96E-14/ 8.98E-14 9.11E-14
| |Radon-222 air kBq 2.22E+01 2.34E+01 2.07E+01 2.17E+01
Sulfur dioxide i 3.47E-04| 3.49E-04 3.55E-04 3.56E-04
Emissions to Water
|__{Ammonium, ion 1.11E-06| 1.12E-06 4.49E-06 4.50E-06
Arsenic, ion 1.41E-07] 1.43E-07] 1.41E-07 1.43E-07
| |Cadmium, ion 1.55E-08 1.69E-08 1.59E-08 1.71E-08
Carbon-14 4.83E-04 5.08E-04/ 4.49E-04| 4.71E-04
| |Cesium-137 25E-04 36E-04! .19E-04
Chromium, ion -08 16E-08 .13E-08.
Chromium VI k .26E-07, 61E-07 .70E-07
CcoD ki 44E-04 48E-04! .30E-04
Copper, ion kg .62E-07 .72E-07 .94E-07
| |Lead water |kg 2.45E-07] 2.49E-07 2.51E-07 2.54E-07
Mercury ki 3.47E-09| 3.68E-09 3.53E-09 3.73E-09
Nickel, ion ki -06 .36E-06 .44E-06 .50E-06
|__|Nitrate ki —054 .00E-05 .91E-05 .91E-05
|_|Oils, unspecified ki i -05 . 73E-05 .88E-05 .93E-05.
PAH ki 6.47E-09] .74E-09 49E-09 .73E-09
Phosphate water kg 3.31E-06 .46E-06 6.31E-06 6.43E-06
El ions to Soil
Arsenic SOl k -10| .90E-10 .82E-10 .84E-10|
Cadmium SOl k .53E-1. .11E-1. 19E-11 .24E-11]
Chromium SOl k .48E-0f .52E-0 .55E-09 .59E-0!
Chromium VI SO ki .09E-0f .21E-0 .92E-08 .03E-0
Lead SOl kg 6.30E-1. .65E-1. .08E-10 11E-1
Mercury soil kg 6.92E-13| 7.00E-13] 7.88E-13 7.95E-13
Oils, unspecified soil kg 2.67E-05 2.71E-05] 2.87E-05 2.90E-05

208



NEEDS RS la — WP 7Advanced fossil power technslogie

Table 8.40 LCA results for year 2050, pessimistic development , “440 ppm-scenario”.
electricity, lignite power electricity, lignite power
plant 800 MW class post plant 800 MW class post
CCS, 200km & 800m CCS, 400km & 800m electricity, lignite, at
aquifer aquifer power plant 950 MW
Total Total Total
kWh kWh kWh
Resources
Coal, brown, in ground resource _ |kg 9.51E-01 9.51E-01 8.18E-01
Coal, hard, unspecified, in ground resource _|kg 1.25E-03 1.41E-03 5.81E-04
Gas, natural, in ground resource  |Nm3 9.06E-03 9.82E-03 2.38E-03
Qil, crude, in ground resource _|kg 2.92E-03 3.04E-03 7.58E-04
Uranium, in ground resource _|kg 3.10E-07 3.47E-07 1.02E-07
Freshwater (lake, river, groundwater) resource  |m3 5.05E-03 5.09E-03 4.19E-03
Occupation, agricultural and forestal area resource |m2a 1.94E-03 2.03E-03 8.91E-04
Occupation, built up area incl. mineral extractigresource |m2a 1.25E-03 1.28E-03 9.91E-04
Emissions to air
Ammonia air kg 2.38E-04 2.38E-04 4.67E-06
Arsenic air kg 1.09E-08 1.11E-08 7.75E-09
Cadmium air kg 2.20E-09 2.26E-09 1.06E-09
Carbon dioxide, fossil air kg 1.15E-01 1.16E-01 7.90E-01
Carbon monoxide, fossil air kg 2.15E-04 2.21E-04 1.67E-04
Carbon-14 air kBq 6.31E-04 7.07E-04 2.09E-04
Chromium air kg 8.17E-08 8.82E-08 4.01E-08
Chromium VI air kg 2.16E-09 2.32E-09 1.12E-09
Dinitrogen monoxide air kg 2.27E-05 2.28E-05 1.89E-05
lodine-129 air kBq 5.40E-07 6.05E-07 1.78E-07
Lead air kg 2.61E-08 2.78E-08 1.45E-08
Methane, fossil air kg 2.85E-04 2.90E-04 2.12E-04
Mercury air kg 2.12E-08 2.14E-08 1.74E-08
Nickel air kg 2.86E-08 2.93E-08 1.32E-08
Nitrogen oxides air kg 7.57E-04 7.61E-04 6.26E-04
NMVOC total air kg 3.93E-05 4.08E-05 2.07E-05
thereof:
Benzene air kg 2.07E-06 2.08E-06 1.58E-06
Benzo(a)pyrene air kg 1.05E-10 1.12E-10 5.70E-11
Formaldehyde air kg 5.37E-07 5.39E-07 4.41E-07
PAH air kg 1.45E-08 1.50E-08 1.02E-08
PM2.5-10 air kg 1.46E-05 1.53E-05 9.71E-06
PM2.5 air kg 6.63E-05 6.69E-05 5.44E-05
PCDD/F (measured as I-TEQ) air kg 8.30E-14 8.45E-14 5.63E-14
Radon-222 air kBq 9.99E+00 1.12E+01 3.31E+00
Sulfur dioxide air kg 1.35E-04 1.36E-04 1.16E-04
Emissions to Water
Ammonium, ion water kg 4.15E-06 4.16E-06 5.31E-08
Arsenic, ion water kg 9.27E-07 9.29E-07 7.89E-07
Cadmium, ion water kg 3.26E-08 3.40E-08 2.45E-08
Carbon-14 water kBqg 2.17E-04 2.43E-04 7.17E-05
Cesium-137 water kBqg 1.01E-04 1.13E-04 3.34E-05
Chromium, ion water kg 2.30E-09 2.68E-09 8.97E-10
Chromium VI water kg 8.00E-07 8.36E-07 6.00E-07
COD water kg 1.33E-04 1.38E-04 2.61E-05
Copper, ion water kg 1.02E-06 1.03E-06 8.26E-07
Lead water kg 9.81E-07 9.85E-07 8.20E-07
Mercury water kg 5.90E-09 6.12E-09 4.52E-09
Nickel, ion water kg 1.93E-06 2.01E-06 1.44E-06
Nitrate water kg 1.16E-05 1.16E-05 1.29E-07
Oils, unspecified water kg 8.06E-06 8.63E-06 3.56E-06
PAH water kg 2.65E-09 2.92E-09 1.23E-09
Phosphate water kg 3.54E-05 3.56E-05 2.75E-05
Emissions to Soil
Arsenic soil kg 6.50E-11 6.77E-11 1.41E-11
Cadmium soil kg 9.72E-12 1.03E-11 3.64E-12
Chromium soil kg 1.05E-09 1.09E-09 2.28E-10
Chromium VI soil kg 7.30E-09 8.59E-09 5.40E-10
Lead soil kg 8.83E-11 9.19E-11 2.36E-11
Mercury soil kg 2.36E-13 2.44E-13 6.78E-14
Oils, unspecified soil kg 7.18E-06 7.62E-06 3.24E-06
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Table 8.41 LCA results for year 2050, pessimistic development , “440 ppm-scenario”.
electricity, lignite plant electricity, lignite power electricity, lignite power
800 MW class post CCS, plant 800 MW class oxyf plant 800 MW class oxyf
400km & 2500m depl. CCS, 200km & 800m CCS, 400km & 800m
gasfield aquifer aquifer
Total Total Total
kwh kWh kWh
Resources
Coal, brown, in ground resource _ |kg 9.51E-01 9.74E-01 9.74E-01
Coal, hard, unspecified, in ground resource _|kg 1.60E-03 1.04E-03 1.21E-03
Gas, natural, in ground resource  |Nm3 1.67E-02 6.52E-03 7.38E-03
Qil, crude, in ground resource _|kg 3.17E-03 1.02E-03 1.14E-03
Uranium, in ground resource _|kg 6.92E-07 3.15E-07 3.56E-07
Freshwater (lake, river, groundwater) resource  |m3 5.32E-03 5.13E-03 5.17E-03
Occupation, agricultural and forestal area resource |m2a 2.75E-03 1.52E-03 1.62E-03
Occupation, built up area incl. mineral extractigresource |m2a 1.31E-03 1.24E-03 1.27E-03
Emissions to air
Ammonia air kg 2.38E-04 2.38E-06 2.46E-06
Arsenic air kg 1.21E-08 1.01E-08 1.03E-08
Cadmium air kg 2.61E-09 1.42E-09 1.48E-09
Carbon dioxide, fossil air kg 1.20E-01 1.83E-02 1.93E-02
Carbon monoxide, fossil air kg 2.26E-04 2.10E-04 2.17E-04
Carbon-14 air kBq 1.42E-03 6.47E-04 7.32E-04
Chromium air kg 9.31E-08 6.50E-08 7.24E-08
Chromium VI air kg 2.44E-09 1.75E-09 1.93E-09
Dinitrogen monoxide air kg 2.36E-05 2.30E-05 2.32E-05
lodine-129 air kBqg 1.21E-06 5.53E-07 6.26E-07
Lead air kg 3.17E-08 2.20E-08 2.39E-08
Methane, fossil air kg 3.27E-04 2.74E-04 2.79E-04
Mercury air kg 2.15E-08 2.10E-08 2.12E-08
Nickel air kg 3.20E-08 1.54E-08 1.63E-08
Nitrogen oxides air kg 7.73E-04 2.89E-04 2.95E-04
NMVOC total air kg 4.81E-05 2.94E-05 3.11E-05
thereof:
Benzene air kg 2.08E-06 1.89E-06 1.89E-06
Benzo(a)pyrene air kg 1.23E-10 8.90E-11 9.73E-11
Formaldehyde air kg 5.48E-07 5.30E-07 5.32E-07
PAH air kg 1.72E-08 1.40E-08 1.46E-08
PM2.5-10 air kg 1.58E-05 1.30E-05 1.38E-05
PM2.5 air kg 6.76E-05 6.60E-05 6.67E-05
PCDD/F (measured as I-TEQ) air kg 8.60E-14 7.03E-14 7.20E-14
Radon-222 air kBq 2.24E+01 1.02E+01 1.16E+01
Sulfur dioxide air kg 1.44E-04 1.18E-04 1.20E-04
Emissions to Water
Ammonium, ion water kg 4.27E-06 1.24E-07 1.39E-07
Arsenic, ion water kg 9.31E-07 9.44E-07 9.47E-07
Cadmium, ion water kg 3.47E-08 3.18E-08 3.34E-08
Carbon-14 water kBqg 4.88E-04 2.22E-04 2.52E-04
Cesium-137 water kBqg 2.27E-04 1.03E-04 1.17E-04
Chromium, ion water kg 3.79E-09 2.05E-09 2.48E-09
Chromium VI water kg 8.53E-07 7.81E-07 8.21E-07
COD water kg 1.43E-04 3.74E-05 4.26E-05
Copper, ion water kg 1.04E-06 1.00E-06 1.02E-06
Lead water kg 9.93E-07 9.90E-07 9.95E-07
Mercury water kg 6.21E-09 5.77E-09 6.02E-09
Nickel, ion water kg 2.04E-06 1.86E-06 1.95E-06
Nitrate water kg 1.19E-05 3.09E-07 3.46E-07
Oils, unspecified water kg 9.29E-06 4.91E-06 5.55E-06
PAH water kg 3.08E-09 2.02E-09 2.33E-09
Phosphate water kg 3.57E-05 3.30E-05 3.32E-05
Emissions to Soil
Arsenic soil kg 1.46E-10 5.85E-11 6.16E-11
Cadmium soil kg 1.08E-11 5.31E-12 5.98E-12
Chromium soil kg 2.07E-09 7.95E-10 8.41E-10
Chromium VI soil kg 2.08E-08 7.47E-09 8.94E-09
Lead soil kg 9.73E-11 3.26E-11 3.66E-11
Mercury soil kg 2.94E-13 1.10E-13 1.19E-13
Oils, unspecified soil kg 8.09E-06 4.21E-06 4.71E-06
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Table 8.42 LCA results for year 2050, pessimistic development , “440 ppm-scenario”.
electricity, lignite plant electricity, lignite plant electricity, lignite plant
800 MW class oxyf CCS, 800 MW class oxyf CCS, 800 MW class post CCS,
200km & 2500m depl. 400km & 2500m depl. 200km & 2500m depl.
gasfield gasfield gasfield
Total Total Total
kWh kWh kWh
Resources
Coal, brown, in ground resource _ |kg 9.74E-01 9.74E-01 9.51E-01
Coal, hard, unspecified, in ground resource _|kg 1.25E-03 1.43E-03 1.44E-03
Gas, natural, in ground resource  |Nm3 1.44E-02 1.52E-02 1.60E-02
Qil, crude, in ground resource _|kg 1.16E-03 1.29E-03 3.06E-03
Uranium, in ground resource _|kg 7.06E-07 7.48E-07 6.56E-07
Freshwater (lake, river, groundwater) resource  |m3 5.39E-03 5.43E-03 5.29E-03
Occupation, agricultural and forestal area resource |m2a 2.34E-03 2.44E-03 2.66E-03
Occupation, built up area incl. mineral extractiqresource |m2a 1.26E-03 1.30E-03 1.28E-03
Emissions to air
Ammonia air kg 2.61E-06 2.69E-06 2.38E-04
Arsenic air kg 1.12E-08 1.15E-08 1.19E-08
Cadmium air kg 1.82E-09 1.88E-09 2.56E-09
Carbon dioxide, fossil air kg 2.24E-02 2.34E-02 1.19E-01
Carbon monoxide, fossil air kg 2.17E-04 2.23E-04 2.20E-04
Carbon-14 air kBq 1.45E-03 1.54E-03 1.34E-03
Chromium air kg 7.05E-08 7.79E-08 8.66E-08
Chromium VI air kg 1.89E-09 2.07E-09 2.28E-09
Dinitrogen monoxide air kg 2.40E-05 2.41E-05 2.35E-05
lodine-129 air kBqg 1.24E-06 1.32E-06 1.15E-06
Lead air kg 2.63E-08 2.82E-08 3.00E-08
Methane, fossil air kg 3.16E-04 3.21E-04 3.22E-04
Mercury air kg 2.11E-08 2.14E-08 2.13E-08
Nickel air kg 1.84E-08 1.92E-08 3.12E-08
Nitrogen oxides air kg 3.02E-04 3.08E-04 7.68E-04
NMVOC total air kg 3.77E-05 3.94E-05 4.66E-05
thereof:
Benzene air kg 1.90E-06 1.90E-06 2.08E-06
Benzo(a)pyrene air kg 1.02E-10 1.10E-10 1.16E-10
Formaldehyde air kg 5.40E-07 5.42E-07 5.46E-07
PAH air kg 1.64E-08 1.70E-08 1.66E-08
PM2.5-10 air kg 1.36E-05 1.44E-05 1.51E-05
PM2.5 air kg 6.68E-05 6.75E-05 6.70E-05
PCDD/F (measured as I-TEQ) air kg 7.19E-14 7.37E-14 8.45E-14
Radon-222 air kBq 2.29E+01 2.43E+01 2.12E+01
Sulfur dioxide air kg 1.27E-04 1.29E-04 1.43E-04
Emissions to Water
Ammonium, ion water kg 2.43E-07 2.57E-07 4.25E-06
Arsenic, ion water kg 9.46E-07 9.48E-07 9.29E-07
Cadmium, ion water kg 3.26E-08 3.41E-08 3.33E-08
Carbon-14 water kBqg 5.00E-04 5.29E-04 4.62E-04
Cesium-137 water kBqg 2.32E-04 2.46E-04 2.15E-04
Chromium, ion water kg 3.31E-09 3.74E-09 3.41E-09
Chromium VI water kg 8.00E-07 8.40E-07 8.18E-07
COD water kg 4.37E-05 4.89E-05 1.39E-04
Copper, ion water kg 1.01E-06 1.03E-06 1.03E-06
Lead water kg 9.99E-07 1.00E-06 9.89E-07
Mercury water kg 5.87E-09 6.12E-09 5.99E-09
Nickel, ion water kg 1.90E-06 1.99E-06 1.97E-06
Nitrate water kg 6.20E-07 6.57E-07 1.19E-05
Oils, unspecified water kg 5.66E-06 6.30E-06 8.73E-06
PAH water kg 2.19E-09 2.51E-09 2.81E-09
Phosphate water kg 3.31E-05 3.33E-05 3.55E-05
Emissions to Soil
Arsenic soil kg 1.47E-10 1.50E-10 1.43E-10
Cadmium soil kg 5.91E-12 6.59E-12 1.03E-11
Chromium soil kg 1.91E-09 1.95E-09 2.03E-09
Chromium VI soil kg 2.13E-08 2.28E-08 1.95E-08
Lead soil kg 3.87E-11 4.27E-11 9.37E-11
Mercury soil kg 1.66E-13 1.76E-13 2.85E-13
Oils, unspecified soil kg 4.73E-06 5.23E-06 7.64E-06
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Table 8.43 LCA results for year 2050, pessimistic development , “440 ppm-scenario”.
electricity, hard coal, at IGCC electricity, lignite, at IGCC power
power plant 450MW plant 450MW

Total Total

kWh kwh

Resources

Coal, brown, in ground resource |kg 5.90E-05 4.29E-01
Coal, hard, unspecified, in ground resource |kg 3.35E-01 3.94E-04
Gas, natural, in ground resource |Nm3 2.94E-03| 1.24E-03
Qil, crude, in ground resource |kg 4.16E-03| 5.26E-04
Uranium, in ground resource |kg 1.38E-07| 6.02E-08|
Freshwater (lake, river, groundwater) resource [m3 6.17E-04 1.57E-03
Occupation, agricultural and forestal area resource |m2a 1.55E-02 4.03E-04
Occupation, built up area incl. mineral extractiresource |m2a 3.81E-03] 7.33E-04

Emissions to air

Ammonia air kg 1.41E-05 3.82E-07
Arsenic air kg 6.31E-08| 6.12E-08|
Cadmium air kg 1.56E-09] 1.25E-09
Carbon dioxide, fossil air kg 6.44E-01 6.29E-01
Carbon monoxide, fossil air kg 1.28E-04 6.91E-05
Carbon-14 air kBq 2.81E-04] 1.23E-04
Chromium air kg 4.31E-08 3.61E-08
Chromium VI air kg 1.39E-09 1.18E-09
Dinitrogen monoxide air kg 2.73E-05 2.61E-05
lodine-129 air kBq 2.39E-07 1.05E-07
Lead air kg 4.15E-08 3.55E-08
Methane, fossil air kg 1.87E-03] 1.20E-04
Mercury air kg 1.99E-08| 1.92E-08|
Nickel air kg 8.17E-08 1.83E-08,
Nitrogen oxides air kg 4.21E-04 1.68E-04|
NMVOC total air kg 4.91E-05 1.86E-05
thereof:
Benzene air kg 1.20E-06 9.94E-07
Benzo(a)pyrene air kg 9.44E-11] 3.53E-11]
Formaldehyde air kg 2.79E-07 2.75E-07
PAH air kg 5.48E-08 4.69E-08
PM2.5-10 air kg 1.36E-05 2.51E-06
PM2.5 air kg 9.48E-06 2.08E-06
PCDD/F (measured as I-TEQ) air kg 5.02E-14] 4.28E-14
Radon-222 air kBq 4.47E+00 1.95E+00
Sulfur dioxide air kg 3.57E-04] 1.96E-04
Emissions to Water
Ammonium, ion water kg 3.74E-07| 6.01E-08|
Arsenic, ion water kg 7.98E-08 7.10E-08|
Cadmium, ion water kg 1.22E-08] 8.92E-09|
Carbon-14 water kBq 9.60E-05 4.20E-05
Cesium-137 water kBq 4.47E-05 1.96E-05
Chromium, ion water kg 1.99E-09 7.28E-10|
Chromium VI water kg 7.14E-07| 6.31E-07|
CcoD water kg 2.17E-04 1.60E-04
Copper, ion water kg 1.28E-06 1.25E-06
Lead water kg 3.25E-07 3.15E-07
Mercury water kg 4.84E-09 4.45E-09
Nickel, ion water kg 5.90E-07| 4.70E-07
Nitrate water kg 1.23E-06 6.91E-07|
Qils, unspecified water kg 1.84E-05 2.29E-06
PAH water kg 2.47E-09] 9.49E-10|
Phosphate water kg 6.96E-06 6.60E-06
Emissions to Soil
Arsenic soil kg 5.41E-11 8.62E-12|
Cadmium soil kg 6.32E-12] 3.37E-12]
Chromium soil kg 7.89E-10| 1.68E-10
Chromium VI soil kg 2.45E-09 4.97E-10
Lead soil kg 5.07E-11 3.09E-11
Mercury soil kg 5.70E-13| 1.86E-13
QOils, unspecified soil kg 1.86E-05 2.10E-06
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Table 8.44

LCA results for year 2050, pessimistic development

, “440 ppm-scenario”.

electricity, hard coal IGCC |electricity, hard coal IGCC [electricity, hard coal IGCC |electricity, hard coal IGCC
plant 400MW, CCS, 200km |plant 400MW, CCS, 400km |[power plant 400MW, CCS, |power plant 400MW, CCS,
& 2500m depleted gasfield [& 2500m depleted gasfield [200km & 800m aquifer 400km & 800m aquifer
Total Total Total Total
kwWh kWh kWh kWh
Resources
Coal, brown, in ground resource [kg 7.81E-05| 7.97E-05| 6.99E-05 7.16E-05|
Coal, hard, unspecified, in ground resource [kg 3.78E-01 3.78E-01 3.78E-01 3.78E-01
Gas, natural, in ground resource  [Nm3 1.22E-02 1.29E-02] 6.26E-03 6.92E-03|
Qil, crude, in ground resource [kg 4.92E-03 5.01E-03| 4.81E-03 4.90E-03
Uranium, in ground resource [kg 6.00E-07 6.32E-07| 3.02E-07 3.33E-07
Freshwater (lake, river, groundwater) resource |m3 1.00E-03 1.03E-03| 8.01E-04 8.30E-04
Occupation, agricultural and forestal area resource |m2a 1.84E-02 1.85E-02] 1.78E-02 1.79E-02]
Occupation, built up area incl. mineral extractiqresource _[m2a 4.32E-03 4.35E-03 4.30E-03 4.33E-03
Emissions to air
Ammonia air kg 1.62E-05 1.63E-05| 1.60E-05 1.61E-05|
Arsenic air kg 7.96E-08 7.98E-08| 7.87E-08 7.89E-08|
Cadmium air kg 2.18E-09 2.23E-09 1.87E-09 1.92E-09
Carbon dioxide, fossil air kg 1.05E-01 1.05E-01] 1.02E-01 1.02E-01]
Carbon monoxide, fossil air kg 1.63E-04| 1.68E-04 1.58E-04 1.63E-04
Carbon-14 air kBq 1.23E-03 1.30E-03 6.19E-04| 6.84E-04
Chromium air kg 5.95E-08 6.52E-08| 5.53E-08 6.09E-08|
Chromium VI air kg 1.87E-09 2.01E-09| 1.77E-09 1.91E-09|
Dinitrogen monoxide air kg 3.50E-05 3.51E-05 3.43E-05 3.44E-05
lodine-129 air kBq 1.05E-06 1.11E-06| 5.28E-07 5.84E-07|
Lead air kg 5.50E-08 5.65E-08| 5.17E-08 5.32E-08|
Methane, fossil air kg 2.15E-03 2.16E-03| 2.12E-03 2.12E-03|
Mercury air kg 2.51E-08 2.52E-08 2.49E-08 2.51E-08
Nickel air kg 9.67E-08 9.73E-08| 9.44E-08 9.50E-08|
Nitrogen oxides air kg 5.11E-04 5.15E-04 5.01E-04 5.05E-04
NMVOC total air kg 6.71E-05 6.84E-05 6.08E-05 6.21E-05
thereof:
Benzene air kg 1.49E-06 1.49E-06| 1.48E-06 1.48E-06
Benzo(a)pyrene air kg 1.24E-10] 1.30E-10| 1.14E-10] 1.20E-10|
Formaldehyde air kg 3.60E-07 3.61E-07| 3.52E-07 3.53E-07|
PAH air kg 7.04E-08 7.08E-08| 6.85E-08 6.90E-08|
PM2.5-10 air kg 1.64E-05 1.71E-05| 1.60E-05 1.66E-05
PM2.5 air kg 1.20E-05 1.26E-05 1.14E-05 1.20E-05
PCDD/F (measured as I-TEQ) air kg 6.32E-14 6.46E-14 6.20E-14 6.33E-14
Radon-222 air kBq 1.95E+01 2.05E+01 9.80E+00 1.08E+01
Sulfur dioxide air kg 4.36E-04 4.38E-04 4.29E-04 4.31E-04
Emissions to Water
Ammonium, ion \water kg 5.57E-07 5.68E-07| 4.66E-07 4.77E-07
Arsenic, ion \water kg 9.18E-08 9.35E-08| 9.05E-08 9.22E-08|
Cadmium, ion \water kg 1.54E-08 1.66E-08 1.48E-08 1.60E-08
Carbon-14 water kBq 4.24E-04 4.46E-04 2.12E-04 2.35E-04
Cesium-137 water kBq 1.97E-04| 2.08E-04 9.87E-05 1.09E-04|
Chromium, ion \water kg 3.88E-09 4.20E-09 2.92E-09 3.24E-09
Chromium VI \water kg 8.44E-07 8.74E-07| 8.29E-07 8.59E-07|
CcoD \water kg 2.52E-04 2.56E-04 2.47E-04 2.51E-04
Copper, ion \water kg 1.44E-06 1.45E-06 1.43E-06 1.44E-06|
Lead \water kg 3.71E-07 3.74E-07| 3.64E-07 3.68E-07|
Mercury \water kg 5.68E-09 5.87E-09 5.60E-09 5.79E-09
Nickel, ion \water kg 7.58E-07 8.24E-07| 7.28E-07 7.94E-07|
Nitrate water kg 1.73E-06 1.76E-06| 1.49E-06 1.52E-06
Oils, unspecified \water kg 2.19E-05 2.24E-05 2.13E-05 2.18E-05
PAH water kg 3.18E-09 3.42E-09 3.05E-09 3.28E-09
Phosphate water kg 7.98E-06 8.11E-06| 7.90E-06 8.03E-06
Emissions to Soil
Arsenic soil kg 1.61E-10| 1.63E-10| 9.35E-11 9.58E-11]
Cadmium soil kg 8.16E-12 8.67E-12| 7.70E-12 8.21E-12|
Chromium soil kg 2.15E-09 2.19E-09 1.30E-09 1.34E-09
Chromium VI soil kg 1.85E-08 1.96E-08 7.95E-09 9.06E-09
Lead soil kg 6.58E-11 6.89E-11] 6.12E-11 6.43E-11]
Mercury soil kg 7.06E-13 7.13E-13| 6.63E-13 6.70E-13|
Oils, unspecified soil kg 2.18E-05 2.22E-05 2.14E-05| 2.18E-05
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Table 8.45 LCA results for year 2050, pessimistic development  , “440 ppm-scenario”.
electricity, lignite IGCC electricity, lignite IGCC electricity, lignite IGCC electricity, lignite IGCC
plant 400MW, CCS, 200km |plant 400MW, CCS, 400km |power plant 400MW, CCS, |power plant 400MW, CCS,
& 2500m depleted gasfield |& 2500m depleted gasfield |200km & 800m aquifer 400km & 800m aquifer
Total Total Total Total
kwWh kWh kWh kWh
Resources
Coal, brown, in ground resource [kg 4.85E-01 4.85E-01] 4.85E-01 4.85E-01]
Coal, hard, unspecified, in ground resource [kg 1.18E-03 1.35E-03| 9.73E-04 1.14E-03|
Gas, natural, in ground resource [Nm3 1.27E-02 1.35E-02] 5.23E-03 6.05E-03|
Oil, crude, in ground resource [kg 1.48E-03 1.60E-03| 1.34E-03 1.46E-03|
Uranium, in ground resource [kg 6.34E-07 6.74E-07| 2.61E-07 3.01E-07|
Freshwater (lake, river, groundwater) resource |m3 2.20E-03 2.24E-03| 1.95E-03 1.98E-03|
Occupation, agricultural and forestal area resource |m2a 1.68E-03 1.77E-03| 8.95E-04 9.92E-04
Occupation, built up area incl. mineral extractiqresource _[m2a 1.19E-03 1.22E-03 1.17E-03 1.20E-03
Emissions to air
Ammonia air kg 1.01E-06 1.08E-06 7.93E-07 8.69E-07|
Arsenic air kg 9.18E-09 9.40E-09 8.08E-09 8.30E-09
Cadmium air kg 1.78E-09 1.85E-09 1.40E-09 1.46E-09
Carbon dioxide, fossil air kg 1.13E-01 1.14E-01] 1.09E-01 1.10E-01]
Carbon monoxide, fossil air kg 1.18E-04| 1.25E-04 1.12E-04 1.19E-04
Carbon-14 air kBq 1.30E-03 1.39E-03| 5.35E-04 6.16E-04|
Chromium air kg 5.32E-08 6.03E-08| 4.79E-08 5.50E-08|
Chromium VI air kg 1.42E-09 1.59E-09 1.29E-09 1.46E-09
Dinitrogen monoxide air kg 3.30E-05 3.31E-05 3.21E-05 3.22E-05
lodine-129 air kBq 1.11E-06 1.18E-06 4.55E-07 5.25E-07|
Lead air kg 2.25E-08 2.43E-08 1.84E-08 2.02E-08|
Methane, fossil air kg 2.02E-04 2.08E-04 1.62E-04| 1.68E-04|
Mercury air kg 1.44E-08 1.46E-08| 1.43E-08 1.45E-08|
Nickel air kg 1.51E-08 1.59E-08 1.23E-08 1.30E-08
Nitrogen oxides air kg 5.25E-04 5.30E-04 5.12E-04 5.17E-04
NMVOC total air kg 3.84E-05 4.01E-05 3.06E-05 3.22E-05
thereof:
Benzene air kg 1.29E-06 1.29E-06 1.28E-06 1.28E-06|
Benzo(a)pyrene air kg 6.92E-11 7.71E-11] 5.68E-11 6.47E-11]
Formaldehyde air kg 3.61E-07 3.63E-07| 3.51E-07 3.53E-07|
PAH air kg 6.28E-08 6.34E-08| 6.04E-08 6.10E-08|
PM2.5-10 air kg 5.25E-06 6.05E-06 4.73E-06 5.53E-06
PM2.5 air kg 4.74E-06 5.46E-06 3.98E-06 4.69E-06
PCDD/F (measured as I-TEQ) air kg 6.10E-14 6.26E-14 5.94E-14 6.11E-14
Radon-222 air kBq 2.06E+01 2.19E+01 8.47E+00 9.76E+00|
Sulfur dioxide air kg 7.48E-04 7.50E-04 7.40E-04 7.41E-04
Emissions to Water
Ammonium, ion \water kg 2.43E-07 2.57E-07 1.30E-07 1.44E-07
Arsenic, ion \water kg 1.47E-06 1.47E-06 1.47E-06 1.47E-06
Cadmium, ion water kg 9.31E-08 9.46E-08 9.24E-08 9.38E-08
Carbon-14 \water kBq 4.48E-04 4.76E-04 1.83E-04| 2.11E-04|
Cesium-137 \water kBq 2.08E-04 2.21E-04 8.51E-05 9.82E-05
Chromium, ion \water kg 3.03E-09 3.44E-09 1.83E-09 2.23E-09
Chromium VI \water kg 9.43E-06 9.47E-06| 9.42E-06 9.45E-06|
CoD \water kg 2.11E-03 2.11E-03 2.10E-03 2.11E-03
Copper, ion \water kg 6.80E-06 6.82E-06 6.79E-06 6.81E-06
Lead water kg 1.90E-06 1.91E-06| 1.90E-06 1.90E-06|
Mercury \water kg 6.18E-08 6.20E-08 6.17E-08 6.19E-08
Nickel, ion \water kg 4.07E-06 4.15E-06 4.03E-06 4.12E-06
Nitrate water kg 1.26E-06 1.29E-06 9.61E-07 9.97E-07|
Qils, unspecified water kg 5.13E-06 5.74E-06 4.41E-06 5.03E-06
PAH water kg 1.75E-09 2.05E-09 1.58E-09 1.88E-09
Phosphate water kg 1.11E-04] 1.11E-04] 1.11E-04 1.11E-04]
Emissions to Soil
Arsenic soil kg 1.38E-10 1.41E-10| 5.42E-11 5.72E-11]
Cadmium soil kg 7.70E-12 8.34E-12| 7.12E-12 7.77E-12]
Chromium soil kg 1.85E-09 1.89E-09 7.85E-10 8.29E-10|
Chromium VI soil kg 2.05E-08 2.19E-08| 7.25E-09 8.65E-09
Lead soil kg 6.04E-11 6.43E-11] 5.46E-11 5.85E-11]
Mercury soil kg 3.03E-13 3.12E-13| 2.49E-13 2.59E-13|
Oils, unspecified soil kg 4.37E-06 4.85E-06 3.87E-06 4.35E-06
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Table 8.46 LCA results for year 2050, very optimistic devel ~ opment, “440 ppm-scenario”.
electricity, hard coal, at electricity, hard coal, at electricity, hard coal, at
power plant 350 MW power plant 600 MW power plant 800 MW
Total Total Total
kWh kWh kWh
Resources
Coal, brown, in ground resource _|kg 4.69E-05 4.54E-05 4.29E-05
Coal, hard, unspecified, in ground resource _|kg 3.35E-01 3.35E-01 3.35E-01
Gas, natural, in ground resource  |Nm3 2.80E-03 2.78E-03 2.74E-03
Qil, crude, in ground resource _|kg 4.30E-03 4.28E-03 4.26E-03
Uranium, in ground resource _|kg 1.31E-07 1.30E-07 1.29E-07
Freshwater (lake, river, groundwater) resource_ |m3 1.70E-03 1.70E-03 1.70E-03
Occupation, agricultural and forestal area resource |m2a 1.55E-02 1.55E-02 1.55E-02
Occupation, built up area incl. mineral extractiqresource [m2a 3.63E-03 3.63E-03 3.62E-03
Emissions to air
Ammonia air kg 1.63E-05 1.63E-05, 1.63E-05
Arsenic air kg 1.05E-08 1.05E-08 1.04E-08
Cadmium air kg 9.26E-10 9.15E-10 8.97E-10
Carbon dioxide, fossil air kg 6.03E-01 6.03E-01 6.03E-01
Carbon monoxide, fossil air kg 1.20E-04 1.19E-04 1.18E-04
Carbon-14 air kBg 3.66E-04 3.64E-04 3.62E-04
Chromium air kg 1.50E-07 1.33E-07 1.03E-07
Chromium VI air kg 4.19E-09 3.77E-09 3.02E-09
Dinitrogen monoxide air kg 2.64E-05 2.64E-05 2.64E-05
lodine-129 air kBg 2.26E-07 2.25E-07 2.23E-07
Lead air kg 4.20E-08 4.18E-08 4.13E-08
Methane, fossil air kg 1.85E-03 1.85E-03 1.85E-03
Mercury air kg 2.70E-08 2.70E-08 2.70E-08
Nickel air kg 8.29E-08 8.28E-08 8.25E-08
Nitrogen oxides air kg 6.20E-04 6.20E-04 6.19E-04
NMVOC total air kg 4.69E-05 4.68E-05 4.66E-05
thereof:
Benzene air kg 1.59E-06 1.59E-06 1.59E-06
Benzo(a)pyrene air kg 6.19E-11 5.95E-11 5.54E-11
Formaldehyde air kg 3.87E-07 3.86E-07 3.84E-07
PAH air kg 1.59E-08 1.58E-08 1.55E-08
PM2.5-10 air kg 1.71E-05 1.69E-05 1.66E-05
PM2.5 air kg 4.01E-05 3.99E-05 3.95E-05
PCDD/F (measured as I-TEQ) air kg 5.15E-14 5.13E-14 5.09E-14
Radon-222 air kBg 4.24E+00| 4.22E+00 4.19E+00
Sulfur dioxide air kg 4.47E-04 4.47E-04 4.47E-04
Emissions to Water
Ammonium, ion water kg 6.82E-07 6.81E-07 6.80E-07
Arsenic, ion water kg 1.00E-07 9.96E-08 9.84E-08
Cadmium, ion water kg 9.74E-09 9.52E-09 9.13E-09
Carbon-14 water kBg 9.74E-05 9.69E-05 9.62E-05
Cesium-137 water kBg 4.21E-05] 4.19E-05 4.16E-05
Chromium, ion water kg 1.37E-08 1.37E-08 1.35E-08
Chromium VI water kg 2.01E-07 1.96E-07 1.85E-07
COD water kg 9.67E-05 9.57E-05 9.39E-05
Copper, ion water kg 3.85E-07 3.81E-07 3.74E-07
Lead water kg 1.66E-07 1.63E-07 1.56E-07
Mercury water kg 2.24E-09 2.22E-09 2.18E-09
Nickel, ion water kg 8.94E-07 8.32E-07 7.22E-07
Nitrate water kg 2.07E-05 2.07E-05 2.07E-05
Oils, unspecified water kg 1.88E-05 1.87E-05 1.86E-05
PAH water kg 4.65E-09 4.29E-09 3.66E-09
Phosphate water kg 2.25E-06 2.23E-06 2.19E-06
Emissions to Soil
Arsenic soil kg 5.59E-11 5.56E-11 5.51E-11
Cadmium soil kg 6.74E-12 6.51E-12 6.09E-12
Chromium soil kg 8.02E-10 7.96E-10 7.86E-10
Chromium VI soil kg 2.35E-09 2.33E-09 2.30E-09
Lead soil kg 4.53E-11 4.40E-11 4.17E-11
Mercury soil kg 4.52E-13 4.50E-13 4.47E-13
Oils, unspecified soil kg 1.91E-05 1.90E-05 1.89E-05
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Table 8.47

LCA results for year 2050, very optimistic devel

opment, “440 ppm-scenario”.

electricity, hard coal plant  |electricity, hard coal plant  [electricity, hard coal plant  |electricity, hard coal plant
500MW class oxyf CCS, 500MW class oxyf CCS, 500MW class post CCS, 500MW class post CCS,
200km & 2500m deplet 400km & 2500m deplet 200km & 2500m deplet 400km & 2500m deplet
gasfield gasfield gasfield gasfield
Total Total Total Total
kWh kWh kWh kWh
Resources
Coal, brown, in ground resource  [kg 5.66E-05 5.78E-05| 6.97E-05 7.07E-05|
Coal, hard, unspecified, in ground resource _[kg 3.83E-01 3.83E-01] 3.67E-01 3.68E-01]
| |Gas, natural, in ground resource  [Nm3 1.05E-02 1.11E-02 1.15E-02 1.20E-02
Oil, crude, in ground resource _[kg 5.08E-03 5.17E-03] 6.26E-03 6.34E-03|
Uranium, in ground resource _[kg 5.53E-07 5.82E-07 5.07E-07 5.32E-07
Freshwater (lake, river, groundwater) resource  |m3 2.21E-03 2.24E-03] 2.15E-03 2.17E-03]
Occupation, agricultural and forestal area resource  [m2a 1.83E-02 1.84E-02 1.78E-02 1.79E-02
Occupation, built up area incl. mineral extractiqresource _|m2a 4.19E-03 4.22E-03] 4.06E-03 4.08E-03]
Emissions to air
| _[Ammonia air g 1.73E-0 1.74E-05] 2.40E-04 2.40E-04
Arsenic air g 1.23E-0 1.23E-0: 1.21E-0 1.21E-08|
| [Cadmium air g 1.11E-0 1.13E-0¢ 1.49E-0 1.50E-09
Carbon dioxide, fossil air g 2.78E-0:. 2.85E-0: 9.95E-0:. 1.00E-01]
Carbon monoxide, fossil air g 1.46E-04| 1.49E-04 1.44E-04 1.48E-04
Carbon-14 air Bq 1.66E-03| 1.44E-03 1.51E-03|
Chromium air g 1.94E-07| .25E-07
Chromium VI air g 5.33E-09] .08E-09
| _|Dinitrogen monoxide air kg 11E-05] 99E-05)
| llodine-129 air Bq .02E-0! .83E-07
| |Lead air g .06E-0! 4.97E-0
Methane, fossil air ] .13E-0: .06E-0:
Mercury air g .12E-0 .04E -0
Nickel air g 49E-0 .88E-O: .91E-0
| [Nitrogen oxides air g 4.98E-04 7.06E-04 7.09E-04
| [NMVOC total air g 6.13E-05 6.25E-05 6.59E-05 6.68E-05
thereof:
Benzene air g 1.82E-06 1.82E-06 1.91E-06 1.91
Benzo(a)pyrene air g 8.29E-11 8.73E-11] 8.71E-11 9.10
Formaldehyde air g 4.51E-07 4.53 —07' 4.46E-07
PAH air g 2.07E-0 2.10E-08| 2.03E-0
PM2.5-10 air g 2.06E-0! 2.11E-05] 2.10E-0!
PM2.5 air g 4.68E-0! 4.73E-05 4.64E-0!
PCDD/F (measured as I-TEQ) air g 6.02E-14 6.07E-14] 7.10E-14 7.14E-14
| |Radon-222 air Bq 1.80E+01 1.89E+01 1.64E+01 1.72E+01
Sulfur dioxide air g 3.02E-04 3.04E-04 3.06E-04 3.07E-04
Ei ions to Water
|__[Ammonium, ion water g .17E-07| .69E-06 . 70E-06
Arsenic, ion \water g .20E-07] .17E-07 .18E-07]
L Cadmium, ion water g . .43E-0 .34E-0: .43E-0!
Carbon-14 \water Bq 4. 4.40E-04 .82E-04 4.01E-04
| [Cesium-137 water (=] 1. 1.89E-04 .65E-04 1.73E-04
Chromium, ion water g 1.7 1.81E-08| 1.73E-08 1.75E-08|
Chromium VI water g 2.7 3.07E-07] 2.88E-07 3.13E-07]
CcobD water g 1.19E-04 1.23E-04 1.91E-04 1.94E-04
Copper, ion water g 4.75E-07 4.84E-07 4.88E-07 4.95E-07
Lead water g 2.09E-07 2.12E-07] 2.11E-07 2.13E-07]
Mercury water g .92E-09 .10E-09 .94E-09 .10E-09
Nickel, ion \water g .15E-06 .21E-06 .27E-06 .33E-06
|_|Nitrate \water g .50E-05 . 05—0§| .25E-05 .25E-05
|__[Oils, unspecified \water g . 24E-0! .28E-05) .38E-0! .42E-05)
PAH water g .82E-0! 6.04E-09] .67E-0! .87E-09
| _|Phosphate water g . 79E-0! 2.91E-06 . 7TAE-O! .84E-06
Emissions to Soil
Arsenic SOi g 1.55E-10] 1.57E-10| 1.49E-10 1.51E-10|
Cadmium SOl g 8.71E-12 9.26E-12] 1.17E-11 1.22E-11]
Chromium SO g 2.06E-0! 2.10E-0! .10E-0! .13E-09
Chromium VI SOl g 1.75E-0 1.85E-0! .58E-0: .68E-08|
| |Lead SOl g 5.74E-1. 6.05E-1. L.67E-1. .94E-11
Mercury sol g 5.33E-1. 5.37E-1. . 22E-1. .26E-13|
Oils, unspecified SO q 2.24E-0 2.27E-05] 37E-0 2.40E-05|
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Table 8.48

NEEDS RS la — WP 7Advanced fossil power technslogie

LCA results for year 2050, very optimistic devel

opment, “440 ppm-scenario”.

electricity, hard coal electricity, hard coal electricity, hard coal electricity, hard coal
power plant 500MW class  |power plant 500MW class |power plant 500MW class  |power plant 500MW class
oxyf CCS, 200km & 800m  [oxyf CCS, 400km & 800m  [post CCS, 200km & 800m  |post CCS, 400km & 800m
aquifer aquifer aquifer aquifer
Total Total Total Total
kWh kWh kWh kWh
Resources
Coal, brown, in ground resource  [kg 5.19E-05 5.30E-05| 6.56E-05 6.66E-05|
Coal, hard, unspecified, in ground resource _[kg 3.82E-01 3.82E-01] 3.67E-01 3.67E-01]
| |Gas, natural, in ground resource  [Nm3 5.55E-03 6.10E-03 7.19E-03 7.66E-03
Oil, crude, in ground resource _[kg 4.99E-03 5.07E-03] 6.18E-03 6.25E-03]
Uranium, in ground resource _[kg 2.82E-07 3.11E-07] 2.73E-07 2.98E-07|
Freshwater (lake, river, groundwater) resource  |m3 2.04E-03 2.06E-03| 2.00E-03 2.02E-03|
Occupation, agricultural and forestal area resource  [m2a 1.79E-02 1.80E-02 1.75E-02 1.75E-02
Occupation, built up area incl. mineral extractiqresource _|m2a 4.18E-03 4.20E-03] 4.04E-03 4.06E-03]
Emissions to air
| _[Ammonia air g 1.72E-0 1.73E-05] 2.40E-04 2.40E-04
Arsenic air g 1.21E-0 1.21E-0: 1.19E-0 1.20E-0:
| [Cadmium air g 1.04E-0 1.06E-0¢ 1.42E-0 1.44E-0¢
Carbon dioxide, fossil air g 2.54E-0. 2.60E-0: 9.74E-0. 9.80E-0:
Carbon monoxide, fossil air g 1.42E-04 1.46E-04 1.41E-04 1.45E-04
Carbon-14 air Bq 8.00E-04 8.82E-04| 7.69E-04 8.40E-04|
Chromium air g 1.85E-07 1.91E-07] 2.22E-07 2.26E-07]
Chromium VI air g 5.12E-09 5.25E-09 .01E-09 .12E-09
| _|Dinitrogen monoxide air kg .05E-05 2.94E-05 2.95E-05
| llodine-129 air Bq 5.42E-07] 4.72E-07 5.16E-07]
| |Lead air g 4.94E-0 4.87E-0 4.91E-08|
Methane, fossil air ] . 12E-0: .05E-0: .05E-0:
Mercury air g .11E-0 .03E -0 .04E-0!
Nickel air g .41E-0 .81E-O .84E-0!
| [Nitrogen oxides air g 4.90E-04 .99E-04 7.02E-04
| [NMVOC total air g 5.64E-05 5.75E-05 6.16E-05 6.25E-05
thereof:
Benzene air g 1.81E-06 1.82E-06 1.90E-06 1.90E-06
Benzo(a)pyrene air g 7.76E-11 8.20E-11] 8.26 8.64E-11]
Formaldehyde air g 4.45E-07 4.46) —07' 4.4 4.4
PAH air g 1.91E-0 1.95E-08 1. 1.9 8|
PM2.5-10 air g 2.02E-0! 2.08E-05 2. 2.1 5|
PM2.5 air g 4.63E-0! 4.68E-05 4.60E-0! 4.64E-05
PCDD/F (measured as I-TEQ) air g 5.95E-14 6.00E-14] 7.04E-14 7.08E-14]
| |Radon-222 air Bq 9.16E+00 1.01E+01 8.82E+00 9.63E+00
Sulfur dioxide air g 2.97E-04 2.98E-04 3.01E-04 3.02E-04
Ei ions to Water
|__[Ammonium, ion water g .34E-07 .43E-07 .63E-06
Arsenic, ion \water g .18E-07 -07 .16E-07
_Cadm\um, ion water g .27E-0: . -0 .29E-0:
Carbon-14 \water Bq .12E-04 .34E-04 .04E-04
| [Cesium-137 water (=] .15E-05 .01E-04 .80E-05 .
Chromium, ion water g 1.69E-08 1.72E-08| 1.65E-08 1.
Chromium VI water g 2.65E-07 2.94E-07] 2.76E-07 3.01E-07]
CcobD water g 1.15E-04 1.19E-04 1.88E-04 1.91E-04
Copper, ion water g 4.68E-07 4.76E-07 4.81E-07 4.89E-07
Lead water g 2.03E-07 2.06E-07] 2.06E-07 2.08E-07]
Mercury water g .85E-09 .03E- .88E-09 .04E-09
Nickel, ion \water g .12E-06 . .25E-06
|_|Nitrate water g .48E-05 .4 .23E-05
|__[Oils, unspecified \water g .19E-0! .34E-0!
PAH \water g . 70E-0! .57E-0!
| _|Phosphate \water (] . 71E-Ol .68E-0!
Emissions to Soil
Arsenic SOi g 9.32E-11 9.52E-11] 9.53E-11 9.71E-11]
Cadmium SOl g 8.35E-12 8.90E-12] 1.14E-11 1.19E-11]
Chromium SOl g 1.29E-09 1.32E-0 1.43E-09 .46E-0
Chromium VI SO g 7.56E-0! 8.60E-0! 7.26E-0! .17E-0!
| |Lead SOl g 5.47E-1. 5.78E-1. . 44E-1. .70E-1.
Mercury sol g 5.23E-1. 5.28E-1. . 14E-1. .18E-1.
Oils, unspecified SO q 2.20E-0 2.24E-05] 34E-0 2.37E-05|
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power generation systems

Table 8.49 LCA results for year 2050, very optimistic deve  lopment, “440 ppm-scenario”.
electricity, lignite power electricity, lignite power
plant 800 MW class post plant 800 MW class post
CCS, 200km & 800m CCS, 400km & 800m electricity, lignite, at
aquifer aquifer power plant 950 MW
Total Total Total
kWh kWh kWh
Resources
Coal, brown, in ground resource _|kg 7.87E-01 7.87E-01 7.18E-01
Coal, hard, unspecified, in ground resource _|kg 9.38E-04 1.05E-03 4.68E-04
Gas, natural, in ground resource  |Nm3 6.92E-03 7.48E-03 1.90E-03
Qil, crude, in ground resource _|kg 2.43E-03 2.52E-03 6.67E-04
Uranium, in ground resource _|kg 2.48E-07 2.77E-07 8.64E-08
Freshwater (lake, river, groundwater) resource_ |m3 4.17E-03 4.19E-03 3.67E-03
Occupation, agricultural and forestal area resource |m2a 1.49E-03 1.55E-03 7.57E-04
Occupation, built up area incl. mineral extractiqresource [m2a 1.04E-03 1.07E-03 8.75E-04
Emissions to air
Ammonia air kg 2.37E-04 2.37E-04 4.12E-06
Arsenic air kg 6.14E-09 6.18E-09 5.18E-09
Cadmium air kg 9.71E-10 9.88E-10 4.42E-10
Carbon dioxide, fossil air kg 9.56E-02 9.63E-02 6.92E-01
Carbon monoxide, fossil air kg 1.72E-04 1.76E-04 1.43E-04
Carbon-14 air kBg 6.99E-04 7.83E-04 2.44E-04
Chromium air kg 7.42E-08 7.95E-08 3.93E-08
Chromium VI air kg 1.95E-09 2.08E-09 1.08E-09
Dinitrogen monoxide air kg 1.87E-05 1.88E-05, 1.67E-05
lodine-129 air kBg 4.29E-07 4.80E-07 1.50E-07
Lead air kg 1.06E-08 1.11E-08 6.64E-09
Methane, fossil air kg 2.16E-04 2.18E-04 1.80E-04
Mercury air kg 1.76E-08 1.77E-08 1.52E-08
Nickel air kg 1.79E-08 1.82E-08 8.31E-09
Nitrogen oxides air kg 6.24E-04 6.28E-04 5.48E-04
NMVOC total air kg 3.17E-05 3.28E-05 1.78E-05
thereof:
Benzene air kg 1.71E-06 1.71E-06 1.39E-06
Benzo(a)pyrene air kg 6.04E-11 6.49E-11 3.61E-11
Formaldehyde air kg 4.45E-07 4.46E-07 3.87E-07
PAH air kg 1.16E-08 1.20E-08 8.83E-09
PM2.5-10 air kg 1.22E-05 1.28E-05 8.62E-06
PM2.5 air kg 5.45E-05 5.50E-05 4.76E-05
PCDD/F (measured as I-TEQ) air kg 6.57E-14 6.62E-14 4.67E-14
Radon-222 air kBg 7.98E+00 8.93E+00 2.81E+00
Sulfur dioxide air kg 1.25E-04 1.27E-04 1.01E-04
Emissions to Water
Ammonium, ion water kg 3.41E-06 3.42E-06 4.26E-08
Arsenic, ion water kg 7.67E-07 7.69E-07 6.93E-07
Cadmium, ion water kg 2.77E-08 2.88E-08 2.19E-08
Carbon-14 water kBg 1.86E-04 2.08E-04 6.49E-05
Cesium-137 water kBg 7.99E-05 8.95E-05 2.80E-05
Chromium, ion water kg 1.95E-09 2.25E-09 8.20E-10
Chromium VI water kg 6.77E-07 7.06E-07 5.36E-07
COD water kg 1.15E-04 1.19E-04 2.30E-05
Copper, ion water kg 8.50E-07 8.59E-07 7.28E-07
Lead water kg 8.16E-07 8.19E-07 7.22E-07
Mercury water kg 4.95E-09 5.14E-09 4.01E-09
Nickel, ion water kg 1.64E-06 1.70E-06 1.29E-06
Nitrate water kg 9.89E-06 9.91E-06 1.02E-07
Oils, unspecified water kg 6.79E-06 7.25E-06 3.18E-06
PAH water kg 2.36E-09 2.59E-09 1.18E-09
Phosphate water kg 2.98E-05 3.00E-05 2.42E-05
Emissions to Soil
Arsenic soil kg 5.32E-11 5.53E-11 1.23E-11
Cadmium soil kg 9.06E-12 9.62E-12 3.78E-12
Chromium soil kg 8.70E-10 9.02E-10 2.03E-10
Chromium VI soil kg 6.05E-09 7.12E-09 4.81E-10
Lead soil kg 7.74E-11 8.05E-11 2.31E-11
Mercury soil kg 1.87E-13 1.92E-13 5.47E-14
Oils, unspecified soil kg 6.02E-06 6.38E-06 2.86E-06
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Table 8.50 LCA results for year 2050, very optimistic devel ~ opment, “440 ppm-scenario”.
electricity, lignite plant 800 |electricity, lignite plant 800 [electricity, lignite plant 800
MW class oxyf CCS, MW class oxyf CCS, MW class post CCS,
200km & 2500m depl. 400km & 2500m depl. 200km & 2500m depl.
gasfield gasfield gasfield
Total Total Total
kWh kWh kWh
Resources
Coal, brown, in ground resource _|kg 8.18E-01 8.18E-01 7.87E-01
Coal, hard, unspecified, in ground resource _|kg 9.38E-04 1.06E-03 1.07E-03
Gas, natural, in ground resource  |Nm3 1.07E-02 1.13E-02 1.20E-02
Qil, crude, in ground resource _|kg 9.67E-04 1.07E-03 2.53E-03
Uranium, in ground resource _|kg 5.71E-07 6.05E-07 5.23E-07
Freshwater (lake, river, groundwater) resource_ |m3 4.49E-03 4.52E-03 4.34E-03
Occupation, agricultural and forestal area resource |m2a 1.62E-03 1.68E-03 1.90E-03
Occupation, built up area incl. mineral extractiqresource [m2a 1.06E-03 1.09E-03 1.06E-03
Emissions to air
Ammonia air kg 2.22E-06 2.28E-06 2.37E-04
Arsenic air kg 6.24E-09 6.28E-09 6.32E-09
Cadmium air kg 5.41E-10 5.61E-10 1.04E-09
Carbon dioxide, fossil air kg 1.77E-02 1.85E-02 9.81E-02
Carbon monoxide, fossil air kg 1.76E-04 1.81E-04 1.76E-04
Carbon-14 air kBg 1.64E-03 1.73E-03 1.49E-03
Chromium air kg 6.42E-08 7.04E-08 7.79E-08
Chromium VI air kg 1.71E-09 1.86E-09 2.04E-09
Dinitrogen monoxide air kg 2.00E-05, 2.00E-05 1.93E-05
lodine-129 air kBg 1.00E-06 1.06E-06 9.12E-07
Lead air kg 1.03E-08 1.09E-08 1.18E-08
Methane, fossil air kg 2.28E-04 2.30E-04 2.29E-04
Mercury air kg 1.78E-08 1.80E-08 1.77E-08
Nickel air kg 8.99E-09 9.35E-09 1.87E-08
Nitrogen oxides air kg 2.59E-04 2.63E-04 6.32E-04
NMVOC total air kg 2.98E-05 3.10E-05 3.68E-05
thereof:
Benzene air kg 1.59E-06 1.59E-06 1.71E-06
Benzo(a)pyrene air kg 5.90E-11 6.42E-11 6.58E-11
Formaldehyde air kg 4.54E-07 4.56E-07 4.52E-07
PAH air kg 1.32E-08 1.37E-08 1.32E-08
PM2.5-10 air kg 1.14E-05 1.21E-05 1.26E-05
PM2.5 air kg 5.57E-05 5.63E-05 5.50E-05
PCDD/F (measured as I-TEQ) air kg 5.53E-14 5.59E-14 6.64E-14
Radon-222 air kBg 1.86E+01 1.97E+01 1.69E+01
Sulfur dioxide air kg 1.18E-04 1.20E-04 1.31E-04
Emissions to Water
Ammonium, ion water kg 1.80E-07 1.91E-07 3.49E-06
Arsenic, ion water kg 7.95E-07 7.97E-07 7.68E-07
Cadmium, ion water kg 2.79E-08 2.92E-08 2.82E-08
Carbon-14 water kBg 4.33E-04 4.59E-04 3.95E-04
Cesium-137 water kBg 1.86E-04 1.97E-04 1.70E-04
Chromium, ion water kg 2.76E-09 3.11E-09 2.83E-09
Chromium VI water kg 6.83E-07 7.17E-07 6.90E-07
COD water kg 3.59E-05 4.00E-05 1.20E-04
Copper, ion water kg 8.56E-07 8.66E-07 8.58E-07
Lead water kg 8.43E-07 8.46E-07 8.22E-07
Mercury water kg 4.99E-09 5.20E-09 5.02E-09
Nickel, ion water kg 1.63E-06 1.70E-06 1.67E-06
Nitrate water kg 4.36E-07 4.62E-07 1.01E-05
Oils, unspecified water kg 4.77E-06 5.29E-06 7.30E-06
PAH water kg 1.97E-09 2.23E-09 2.48E-09
Phosphate water kg 2.79E-05 2.80E-05 2.99E-05
Emissions to Soil
Arsenic soil kg 1.21E-10 1.23E-10 1.16E-10
Cadmium soil kg 5.72E-12 6.36E-12 9.42E-12
Chromium soil kg 1.57E-09 1.61E-09 1.66E-09
Chromium VI soil kg 1.79E-08 1.91E-08 1.61E-08
Lead soil kg 3.33E-11 3.68E-11 8.01E-11
Mercury soil kg 8.15E-14 8.67E-14 1.97E-13
Oils, unspecified soil kg 3.97E-06 4.38E-06 6.38E-06
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Table 8.51 LCA results for year 2050, very optimistic devel ~ opment, “440 ppm-scenario”.
electricity, lignite plant 800 |electricity, lignite power electricity, lignite power
MW class post CCS, plant 800 MW class oxyf plant 800 MW class oxyf
400km & 2500m depl. CCS, 200km & 800m CCS, 400km & 800m
gasfield aquifer aquifer
Total Total Total
kWh kWh kWh
Resources
Coal, brown, in ground resource _|kg 7.87E-01 8.18E-01 8.18E-01
Coal, hard, unspecified, in ground resource _|kg 1.18E-03 7.84E-04 9.07E-04
Gas, natural, in ground resource  |Nm3 1.25E-02 4.88E-03 5.52E-03
Qil, crude, in ground resource _|kg 2.62E-03 8.53E-04 9.56E-04
Uranium, in ground resource _|kg 5.52E-07 2.55E-07 2.89E-07
Freshwater (lake, river, groundwater) resource_ |m3 4.37E-03 4.29E-03 4.32E-03
Occupation, agricultural and forestal area resource |m2a 1.96E-03 1.15E-03 1.21E-03
Occupation, built up area incl. mineral extractiqresource [m2a 1.09E-03 1.04E-03 1.07E-03
Emissions to air
Ammonia air kg 2.37E-04 2.06E-06 2.12E-06
Arsenic air kg 6.35E-09 6.03E-09 6.08E-09
Cadmium air kg 1.06E-09 4.56E-10] 4.76E-10
Carbon dioxide, fossil air kg 9.88E-02 1.48E-02 1.56E-02
Carbon monoxide, fossil air kg 1.80E-04 1.72E-04 1.77E-04
Carbon-14 air kBg 1.57E-03 7.27E-04 8.23E-04
Chromium air kg 8.32E-08 6.00E-08 6.62E-08
Chromium VI air kg 2.17E-09 1.61E-09 1.76E-09
Dinitrogen monoxide air kg 1.94E-05 1.93E-05, 1.93E-05
lodine-129 air kBg 9.63E-07 4.45E-07 5.04E-07
Lead air kg 1.23E-08 8.92E-09 9.53E-09
Methane, fossil air kg 2.31E-04 2.13E-04 2.15E-04
Mercury air kg 1.78E-08 1.77E-08 1.79E-08
Nickel air kg 1.90E-08 8.05E-09 8.41E-09
Nitrogen oxides air kg 6.35E-04 2.50E-04 2.54E-04
NMVOC total air kg 3.79E-05 2.39E-05 2.52E-05
thereof:
Benzene air kg 1.72E-06 1.58E-06 1.59E-06
Benzo(a)pyrene air kg 7.03E-11 5.28E-11 5.80E-11
Formaldehyde air kg 4.53E-07 4.46E-07 4.48E-07
PAH air kg 1.36E-08 1.14E-08 1.18E-08
PM2.5-10 air kg 1.32E-05 1.10E-05 1.17E-05
PM2.5 air kg 5.55E-05 5.52E-05 5.57E-05
PCDD/F (measured as I-TEQ) air kg 6.69E-14 5.45E-14 5.50E-14
Radon-222 air kBg 1.79E+01 8.28E+00 9.37E+00
Sulfur dioxide air kg 1.32E-04 1.12E-04 1.13E-04
Emissions to Water
Ammonium, ion water kg 3.50E-06 9.31E-08 1.04E-07
Arsenic, ion water kg 7.70E-07 7.94E-07 7.96E-07
Cadmium, ion water kg 2.93E-08 2.73E-08 2.86E-08
Carbon-14 water kBg 4.17E-04 1.93E-04 2.18E-04
Cesium-137 water kBg 1.79E-04 8.30E-05 9.40E-05
Chromium, ion water kg 3.13E-09 1.75E-09 2.10E-09
Chromium VI water kg 7.19E-07 6.68E-07 7.01E-07
COD water kg 1.23E-04 3.11E-05 3.52E-05
Copper, ion water kg 8.67E-07 8.47E-07 8.57E-07
Lead water kg 8.25E-07 8.36E-07 8.39E-07
Mercury water kg 5.21E-09 4.90E-09 5.12E-09
Nickel, ion water kg 1.73E-06 1.60E-06 1.67E-06
Nitrate water kg 1.01E-05 2.23E-07 2.49E-07
Oils, unspecified water kg 7.76E-06 4.18E-06 4.71E-06
PAH water kg 2.71E-09 1.83E-09 2.09E-09
Phosphate water kg 3.00E-05 2.78E-05 2.79E-05
Emissions to Soil
Arsenic soil kg 1.18E-10 4.83E-11 5.07E-11
Cadmium soil kg 9.98E-12 5.30E-12 5.95E-12
Chromium soil kg 1.69E-09 6.63E-10 7.01E-10
Chromium VI soil kg 1.72E-08 6.27E-09 7.50E-09
Lead soil kg 8.33E-11 3.01E-11 3.37E-11
Mercury soil kg 2.01E-13 7.05E-14 7.57E-14
Oils, unspecified soil kg 6.74E-06 3.56E-06 3.97E-06
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LCA results for year 2050, very optimistic devel ~ opment, “440 ppm-scenario”.
electricity, hard coal, at IGCC electricity, lignite, at IGCC power
power plant 450MW plant 450MW

Total Total
kwh kwh
Resources
Coal, brown, in ground resource |kg 3.27E-05 4.13E-01
Coal, hard, unspecified, in ground resource |kg 3.23E-01 3.08E-04
Gas, natural, in ground resource  |Nm3 2.54E-03 1.07E-03
Qil, crude, in ground resource |kg 3.97E-03 4.89E-04
Uranium, in ground resource |kg 1.27E-07| 5.56E-08|
Freshwater (lake, river, groundwater) resource |m3 5.87E-04 1.51E-03|
Occupation, agricultural and forestal area resource |m2a 1.49E-02] 3.53E-04
Occupation, built up area incl. mineral extractiqresource  [m2a 3.68E-03 7.11E-04
Emissions to air
Ammonia air kg 1.36E-05 3.60E-07|
Arsenic air kg 5.65E-08 5.47E-08
Cadmium air kg 7.45E-10 4.57E-10
Carbon dioxide, fossil air kg 6.21E-01 6.06E-01
Carbon monoxide, fossil air kg 1.18E-04 6.41E-05
Carbon-14 air kBq 3.56E-04 1.56E-04
Chromium air kg 4.18E-08 3.52E-08
Chromium VI air kg 1.34E-09 1.14E-09
Dinitrogen monoxide air kg 2.63E-05 2.52E-05
lodine-129 air kBq 2.20E-07 9.62E-08
Lead air kg 3.00E-08 2.60E-08
Methane, fossil air kg 1.79E-03 1.11E-04
Mercury air kg 1.85E-08| 1.79E-08|
Nickel air kg 7.35E-08 1.26E-08
Nitrogen oxides air kg 4.03E-04 1.61E-04
NMVOC total air kg 4.64E-05 1.74E-05
thereof:
Benzene air kg 1.12E-06| 9.23E-07
Benzo(a)pyrene air kg 5.41E-11 2.27E-11]
Formaldehyde air kg 2.60E-07| 2.55E-07|
PAH air kg 5.08E-08 4.35E-08
PM2.5-10 air kg 1.30E-05 2.34E-06
PM2.5 air kg 8.78E-06 1.83E-06|
PCDD/F (measured as I-TEQ) air kg 4.32E-14 3.83E-14
Radon-222 air kBq 4.13E+00| 1.80E+00
Sulfur dioxide air kg 3.41E-04 1.87E-04
Emissions to Water
Ammonium, ion water kg 3.54E-07 5.50E-08
Arsenic, ion \water kg 7.70E-08 6.85E-08
Cadmium, ion water kg 1.18E-08, 8.66E-09
Carbon-14 \water kBq 9.48E-05 4.15E-05
Cesium-137 water kBq 4.10E-05 1.79E-05
Chromium, ion \water kg 1.90E-09 6.95E-10
Chromium VI water kg 6.89E-07| 6.09E-07|
CoD water kg 2.07E-04 1.54E-04
Copper, ion water kg 1.23E-06 1.21E-06|
Lead water kg 3.14E-07 3.04E-07
Mercury water kg 4.67E-09 4.29E-09
Nickel, ion \water kg 5.71E-07| 4.56E-07|
Nitrate water kg 1.17E-06| 6.58E-07|
Qils, unspecified water kg 1.76E-05 2.18E-06
PAH water kg 2.38E-09 9.21E-10
Phosphate water kg 6.71E-06 6.37E-06
Emissions to Soil
Arsenic soil kg 5.15E-11 8.09E-12
Cadmium soil kg 6.32E-12 3.51E-12
Chromium soil kg 7.53E-10 1.61E-10
Chromium VI soil kg 2.35E-09 4.74E-10
Lead soil kg 4.92E-11 3.07E-11
Mercury soil kg 5.39E-13| 1.76E-13|
Qils, unspecified soil kg 1.78E-05 2.00E-06
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Table 8.53 LCA results for year 2050, very optimistic devel  opment, “440 ppm-scenario”.
electricity, hard coal IGCC |electricity, hard coal IGCC [electricity, hard coal IGCC |electricity, hard coal IGCC
plant 400MW, CCS, 200km |plant 400MW, CCS, 400km |power plant 400MW, CCS, |power plant 400MW, CCS,
& 2500m depleted gasfield |& 2500m depleted gasfield |200km & 800m aquifer 400km & 800m aquifer
Total Total Total Total
kwWh kWh kWh kWh
Resources
Coal, brown, in ground resource [kg 4.41E-05 4.53E-05| 3.93E-05 4.04E-05
Coal, hard, unspecified, in ground resource [kg 3.63E-01 3.63E-01] 3.62E-01 3.63E-01]
Gas, natural, in ground resource [Nm3 1.04E-02 1.09E-02] 5.34E-03 5.89E-03|
Oil, crude, in ground resource [kg 4.66E-03 4.75E-03 4.56E-03 4.65E-03
Uranium, in ground resource [kg 5.53E-07 5.82E-07| 2.78E-07 3.07E-07|
Freshwater (lake, river, groundwater) resource |m3 9.26E-04 9.52E-04 7.51E-04 7.76E-04
Occupation, agricultural and forestal area resource |m2a 1.73E-02 1.74E-02] 1.69E-02 1.69E-02]
Occupation, built up area incl. mineral extractiqresource _[m2a 4.15E-03 4.18E-03 4.13E-03 4.16E-03|
Emissions to air
Ammonia air kg 1.55E-05 1.55E-05 1.54E-05 1.54E-05|
Arsenic air kg 7.01E-08 7.01E-08| 6.99E-08 7.00E-08|
Cadmium air kg 9.69E-10 9.86E-10| 8.95E-10 9.12E-10|
Carbon dioxide, fossil air kg 9.88E-02 9.94E-02] 9.63E-02 9.69E-02]
Carbon monoxide, fossil air kg 1.47E-04| 1.51E-04 1.44E-04| 1.48E-04
Carbon-14 air kBq 1.58E-03 1.66E-03| 7.87E-04 8.71E-04|
Chromium air kg 5.69E-08 6.22E-08| 5.32E-08 5.85E-08|
Chromium VI air kg 1.78E-09 1.91E-09 1.69E-09 1.82E-09
Dinitrogen monoxide air kg 3.34E-05 3.35E-05 3.28E-05 3.28E-05
lodine-129 air kBq 9.66E-07 1.02E-06| 4.83E-07 5.34E-07|
Lead air kg 3.85E-08 3.90E-08| 3.73E-08 3.78E-08|
Methane, fossil air kg 2.03E-03 2.03E-03| 2.02E-03 2.02E-03|
Mercury air kg 2.31E-08 2.32E-08 2.30E-08 2.31E-08|
Nickel air kg 8.50E-08 8.53E-08 8.42E-08 8.45E-08
Nitrogen oxides air kg 4.84E-04 4.88E-04 4.76E-04 4.80E-04
NMVOC total air kg 6.18E-05 6.29E-05 5.67E-05 5.78E-05
thereof:
Benzene air kg 1.38E-06 1.38E-06 1.37E-06 1.37E-06
Benzo(a)pyrene air kg 7.14E-11 7.59E-11] 6.60E-11 7.05E-11]
Formaldehyde air kg 3.31E-07 3.33E-07 3.25E-07 3.26E-07|
PAH air kg 6.46E-08 6.50E-08| 6.30E-08 6.34E-08|
PM2.5-10 air kg 1.55E-05 1.61E-05| 1.52E-05 1.57E-05
PM2.5 air kg 1.09E-05 1.14E-05| 1.05E-05 1.09E-05
PCDD/F (measured as I-TEQ) air kg 5.33E-14 5.38E-14] 5.26E-14 5.31E-14
Radon-222 air kBq 1.80E+01 1.89E+01 9.02E+00 9.97E+00|
Sulfur dioxide air kg 4.13E-04 4.14E-04 4.07E-04 4.09E-04
Emissions to Water
Ammonium, ion \water kg 5.10E-07 5.19E-07 4.34E-07 4.44E-07|
Arsenic, ion \water kg 8.79E-08 8.95E-08 8.69E-08 8.84E-08
Cadmium, ion water kg 1.48E-08 1.59E-08 1.42E-08 1.54E-08
Carbon-14 \water kBq 4.18E-04 4.40E-04 2.09E-04 2.31E-04
Cesium-137 \water kBq 1.80E-04| 1.89E-04 9.01E-05 9.96E-05
Chromium, ion \water kg 3.63E-09 3.94E-09 2.76E-09 3.06E-09
Chromium VI \water kg 8.09E-07 8.38E-07 7.96E-07 8.25E-07|
CoD \water kg 2.39E-04| 2.43E-04 2.35E-04| 2.39E-04
Copper, ion \water kg 1.38E-06 1.39E-06 1.38E-06 1.38E-06
Lead water kg 3.56E-07 3.59E-07| 3.50E-07 3.53E-07|
Mercury \water kg 5.45E-09 5.63E-09 5.38E-09 5.56E-09
Nickel, ion \water kg 7.27E-07 7.89E-07 7.00E-07 7.63E-07
Nitrate water kg 1.58E-06 1.60E-06| 1.39E-06 1.42E-06
Qils, unspecified water kg 2.09E-05 2.13E-05 2.04E-05 2.08E-05
PAH water kg 3.03E-09 3.26E-09 2.92E-09 3.14E-09
Phosphate water kg 7.65E-06 7.77E-06] 7.58E-06 7.70E-06
Emissions to Soil
Arsenic soil kg 1.51E-10 1.53E-10| 8.81E-11 9.02E-11]
Cadmium soil kg 8.04E-12 8.60E-12| 7.68E-12 8.24E-12|
Chromium soil kg 2.02E-09 2.05E-09 1.23E-09 1.26E-09
Chromium VI soil kg 1.76E-08 1.87E-08| 7.57E-09 8.64E-09
Lead soil kg 6.14E-11 6.45E-11] 5.86E-11 6.17E-11]
Mercury soil kg 6.19E-13 6.24E-13| 6.10E-13 6.14E-13|
Oils, unspecified soil kg 2.08E-05 2.11E-05] 2.04E-05 2.08E-05
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Table 8.54

LCA results for year 2050, very optimistic devel

opment, “440 ppm-scenario”.

electricity, lignite IGCC
plant 400MW, CCS, 200km
& 2500m depleted gasfield

electricity, lignite IGCC
plant 400MW, CCS, 400km
& 2500m depleted gasfield

electricity, lignite IGCC
power plant 400MW, CCS,
200km & 800m aquifer

electricity, lignite IGCC
power plant 400MW, CCS,
400km & 800m aquifer

Total Total Total Total
kwWh kWh kWh kWh
Resources
Coal, brown, in ground resource [kg 4.65E-01 4.65E-01] 4.65E-01 4.65E-01]
Coal, hard, unspecified, in ground resource [kg 7.77E-04 9.11E-04 6.10E-04 7.44E-04
Gas, natural, in ground resource [Nm3 1.07E-02 1.14E-02] 4.40E-03 5.09E-03|
Oil, crude, in ground resource [kg 1.24E-03 1.35E-03| 1.12E-03 1.23E-03|
Uranium, in ground resource [kg 5.84E-07 6.20E-07| 2.40E-07 2.77E-07|
Freshwater (lake, river, groundwater) resource |m3 2.07E-03 2.10E-03| 1.85E-03 1.88E-03|
Occupation, agricultural and forestal area resource |m2a 1.20E-03 1.27E-03| 6.88E-04 7.57E-04
Occupation, built up area incl. mineral extractiqresource _[m2a 1.14E-03 1.17E-03 1.12E-03 1.15E-03
Emissions to air
Ammonia air kg 9.05E-07 9.73E-07| 7.30E-07 7.98E-07|
Arsenic air kg 4.88E-09 4.93E-09 4.66E-09 4.71E-09
Cadmium air kg 5.05E-10 5.26E-10]| 4.13E-10 4.35E-10
Carbon dioxide, fossil air kg 1.06E-01 1.07E-01 1.03E-01 1.04E-01]
Carbon monoxide, fossil air kg 1.05E-04| 1.10E-04 1.01E-04| 1.06E-04
Carbon-14 air kBq 1.66E-03 1.77E-03| 6.77E-04 7.82E-04|
Chromium air kg 5.08E-08 5.75E-08| 4.62E-08 5.29E-08|
Chromium VI air kg 1.35E-09 1.51E-09 1.24E-09 1.40E-09
Dinitrogen monoxide air kg 3.13E-05 3.14E-05 3.05E-05 3.06E-05
lodine-129 air kBq 1.02E-06 1.08E-06| 4.17E-07 4.80E-07
Lead air kg 9.09E-09 9.75E-09 7.57E-09 8.23E-09
Methane, fossil air kg 1.53E-04| 1.56E-04| 1.37E-04 1.40E-04|
Mercury air kg 1.32E-08 1.34E-08| 1.31E-08 1.33E-08|
Nickel air kg 6.66E-09 7.05E-09 5.65E-09 6.03E-09
Nitrogen oxides air kg 4.91E-04 4.96E-04 4.82E-04 4.86E-04
NMVOC total air kg 3.37E-05 3.51E-05| 2.74E-05 2.88E-05
thereof:
Benzene air kg 1.17E-06 1.17E-06 1.16E-06 1.16E-06|
Benzo(a)pyrene air kg 4.48E-11 5.04E-11] 3.81E-11 4.37E-11
Formaldehyde air kg 3.31E-07 3.33E-07 3.22E-07 3.24E-07|
PAH air kg 5.73E-08 5.78E-08| 5.53E-08 5.58E-08|
PM2.5-10 air kg 4.80E-06 5.53E-06 4.35E-06 5.07E-06
PM2.5 air kg 3.99E-06 4.59E-06 3.38E-06 3.99E-06
PCDD/F (measured as I-TEQ) air kg 5.29E-14 5.35E-14] 5.21E-14 5.27E-14
Radon-222 air kBq 1.90E+01 2.01E+01 7.79E+00 8.98E+00
Sulfur dioxide air kg 7.08E-04 7.09E-04 7.01E-04 7.02E-04
Emissions to Water
Ammonium, ion \water kg 2.08E-07 2.20E-07 1.14E-07 1.25E-07
Arsenic, ion \water kg 1.41E-06 1.41E-06 1.41E-06 1.41E-06
Cadmium, ion \water kg 8.92E-08 9.06E-08 8.86E-08 9.00E-08
Carbon-14 \water kBq 4.41E-04 4.69E-04 1.80E-04| 2.08E-04
Cesium-137 \water kBq 1.90E-04| 2.02E-04 7.76E-05 8.95E-05
Chromium, ion \water kg 2.80E-09 3.18E-09 1.70E-09 2.08E-09
Chromium VI \water kg 9.04E-06 9.08E-06| 9.03E-06 9.06E-06|
CoD \water kg 2.02E-03 2.02E-03 2.01E-03 2.02E-03
Copper, ion \water kg 6.52E-06 6.54E-06 6.52E-06 6.53E-06
Lead water kg 1.83E-06 1.83E-06 1.82E-06 1.82E-06
Mercury \water kg 5.92E-08 5.94E-08 5.91E-08 5.94E-08
Nickel, ion \water kg 3.90E-06 3.98E-06 3.87E-06 3.95E-06
Nitrate water kg 1.12E-06 1.14E-06| 8.84E-07 9.13E-07|
Qils, unspecified \water kg 4.65E-06 5.22E-06 4.02E-06 4.59E-06
PAH water kg 1.63E-09 1.92E-09 1.49E-09 1.77E-09|
Phosphate \water kg 1.06E-04| 1.07E-04] 1.06E-04 1.07E-04]
Emissions to Soil
Arsenic soil kg 1.28E-10 1.31E-10| 5.00E-11 5.26E-11]
Cadmium soil kg 7.45E-12 8.14E-12| 6.99E-12 7.69E-12|
Chromium soil kg 1.71E-09 1.75E-09 7.27E-10 7.67E-10|
Chromium VI soil kg 1.95E-08 2.08E-08| 6.89E-09 8.22E-09
Lead soil kg 5.51E-11 5.90E-11] 5.17E-11 5.56E-11]
Mercury soil kg 2.28E-13 2.34E-13| 2.16E-13 2.22E-13|
Oils, unspecified soil kg 3.99E-06 4.44E-06 3.55E-06 4.00E-06
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Table 8.55

D 7.2 Final report on technical data, costs, arfé kycle inventories of advanced fossil
power generation systems

LCA results for year 2025, pessimistic development

, “BAU-scenario”.

electricity, hard coal plant  |electricity, hard coal plant  [electricity, hard coal plant  |electricity, hard coal plant
500MW class oxyf CCS, 500MW class oxyf CCS, 500MW class post CCS, 500MW class post CCS,
200km & 2500m deplet 400km & 2500m deplet 200km & 2500m deplet 400km & 2500m deplet
gasfield gasfield gasfield gasfield
Total Total Total Total
kWh kWh kWh kWh
Resources
Coal, brown, in ground resource (kg 1.14E-02 1.20E-02 1.09E-02 1.14E-02|
Coal, hard, unspecified, in ground resource [kg 5.30E-01 5.31E-01 5.30E-01 5.30E-01
Gas, natural, in ground resource  [Nm3 6.57E-03 6.91E-03 8.86E-03 9.17E-03|
Qil, crude, in ground resource [kg 7.21E-03 7.34E-03] 9.03E-03 9.15E-03|
Uranium, in ground resource [kg 8.04E-07 8.46E-07| 7.67E-07 8.05E-07|
Freshwater (lake, river, groundwater) resource |m3 2.97E-03 3.00E-03| 2.99E-03 3.02E-03|
Occupation, agricultural and forestal area resource |m2a 2.59E-02 2.60E-02] 2.61E-02 2.63E-02]
Occupation, built up area incl. mineral extractiqresource _[m2a 5.82E-03 5.86E-03| 5.83E-03 5.87E-03|
Emissions to air
Ammonia air kg 2.41E-05 2.42E-05| 2.49E-04 2.49E-04|
Arsenic air kg 2.14E-08 2.17E-08 2.19E-08 2.21E-08
Cadmium air kg 2.62E-09 2.68E-09 3.23E-09 3.29E-09
Carbon dioxide, fossil air kg 8.49E-02 8.80E-02] 1.78E-01 1.81E-01
Carbon monoxide, fossil air kg 2.12E-04 2.19E-04 2.16E-04 2.22E-04
Carbon-14 air kBq 1.65E-03 1.74E-03| 1.57E-03 1.65E-03|
Chromium air kg 2.66E-07 2.74E-07| 2.71E-07 2.78E-07|
Chromium VI air kg 7.34E-09 7.51E-09 7.46E-09 7.62E-09
Dinitrogen monoxide air kg 4.30E-05 4.32E-05 4.31E-05 4.32E-05
lodine-129 air kBq 1.41E-06 1.49E-06| 1.34E-06 1.41E-06|
Lead air kg 8.86E-08 9.05E-08| 9.06E-08 9.23E-08|
Methane, fossil air kg 2.96E-03 2.96E-03 2.97E-03 2.97E-03
Mercury air kg 4.34E-08 4.36E-08 4.38E-08 4.41E-08
Nickel air kg 1.42E-07 1.43E-07| 1.53E-07 1.54E-07|
Nitrogen oxides air kg 6.82E-04 6.89E-04 1.03E-03 1.03E-03
NMVOC total air kg 7.86E-05 7.99E-05 8.83E-05 8.94E-05
thereof:
Benzene air kg 2.54E-06 2.55E-06 2.76E-06 2.76E-06
Benzo(a)pyrene air kg 1.89E-10 1.97E-10| 1.93E-10| 2.00E-10|
Formaldehyde air kg 6.25E-07 6.28E-07| 6.38E-07 6.41E-07|
PAH air kg 2.66E-08 2.71E-08| 2.70E-08 2.74E-08|
PM2.5-10 air kg 2.91E-05 3.00E-05 3.02E-05 3.10E-05
PM2.5 air kg 6.64E-05 6.72E-05 6.76E-05 6.84E-05
PCDD/F (measured as I-TEQ) air kg 9.16E-14 9.34E-14 1.04E-13 1.06E-13|
Radon-222 air kBq 2.61E+01 2.75E+01 2.49E+01 2.61E+01
Sulfur dioxide air kg 3.98E-04 4.00E-04 4.11E-04 4.14E-04
Emissions to Water
Ammonium, ion \water kg 1.18E-06 1.19E-06| 5.14E-06 5.14E-06
Arsenic, ion \water kg 1.76E-07 1.79E-07| 1.77€-07 1.79E-07|
Cadmium, ion \water kg 1.83E-08 1.98E-08| 1.85E-08 1.98E-08|
Carbon-14 water kBq 5.68E-04 5.98E-04| 5.40E-04 5.67E-04|
Cesium-137 water kBq 2.64E-04 2.78E-04 2.51E-04 2.64E-04
Chromium, ion \water kg 2.49E-08 2.53E-08 2.49E-08 2.53E-08
Chromium VI water kg 3.85E-07 4.24E-07 3.93E-07 4.28E-07
coD \water kg 1.67E-04| 1.72E-04 2.58E-04 2.63E-04
Copper, ion \water kg 6.69E-07 6.81E-07| 6.98E-07 7.09E-07|
Lead water kg 3.02E-07 3.07E-07| 3.04E-07 3.08E-07|
Mercury \water kg 4.05E-09 4.30E-09 4.16E-09 4.38E-09
Nickel, ion \water kg 1.61E-06 1.69E-06| 1.64E-06 1.72E-06
Nitrate \water kg 3.46E-05 3.46E-05 4.57E-05 4.57E-05
Oils, unspecified \water kg 3.16E-05 3.22E-05 3.43E-05 3.50E-05
PAH water kg 8.21E-09 8.53E-09 8.54E-09 8.82E-09
Phosphate water kg 4.19E-06 4.37E-06 7.19E-06 7.36E-06
Emissions to Soil
Arsenic soil kg 1.96E-10 1.98E-10| 1.95E-10| 1.97E-10|
Cadmium soil kg 1.00E-11 1.07E-11] 1.39E-11 1.46E-11]
Chromium soil kg 2.61E-09 2.64E-09 2.76E-09 2.79E-09
Chromium VI soil kg 2.42E-08 2.57E-08 2.29E-08 2.42E-08
Lead soil kg 7.61E-11 8.03E-11 1.28E-10 1.32E-10
Mercury soil kg 8.42E-13 8.54E-13| 9.57E-13 9.68E-13|
Qils, unspecified soil kg 3.18E-05 3.24E-05 3.45E-05 3.50E-05
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Table 8.56 LCA results for year 2025, pessimistic development  , “BAU-scenario”.
electricity, hard coal electricity, hard coal electricity, hard coal electricity, hard coal
power plant 500MW class  |power plant 500MW class |power plant 500MW class  |power plant 500MW class
oxyf CCS, 200km & 800m  |oxyf CCS, 400km & 800m  |post CCS, 200km & 800m  |post CCS, 400km & 800m
aquifer aquifer aquifer aquifer
Total Total Total Total
kWh kWh kWh kWh
Resources
Coal, brown, in ground resource (kg 5.81E-03 6.40E-03 5.78E-03 6.32E-03
Coal, hard, unspecified, in ground resource [kg 5.23E-01 5.24E-01 5.23E-01 5.24E-01
Gas, natural, in ground resource  [Nm3 3.68E-03 4.02E-03| 6.25E-03 6.55E-03
Qil, crude, in ground resource [kg 6.94E-03 7.07E-03] 8.78E-03 8.90E-03|
Uranium, in ground resource [kg 4.12E-07 4.53E-07 4.12E-07 4.50E-07
Freshwater (lake, river, groundwater) resource |m3 2.75E-03 2.78E-03| 2.79E-03 2.82E-03|
Occupation, agricultural and forestal area resource |m2a 2.48E-02 2.49E-02] 2.51E-02 2.52E-02]
Occupation, built up area incl. mineral extractiqresource _[m2a 5.72E-03 5.76E-03| 5.75E-03 5.78E-03|
Emissions to air
Ammonia air kg 2.35E-05 2.36E-05| 2.48E-04 2.48E-04
Arsenic air kg 2.01E-08 2.03E-08| 2.06E-08 2.09E-08|
Cadmium air kg 2.22E-09 2.28E-09 2.87E-09 2.92E-09
Carbon dioxide, fossil air kg 6.06E-02 6.38E-02] 1.56E-01 1.59E-01]
Carbon monoxide, fossil air kg 2.04E-04 2.11E-04 2.09E-04 2.15E-04
Carbon-14 air kBq 8.45E-04 9.30E-04 8.41E-04 9.19E-04
Chromium air kg 2.59E-07 2.67E-07| 2.65E-07 2.72E-07|
Chromium VI air kg 7.16E-09 7.34E-09 7.30E-09 7.46E-09|
Dinitrogen monoxide air kg 4.16E-05 4.18E-05 4.18E-05 4.20E-05
lodine-129 air kBq 7.21E-07 7.95E-07| 7.18E-07 7.84E-07|
Lead air kg 8.36E-08 8.56E-08| 8.61E-08 8.78E-08|
Methane, fossil air kg 2.90E-03 2.91E-03 2.92E-03 2.92E-03
Mercury air kg 4.26E-08 4.29E-08 4.32E-08 4.34E-08
Nickel air kg 1.37E-07 1.38E-07| 1.48E-07 1.49E-07|
Nitrogen oxides air kg 6.54E-04 6.61E-04| 1.00E-03 1.01E-03|
NMVOC total air kg 7.42E-05 7.55E-05 8.42E-05 8.54E-05
thereof:
Benzene air kg 2.50E-06 2.51E-06 2.72E-06 2.72E-06
Benzo(a)pyrene air kg 1.77E-10| 1.85E-10]| 1.82E-10| 1.89E-10|
Formaldehyde air kg 6.08E-07 6.11E-07| 6.23E-07 6.26E-07|
PAH air kg 2.54E-08 2.59E-08| 2.59E-08 2.63E-08|
PM2.5-10 air kg 2.83E-05 2.91E-05| 2.95E-05 3.02E-05
PM2.5 air kg 6.47E-05 6.55E-05 6.60E-05 6.68E-05
PCDD/F (measured as I-TEQ) air kg 8.89E-14 9.07E-14 1.02E-13 1.03E-13|
Radon-222 air kBq 1.34E+01 1.47E+01 1.33E+01 1.46E+01
Sulfur dioxide air kg 3.80E-04 3.83E-04 3.96E-04 3.98E-04
Emissions to Water
Ammonium, ion \water kg 1.11E-06 1.12E-06| 5.07E-06 5.08E-06|
Arsenic, ion \water kg 1.67E-07 1.70E-07| 1.69E-07 1.71E-07|
Cadmium, ion \water kg 1.74E-08 1.89E-08| 1.77E-08 1.91E-08|
Carbon-14 water kBq 2.90E-04 3.19E-04| 2.88E-04 3.15E-04|
Cesium-137 water kBq 1.35E-04| 1.49E-04| 1.34E-04| 1.47E-04|
Chromium, ion \water kg 2.34E-08 2.38E-08 2.35E-08 2.39E-08
Chromium VI water kg 3.64E-07 4.03E-07 3.74E-07 4.09E-07
coD \water kg 1.60E-04| 1.65E-04 2.52E-04 2.56E-04
Copper, ion water kg 6.47E-07 6.60E-07 6.78E-07 6.90E-07|
Lead \water kg 2.86E-07 2.91E-07| 2.89E-07 2.93E-07|
Mercury \water kg 3.92E-09 4.17E-09 4.04E-09 4.26E-09
Nickel, ion \water kg 1.56E-06 1.64E-06| 1.59E-06 1.67E-06|
Nitrate \water kg 3.40E-05 3.41E-05| 4.51E-05 4.52E-05
Oils, unspecified \water kg 3.03E-05 3.10E-05 3.32E-05 3.38E-05
PAH water kg 7.97E-09 8.28E-09 8.31E-09 8.60E-09
Phosphate water kg 3.89E-06 4.07E-06 6.92E-06 7.09E-06|
Emissions to Soil
Arsenic soil kg 1.19E-10 1.21E-10| 1.26E-10] 1.28E-10|
Cadmium soil kg 9.45E-12 1.01E-11] 1.34E-11 1.40E-11]
Chromium soil kg 1.64E-09 1.67E-09| 1.89E-09 1.92E-09
Chromium VI soil kg 1.05E-08 1.20E-08| 1.05E-08 1.18E-08|
Lead soil kg 6.90E-11 7.32E-11 1.22E-10 1.25E-10
Mercury soil kg 7.60E-13 7.72E-13| 8.83E-13 8.94E-13|
Qils, unspecified soil kg 3.06E-05 3.12E-05 3.34E-05 3.39E-05
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D 7.2 Final report on technical data, costs, arfé kycle inventories of advanced fossil
power generation systems

Table 8.57 LCA results for year 2025, pessimistic development , “BAU-scenario”.
electricity, hard coal, at electricity, hard coal, at electricity, hard coal, at
power plant 350 MW power plant 600 MW power plant 800 MW
Total Total Total
kWh kWh kWh
Resources
Coal, brown, in ground resource |kg 2.37E-03 2.36E-03 2.36E-03
Coal, hard, unspecified, in ground resource |kg 4.10E-01 4.10E-01 4.10E-01
Gas, natural, in ground resource |[Nm3 1.84E-03 1.83E-03 1.83E-03
Oil, crude, in ground resource |kg 5.29E-03 5.30E-03 5.30E-03
Uranium, in ground resource |kg 1.71E-07 1.70E-07 1.70E-07
Freshwater (lake, river, groundwater) resource |m3 2.06E-03 2.06E-03 2.06E-03
Occupation, agricultural and forestal area resource [m2a 1.90E-02 1.90E-02 1.90E-02
Occupation, built up area incl. mineral extractiqresource  |[m2a 4.43E-03 4.40E-03 4.40E-03

Emissions to air

Ammonia air kg 2.00E-05 2.00E-05 2.00E-05
Arsenic air kg 1.48E-08 1.46E-08 1.46E-08
Cadmium air kg 1.56E-09 1.52E-09 1.52E-09
Carbon dioxide, fossil air kg 7.40E-01 7.40E-01 7.40E-01
Carbon monoxide, fossil air kg 1.51E-04 1.50E-04 1.50E-04
Carbon-14 air kBq 3.49E-04] 3.47E-04 3.47E-04
Chromium air kg 1.54E-07 1.37E-07 1.37E-07
Chromium VI air kg 4.38E-09 4.00E-09 4.00E-09
Dinitrogen monoxide air kg 3.22E-05 3.22E-05 3.22E-05
lodine-129 air kBq 2.97E-07 2.96E-07 2.96E-07
Lead air kg 6.06E-08 6.00E-08 6.00E-08
Methane, fossil air kg 2.27E-03 2.27E-03 2.27E-03
Mercury air kg 3.30E-08 3.30E-08 3.30E-08
Nickel air kg 1.06E-07 1.05E-07 1.05E-07
Nitrogen oxides air kg 7.60E-04 7.60E-04 7.60E-04
NMVOC total air kg 5.60E-05 5.60E-05 5.60E-05
thereof:
Benzene air kg 1.94E-06 1.94E-06 1.94E-06
Benzo(a)pyrene air kg 1.19E-10 1.15E-10 1.15E-10
Formaldehyde air kg 4.71E-07 4.70E-07 4.70E-07
PAH air kg 1.90E-08 1.89E-08 1.89E-08
PM2.5-10 air kg 2.09E-05 2.07E-05 2.07E-05
PM2.5 air kg 4.92E-05 4.90E-05 4.90E-05
PCDD/F (measured as I-TEQ) air kg 6.70E-14 6.70E-14 6.70E-14
Radon-222 air kBq 5.54E+00 5.50E+00 5.50E+00
Sulfur dioxide air kg 5.49E-04 5.50E-04 5.50E-04
Emissions to Water
Ammonium, ion water kg 8.20E-07 8.20E-07 8.20E-07
Arsenic, ion water kg 1.24E-07 1.23E-07 1.23E-07
Cadmium, ion water kg 1.15E-08 1.13E-08 1.12E-08
Carbon-14 water kBq 1.19E-04 1.19E-04 1.19E-04
Cesium-137 water kBq 5.56E-05 5.50E-05 5.50E-05
Chromium, ion water kg 1.67E-08 1.66E-08 1.66E-08
Chromium VI water kg 2.36E-07 2.30E-07 2.30E-07
COD water kg 1.18E-04 1.17E-04 1.17E-04
Copper, ion water kg 4.65E-07 4.60E-07 4.60E-07
Lead water kg 1.99E-07 1.96E-07 1.94E-07
Mercury water kg 2.69E-09 2.67E-09 2.67E-09
Nickel, ion water kg 9.80E-07 9.20E-07 9.20E-07
Nitrate water kg 2.52E-05 2.52E-05 2.52E-05
Oils, unspecified water kg 2.31E-05 2.30E-05 2.30E-05
PAH water kg 5.08E-09 4.70E-09 4.70E-09
Phosphate water kg 2.77E-06 2.75E-06 2.75E-06
Emissions to Soil
Arsenic soil kg 6.46E-11 6.40E-11 6.40E-11
Cadmium soil kg 6.70E-12 6.60E-12 6.60E-12
Chromium soil kg 9.20E-10 9.20E-10 9.20E-10
Chromium VI soil kg 2.97E-09 2.95E-09 2.95E-09
Lead soil kg 4.93E-11 4.90E-11 4.90E-11
Mercury soil kg 5.63E-13 5.60E-13 5.60E-13
Oils, unspecified soil kg 2.34E-05 2.34E-05 2.34E-05
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Table 8.58 LCA results for year 2025, pessimistic development , “BAU-scenario”.
electricity, lignite plant 800 |electricity, lignite plant 800 |electricity, lignite plant 800
MW class oxyf CCS, MW class oxyf CCS, MW class post CCS,
200km & 2500m depl. 400km & 2500m depl. 200km & 2500m depl.
gasfield gasfield gasfield
Total Total Total
kWh kWh kWh
Resources
Coal, brown, in ground resource |kg 1.12E+00 1.12E+00 1.12E+00
Coal, hard, unspecified, in ground resource |kg 1.56E-02 1.66E-02 1.48E-02
Gas, natural, in ground resource  |[Nm3 6.48E-03 6.88E-03 9.26E-03
Oil, crude, in ground resource |kg 1.63E-03 1.79E-03 3.77E-03
Uranium, in ground resource |kg 8.35E-07 8.84E-07 7.90E-07
Freshwater (lake, river, groundwater) resource |m3 6.07E-03 6.11E-03 6.08E-03
Occupation, agricultural and forestal area resource [m2a 3.46E-03 3.62E-03 3.75E-03
Occupation, built up area incl. mineral extractiqresource  |[m2a 1.61E-03 1.66E-03 1.62E-03
Emissions to air
Ammonia air kg 3.66E-06 3.80E-06 2.40E-04
Arsenic air kg 1.36E-08 1.39E-08 1.41E-08
Cadmium air kg 2.19E-09 2.26E-09 2.96E-09
Carbon dioxide, fossil air kg 6.85E-02 7.22E-02 1.77E-01
Carbon monoxide, fossil air kg 2.54E-04 2.62E-04 2.59E-04
Carbon-14 air kBq 1.72E-03 1.82E-03 1.62E-03
Chromium air kg 9.31E-08 1.02E-07 9.90E-08
Chromium VI air kg 2.49E-09 2.70E-09 2.63E-09
Dinitrogen monoxide air kg 2.83E-05 2.85E-05 2.83E-05
lodine-129 air kBq 1.47E-06 1.56E-06 1.39E-06
Lead air kg 3.33E-08 3.55E-08 3.56E-08
Methane, fossil air kg 3.90E-04 3.98E-04 4.02E-04
Mercury air kg 2.54E-08 2.58E-08 2.60E-08
Nickel air kg 2.72E-08 2.84E-08 4.11E-08
Nitrogen oxides air kg 3.59E-04 3.67E-04 9.23E-04
NMVOC total air kg 3.57E-05 3.72E-05 4.70E-05
thereof:
Benzene air kg 2.23E-06 2.24E-06 2.49E-06
Benzo(a)pyrene air kg 1.27E-10 1.36E-10 1.31E-10
Formaldehyde air kg 6.30E-07 6.33E-07 6.46E-07
PAH air kg 1.64E-08 1.70E-08 1.68E-08
PM2.5-10 air kg 1.66E-05 1.76E-05 1.79E-05
PM2.5 air kg 7.83E-05 7.92E-05 7.97E-05
PCDD/F (measured as I-TEQ) air kg 8.52E-14 8.74E-14 9.79E-14
Radon-222 air kBq 2.71E+01 2.87E+01 2.56E+01
Sulfur dioxide air kg 1.49E-04 1.52E-04 1.66E-04
Emissions to Water
Ammonium, ion water kg 1.91E-07 2.03E-07 4.85E-06
Arsenic, ion water kg 1.09E-06 1.09E-06 1.09E-06
Cadmium, ion water kg 3.82E-08 4.00E-08 3.84E-08
Carbon-14 water kBq 5.91E-04 6.26E-04 5.57E-04
Cesium-137 water kBq 2.75E-04 2.91E-04 2.59E-04
Chromium, ion water kg 4.47E-09 4.99E-09 4.47E-09
Chromium VI water kg 9.34E-07 9.79E-07 9.42E-07
COD water kg 5.41E-05 6.01E-05 1.57E-04
Copper, ion water kg 1.18E-06 1.20E-06 1.22E-06
Lead water kg 1.16E-06 1.16E-06 1.16E-06
Mercury water kg 6.85E-09 7.15E-09 6.97E-09
Nickel, ion water kg 2.25E-06 2.35E-06 2.28E-06
Nitrate water kg 1.29E-06 1.37E-06 1.40E-05
Oils, unspecified water kg 7.76E-06 8.55E-06 1.10E-05
PAH water kg 2.91E-09 3.28E-09 3.30E-09
Phosphate water kg 3.81E-05 3.83E-05, 4.11E-05
Emissions to Soil
Arsenic soil kg 1.50E-10 1.52E-10 1.49E-10
Cadmium soil kg 7.21E-12 8.00E-12 1.18E-11
Chromium soil kg 1.96E-09 2.00E-09 2.15E-09
Chromium VI soil kg 2.49E-08 2.66E-08 2.33E-08
Lead soil kg 4.90E-11 5.39E-11 1.10E-10
Mercury soil kg 2.50E-13 2.65E-13 3.75E-13
Oils, unspecified soil kg 6.94E-06 7.60E-06 1.01E-05
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Table 8.59 LCA results for year 2025, pessimistic development , “BAU-scenario”.
electricity, lignite plant 800 |electricity, lignite power electricity, lignite power
MW class post CCS, plant 800 MW class oxyf plant 800 MW class oxyf
400km & 2500m depl. CCS, 200km & 800m CCS, 400km & 800m
gasfield aquifer aquifer
Total Total Total
kWh kWh kWh
Resources
Coal, brown, in ground resource |kg 1.12E+00 1.12E+00 1.12E+00
Coal, hard, unspecified, in ground resource |kg 1.57E-02 7.49E-03 1.37E-02
Gas, natural, in ground resource  |[Nm3 9.62E-03 3.08E-03 7.14E-03
Oil, crude, in ground resource |kg 3.91E-03 1.31E-03 4.35E-02
Uranium, in ground resource |kg 8.34E-07 3.73E-07 6.20E-07
Freshwater (lake, river, groundwater) resource |m3 6.12E-03 5.81E-03 6.42E-03
Occupation, agricultural and forestal area resource [m2a 3.89E-03 2.12E-03 3.05E-03
Occupation, built up area incl. mineral extractiqresource  |[m2a 1.67E-03 1.49E-03 3.23E-03
Emissions to air
Ammonia air kg 2.41E-04 2.96E-06 5.00E-06
Arsenic air kg 1.44E-08 1.20E-08 1.91E-08
Cadmium air kg 3.03E-09 1.71E-09 6.55E-09
Carbon dioxide, fossil air kg 1.80E-01 4.00E-02 1.71E-01
Carbon monoxide, fossil air kg 2.66E-04 2.45E-04 6.13E-04
Carbon-14 air kBq 1.71E-03 7.66E-04 1.25E-03
Chromium air kg 1.07E-07 8.51E-08 1.21E-07
Chromium VI air kg 2.82E-09 2.28E-09 2.94E-09
Dinitrogen monoxide air kg 2.85E-05 2.66E-05 3.20E-05
lodine-129 air kBq 1.46E-06 6.56E-07 1.04E-06
Lead air ] 3.77E-08 2.74E-08 1.07E-07
Methane, fossil air kg 4.09E-04 3.26E-04 4.71E-04
Mercury air kg 2.62E-08 2.46E-08 3.04E-08
Nickel air kg 4.23E-08 2.07E-08 6.67E-08
Nitrogen oxides air kg 9.31E-04 3.26E-04 9.21E-04
NMVOC total air kg 4.83E-05 3.04E-05 3.41E-04
thereof:
Benzene air kg 2.50E-06 2.18E-06 6.04E-06
Benzo(a)pyrene air kg 1.39E-10 1.12E-10 5.24E-10
Formaldehyde air kg 6.49E-07 6.10E-07 6.42E-07
PAH air kg 1.73E-08 1.51E-08 3.09E-08
PM2.5-10 air kg 1.87E-05 1.56E-05 3.88E-05
PM2.5 air kg 8.05E-05 7.62E-05 1.12E-04
PCDD/F (measured as I-TEQ) air kg 9.98E-14 8.20E-14 1.25E-13
Radon-222 air kBq 2.70E+01 1.21E+01 2.00E+01
Sulfur dioxide air kg 1.69E-04 1.29E-04 3.19E-04
Emissions to Water
Ammonium, ion water kg 4.86E-06 1.05E-07 4.22E-07
Arsenic, ion water kg 1.09E-06 1.08E-06 1.13E-06
Cadmium, ion water kg 4.00E-08 3.72E-08 7.47E-08
Carbon-14 water kBq 5.89E-04 2.64E-04 4.15E-04
Cesium-137 water kBq 2.74E-04 1.23E-04 1.94E-04
Chromium, ion water kg 4.94E-09 2.71E-09 2.61E-08
Chromium VI water kg 9.83E-07 9.10E-07 1.68E-06
COD water kg 1.62E-04 4.59E-05] 6.39E-04
Copper, ion water kg 1.23E-06 1.16E-06 1.47E-06
Lead water kg 1.17E-06 1.14E-06 1.25E-06
Mercury water kg 7.24E-09 6.69E-09 1.13E-08
Nickel, ion water kg 2.37E-06 2.19E-06 2.98E-06
Nitrate water kg 1.40E-05 6.12E-07 2.33E-06
Oils, unspecified water kg 1.18E-05 6.28E-06 1.70E-04
PAH water kg 3.63E-09 2.62E-09 1.81E-08
Phosphate water kg 4.13E-05 3.77E-05 4.06E-05
Emissions to Soil
Arsenic soil kg 1.52E-10 5.93E-11 5.13E-10
Cadmium soil kg 1.25E-11 6.53E-12 1.49E-09
Chromium soil kg 2.18E-09 8.18E-10 2.17E-08
Chromium VI soil kg 2.48E-08 8.82E-09 1.70E-08
Lead soil kg 1.15E-10 4.07E-11 7.89E-09
Mercury soil kg 3.88E-13 1.53E-13 1.08E-12
Oils, unspecified soil kg 1.07E-05 5.54E-06 1.73E-04
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Table 8.60 LCA results for year 2025, pessimistic development , “BAU-scenario”.
electricity, lignite power electricity, lignite power
plant 800 MW class post plant 800 MW class post
CCS, 200km & 800m CCS, 400km & 800m electricity, lignite, at
aquifer aquifer power plant 950 MW
Total Total Total
kWh kWh kWh
Resources
Coal, brown, in ground resource |kg 1.12E+00 1.12E+00 8.70E-01
Coal, hard, unspecified, in ground resource |kg 7.53E-03 8.46E-03 2.41E-03
Gas, natural, in ground resource |[Nm3 6.19E-03 6.55E-03 1.25E-03
Oil, crude, in ground resource |kg 3.48E-03 3.62E-03 8.40E-04
Uranium, in ground resource |kg 3.73E-07 4.18E-07 1.12E-07
Freshwater (lake, river, groundwater) resource |m3 5.85E-03 5.88E-03 4.44E-03
Occupation, agricultural and forestal area resource [m2a 2.54E-03 2.68E-03 1.03E-03
Occupation, built up area incl. mineral extractiqresource  |[m2a 1.52E-03 1.56E-03 1.07E-03
Emissions to air
Ammonia air kg 2.40E-04 2.40E-04 5.08E-06
Arsenic air kg 1.27E-08 1.29E-08 8.20E-09
Cadmium air kg 2.53E-09 2.60E-09 1.12E-09
Carbon dioxide, fossil air kg 1.51E-01 1.55E-01 8.50E-01
Carbon monoxide, fossil air kg 2.51E-04 2.58E-04 1.77E-04
Carbon-14 air kBq 7.61E-04 8.52E-04 2.30E-04
Chromium air kg 9.19E-08 9.96E-08 4.08E-08
Chromium VI air kg 2.44E-09 2.63E-09 1.15E-09
Dinitrogen monoxide air kg 2.68E-05 2.70E-05 2.03E-05
lodine-129 air kBq 6.51E-07 7.29E-07 1.96E-07
Lead air kg 3.03E-08 3.24E-08 1.52E-08
Methane, fossil air kg 3.44E-04 3.52E-04 2.29E-04
Mercury air kg 2.52E-08 2.55E-08 1.86E-08
Nickel air kg 3.53E-08 3.64E-08 1.46E-08
Nitrogen oxides air kg 8.94E-04 9.01E-04 6.70E-04
NMVOC total air kg 4.22E-05 4.36E-05 2.09E-05
thereof:
Benzene air kg 2.44E-06 2.45E-06 1.69E-06
Benzo(a)pyrene air kg 1.17E-10 1.26E-10 5.80E-11
Formaldehyde air kg 6.28E-07 6.31E-07 4.70E-07
PAH air kg 1.56E-08 1.61E-08 1.05E-08
PM2.5-10 air kg 1.70E-05 1.79E-05 1.03E-05
PM2.5 air kg 7.78E-05 7.87E-05 5.80E-05
PCDD/F (measured as I-TEQ) air kg 9.50E-14 9.69E-14 6.00E-14
Radon-222 air kBq 1.20E+01 1.35E+01 3.64E+00
Sulfur dioxide air kg 1.47E-04 1.50E-04 1.26E-04
Emissions to Water
Ammonium, ion water kg 4.77E-06 4.78E-06 4.49E-08
Arsenic, ion water kg 1.08E-06 1.08E-06 8.40E-07
Cadmium, ion water kg 3.75E-08 3.91E-08 2.58E-08
Carbon-14 water kBq 2.62E-04 2.93E-04 7.90E-05
Cesium-137 water kBq 1.22E-04 1.36E-04 3.67E-05
Chromium, ion water kg 2.88E-09 3.35E-09 1.01E-09
Chromium VI water kg 9.20E-07 9.62E-07 6.30E-07
COD water kg 1.49E-04 1.55E-04 2.75E-05
Copper, ion water kg 1.19E-06 1.21E-06 8.80E-07
Lead water kg 1.14E-06 1.15E-06 8.70E-07
Mercury water kg 6.82E-09 7.09E-09 4.79E-09
Nickel, ion water kg 2.23E-06 2.32E-06 1.52E-06
Nitrate water kg 1.34E-05 1.34E-05 2.12E-07
Oils, unspecified water kg 9.71E-06 1.04E-05 3.89E-06
PAH water kg 3.03E-09 3.36E-09 1.28E-09
Phosphate water kg 4.08E-05 4.10E-05 2.93E-05
Emissions to Soil
Arsenic soil kg 6.76E-11 6.98E-11 1.27E-11
Cadmium soil kg 1.12E-11 1.19E-11 3.82E-12
Chromium soil kg 1.12E-09 1.15E-09 2.13E-10
Chromium VI soil kg 8.73E-09 1.03E-08 6.50E-10
Lead soil kg 1.03E-10 1.07E-10 2.52E-11
Mercury soil kg 2.88E-13 3.01E-13 7.90E-14
Oils, unspecified soil kg 8.87E-06 9.47E-06 3.61E-06
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power generation systems

D 7.2 Final report on technical data, costs, arfé kycle inventories of advanced fossil

LCA results for year 2025, pessimistic development , “BAU-scenario”.
electricity, hard coal, at IGCC electricity, lignite, at IGCC power
power plant 450MW plant 450MW

Total Total
kWh kWh
Resources
Coal, brown, in ground resource |kg 1.98E-03 4.34E-01
Coal, hard, unspecified, in ground resource |kg 3.41E-01 1.69E-03
Gas, natural, in ground resource |Nm3 1.37E-03 6.24E-04
Qil, crude, in ground resource |kg 4.24E-03 1.07E-03]
Uranium, in ground resource |kg 1.44E-07 7.13E-08
Freshwater (lake, river, groundwater) resource |m3 6.12E-04| 1.61E-03
Occupation, agricultural and forestal area resource |m2a 1.58E-02 4.98E-04
Occupation, built up area incl. mineral extractiqresource  |m2a 3.87E-03 1.04E-03]
Emissions to air
Ammonia air kg 1.44E-05 6.37E-07
Arsenic air kg 6.43E-08| 6.55E-09
Cadmium air kg 1.58E-09 1.14E-09
Carbon dioxide, fossil air kg 6.57E-01 7.94E-01
Carbon monoxide, fossil air kg 1.30E-04| 8.53E-05
Carbon-14 air kBqg 2.94E-04 1.45E-04
Chromium air kg 4.39E-08 3.56E-08
Chromium VI air kg 1.42E-09 9.69E-10]
Dinitrogen monoxide air kg 2.77E-05 2.54E-05
lodine-129 air kBqg 2.50E-07 1.21E-07
Lead air kg 4.23E-08 1.40E-08
Methane, fossil air kg 1.89E-03| 1.27E-04
Mercury air kg 2.05E-08 1.15E-08
Nickel air kg 8.34E-08 9.95E-09
Nitrogen oxides air kg 4.30E-04 4.07E-04
NMVOC total air kg 4.85E-05 2.10E-05
thereof:
Benzene air kg 1.23E-06 1.02E-06
Benzo(a)pyrene air kg 9.51E-11 4.15E-11
Formaldehyde air kg 2.87E-07 2.81E-07
PAH air kg 5.53E-08 4.77E-08
PM2.5-10 air kg 1.38E-05 3.48E-06
PM2.5 air kg 9.89E-06 2.85E-06
PCDD/F (measured as I-TEQ) air kg 5.13E-14] 4.81E-14
Radon-222 air kBq 4.67E+00 2.31E+00
Sulfur dioxide air kg 3.63E-04] 5.89E-04]
Emissions to Water
Ammonium, ion water kg 3.63E-07 5.91E-08
Arsenic, ion water kg 8.29E-08 1.33E-06
Cadmium, ion water kg 1.23E-08 8.21E-08
Carbon-14 water kBq 1.00E-04| 4.86E-05
Cesium-137 water kBqg 4.68E-05 2.27E-05
Chromium, ion water kg 2.11E-09 9.20E-10
Chromium VI water kg 7.21E-07 8.48E-06
COoD water kg 2.19E-04 1.90E-03
Copper, ion water kg 1.29E-06 6.13E-06
Lead water kg 3.31E-07 1.71E-06
Mercury water kg 4.90E-09 5.55E-08
Nickel, ion water kg 5.99E-07 3.57E-06
Nitrate water kg 1.33E-06 7.76E-07
QOils, unspecified water kg 1.87E-05 3.31E-06
PAH water kg 2.52E-09 1.13E-09
Phosphate water kg 7.09E-06 1.00E-04
Emissions to Soil
Arsenic soil kg 5.18E-11 1.09E-11
Cadmium soil kg 6.54E-12 5.88E-12
Chromium soil kg 7.63E-10| 2.24E-10|
Chromium VI soil kg 2.58E-09 7.27E-10
Lead soil kg 5.24E-11 4.51E-11
Mercury soil kg 5.84E-13| 2.03E-13|
Qils, unspecified soil kg 1.90E-05 3.04E-06
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Table 8.62

LCA results for year 2025, pessimistic development

, “BAU-scenario”.

electricity, hard coal IGCC |electricity, hard coal IGCC [electricity, hard coal IGCC |electricity, hard coal IGCC
plant 400MW, CCS, 200km |plant 400MW, CCS, 400km |power plant 400MW, CCS, |power plant 400MW, CCS,
& 2500m depleted gasfield |& 2500m depleted gasfield |200km & 800m aquifer 400km & 800m aquifer
Total Total Total Total
kwWh kWh kWh kWh
Resources
Coal, brown, in ground resource [kg 8.94E-03 9.42E-03 4.44E-03 4.92E-03|
Coal, hard, unspecified, in ground resource [kg 3.93E-01 3.93E-01] 3.87E-01 3.88E-01]
Gas, natural, in ground resource [Nm3 5.00E-03 5.27E-03| 2.69E-03 2.96E-03|
Oil, crude, in ground resource [kg 5.18E-03 5.29E-03| 4.96E-03 5.07E-03|
Uranium, in ground resource [kg 6.30E-07 6.63E-07| 3.16E-07 3.50E-07
Freshwater (lake, river, groundwater) resource |m3 9.61E-04 9.88E-04 7.84E-04 8.10E-04
Occupation, agricultural and forestal area resource |m2a 1.92E-02 1.93E-02] 1.82E-02 1.84E-02]
Occupation, built up area incl. mineral extractiqresource _[m2a 4.48E-03 4.51E-03 4.40E-03 4.44E-03]
Emissions to air
Ammonia air kg 1.70E-05 1.71E-05| 1.65E-05 1.66E-05|
Arsenic air kg 8.16E-08 8.18E-08| 8.05E-08 8.07E-08|
Cadmium air kg 2.22E-09 2.27E-09] 1.90E-09 1.95E-09
Carbon dioxide, fossil air kg 1.38E-01 1.40E-01] 1.18E-01 1.21E-01]
Carbon monoxide, fossil air kg 1.67E-04| 1.73E-04 1.61E-04| 1.66E-04
Carbon-14 air kBq 1.29E-03 1.36E-03| 6.49E-04 7.17E-04|
Chromium air kg 6.22E-08 6.80E-08| 5.68E-08 6.26E-08|
Chromium VI air kg 1.97E-09 2.11E-09| 1.82E-09 1.97E-09|
Dinitrogen monoxide air kg 3.62E-05 3.64E-05 3.51E-05 3.52E-05
lodine-129 air kBq 1.11E-06 1.17E-06 5.54E-07 6.12E-07|
Lead air kg 5.71E-08 5.87E-08| 5.32E-08 5.47E-08|
Methane, fossil air kg 2.20E-03 2.20E-03| 2.15E-03 2.16E-03|
Mercury air kg 2.65E-08 2.67E-08| 2.59E-08 2.61E-08|
Nickel air kg 1.02E-07 1.03E-07 9.76E-08 9.84E-08
Nitrogen oxides air kg 5.41E-04 5.46E-04| 5.18E-04 5.24E-04
NMVOC total air kg 6.24E-05 6.34E-05| 5.88E-05 5.98E-05
thereof:
Benzene air kg 1.58E-06 1.58E-06 1.54E-06 1.55E-06
Benzo(a)pyrene air kg 1.25E-10] 1.32E-10| 1.15E-10| 1.22E-10|
Formaldehyde air kg 3.78E-07 3.80E-07| 3.64E-07 3.66E-07|
PAH air kg 6.98E-08 7.02E-08| 6.89E-08 6.93E-08|
PM2.5-10 air kg 1.70E-05 1.77E-05| 1.64E-05 1.71E-05|
PM2.5 air kg 1.37E-05 1.43E-05 1.23E-05 1.29E-05
PCDD/F (measured as I-TEQ) air kg 6.61E-14 6.75E-14 6.39E-14 6.54E-14
Radon-222 air kBq 2.05E+01 2.15E+01 1.03E+01 1.14E+01
Sulfur dioxide air kg 4.55E-04 4.57E-04 4.41E-04 4.43E-04
Emissions to Water
Ammonium, ion \water kg 4.98E-07 5.06E-07 4.39E-07 4.47E-07|
Arsenic, ion \water kg 1.04E-07 1.06E-07 9.69E-08 9.92E-08
Cadmium, ion \water kg 1.57E-08 1.69E-08 1.50E-08 1.62E-08
Carbon-14 \water kBq 4.45E-04 4.69E-04 2.23E-04 2.46E-04
Cesium-137 \water kBq 2.07E-04 2.18E-04 1.04E-04| 1.14E-04|
Chromium, ion \water kg 4.36E-09 4.71E-09 3.17E-09 3.52E-09
Chromium VI \water kg 8.54E-07 8.85E-07 8.38E-07 8.69E-07|
CoD \water kg 2.56E-04| 2.60E-04 2.50E-04| 2.55E-04
Copper, ion \water kg 1.47E-06 1.48E-06 1.46E-06 1.47E-06
Lead water kg 3.87E-07 3.91E-07| 3.74E-07 3.78E-07|
Mercury \water kg 5.79E-09 5.99E-09 5.69E-09 5.88E-09
Nickel, ion \water kg 7.87E-07 8.54E-07 7.45E-07 8.13E-07
Nitrate water kg 2.18E-06 2.24E-06 1.72E-06 1.78E-06
Qils, unspecified \water kg 2.30E-05 2.35E-05 2.20E-05 2.25E-05
PAH water kg 3.33E-09 3.58E-09 3.13E-09 3.38E-09
Phosphate \water kg 8.36E-06 8.51E-06 8.13E-06 8.27E-06
Emissions to Soil
Arsenic soil kg 1.50E-10] 1.51E-10| 8.82E-11 8.99E-11]
Cadmium soil kg 8.43E-12 8.97E-12| 7.97E-12 8.51E-12|
Chromium soil kg 2.01E-09 2.04E-09| 1.24E-09 1.27E-09
Chromium VI soil kg 1.92E-08 2.04E-08| 8.27E-09 9.43E-09
Lead soil kg 6.95E-11 7.28E-11] 6.38E-11 6.72E-11]
Mercury soil kg 7.57E-13 7.67E-13| 6.91E-13 7.01E-13|
Oils, unspecified soil kg 2.31E-05 2.36E-05 2.22E-05 2.26E-05|
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Table 8.63 LCA results for year 2025, pessimistic development | “BAU-scenario”.
electricity, lignite IGCC electricity, lignite IGCC electricity, lignite IGCC electricity, lignite IGCC
plant 400MW, CCS, 200km |plant 400MW, CCS, 400km |power plant 400MW, CCS, |power plant 400MW, CCS,
& 2500m depleted gasfield |& 2500m depleted gasfield |200km & 800m aquifer 400km & 800m aquifer
Total Total Total Total
kwWh kWh kWh kWh
Resources
Coal, brown, in ground resource [kg 5.00E-01 5.01E-01 4.95E-01 5.00E-01
Coal, hard, unspecified, in ground resource [kg 1.23E-02 1.31E-02] 5.41E-03 1.23E-02]
Gas, natural, in ground resource [Nm3 5.07E-03 5.41E-03| 2.18E-03 5.07E-03|
Oil, crude, in ground resource [kg 1.71E-03 1.85E-03| 1.44E-03 1.71E-03|
Uranium, in ground resource [kg 6.67E-07 7.08E-07| 2.74E-07 6.67E-07|
Freshwater (lake, river, groundwater) resource |m3 2.17E-03 2.20E-03| 1.95E-03 2.17E-03|
Occupation, agricultural and forestal area resource |m2a 2.27E-03 2.41E-03| 1.13E-03 2.27E-03|
Occupation, built up area incl. mineral extractiqresource _[m2a 1.32E-03 1.36E-03 1.22E-03 1.32E-03
Emissions to air
Ammonia air kg 1.65E-06 1.77E-06 1.05E-06 1.65E-06
Arsenic air kg 9.70E-09 9.95E-09 8.36E-09 9.70E-09|
Cadmium air kg 1.83E-09 1.89E-09 1.42E-09 1.83E-09
Carbon dioxide, fossil air kg 1.48E-01 1.51E-01] 1.24E-01 1.48E-01]
Carbon monoxide, fossil air kg 1.23E-04 1.30E-04 1.15E-04 1.23E-04
Carbon-14 air kBq 1.37E-03 1.46E-03| 5.61E-04 1.37E-03|
Chromium air kg 5.60E-08 6.33E-08| 4.92E-08 5.60E-08|
Chromium VI air kg 1.51E-09 1.69E-09 1.33E-09 1.51E-09
Dinitrogen monoxide air kg 3.42E-05 3.44E-05 3.28E-05 3.42E-05
lodine-129 air kBq 1.17E-06 1.24E-06 4.78E-07 1.17E-06
Lead air kg 2.41E-08 2.60E-08| 1.91E-08 2.41E-08|
Methane, fossil air kg 2.28E-04 2.35E-04 1.73E-04| 2.28E-04
Mercury air kg 1.57E-08 1.60E-08| 1.50E-08 1.57E-08|
Nickel air kg 1.96E-08 2.07E-08 1.41E-08 1.96E-08
Nitrogen oxides air kg 5.57E-04 5.64E-04 5.29E-04 5.57E-04
NMVOC total air kg 3.32E-05 3.44E-05| 2.87E-05 3.32E-05
thereof:
Benzene air kg 1.38E-06 1.39E-06| 1.33E-06 1.38E-06
Benzo(a)pyrene air kg 7.00E-11 7.81E-11] 5.73E-11 7.00E-11]
Formaldehyde air kg 3.79E-07 3.82E-07 3.63E-07 3.79E-07|
PAH air kg 6.21E-08 6.26E-08| 6.09E-08 6.21E-08|
PM2.5-10 air kg 5.80E-06 6.65E-06 4.97E-06 5.80E-06|
PM2.5 air kg 6.41E-06 7.23E-06 4.66E-06 6.41E-06|
PCDD/F (measured as I-TEQ) air kg 6.39E-14 6.57E-14 6.12E-14 6.39E-14
Radon-222 air kBq 2.17E+01 2.30E+01 8.89E+00 2.17E+01
Sulfur dioxide air kg 7.71E-04 7.74E-04 7.54E-04 7.71E-04
Emissions to Water
Ammonium, ion \water kg 1.78E-07 1.88E-07 1.04E-07 1.78E-07
Arsenic, ion \water kg 1.50E-06 1.50E-06 1.49E-06 1.50E-06
Cadmium, ion water kg 9.42E-08 9.58E-08 9.34E-08 9.42E-08
Carbon-14 \water kBq 4.70E-04 5.00E-04| 1.92E-04| 4.70E-04
Cesium-137 \water kBq 2.19E-04 2.33E-04 8.93E-05 2.19E-04
Chromium, ion \water kg 3.53E-09 3.98E-09 2.04E-09 3.53E-09
Chromium VI \water kg 9.54E-06 9.58E-06| 9.52E-06 9.54E-06|
CoD \water kg 2.13E-03 2.14E-03 2.13E-03 2.13E-03
Copper, ion \water kg 6.90E-06 6.91E-06 6.88E-06 6.90E-06
Lead water kg 1.94E-06 1.94E-06| 1.92E-06 1.94E-06|
Mercury \water kg 6.25E-08 6.28E-08 6.24E-08 6.25E-08
Nickel, ion \water kg 4.14E-06 4.22E-06 4.09E-06 4.14E-06
Nitrate water kg 1.73E-06 1.80E-06| 1.15E-06 1.73E-06
Qils, unspecified water kg 6.09E-06 6.76E-06| 4.83E-06 6.09E-06|
PAH water kg 1.90E-09 2.21E-09| 1.65E-09 1.90E-09
Phosphate water kg 1.13E-04 1.13E-04 1.12E-04 1.13E-04
Emissions to Soil
Arsenic soil kg 1.26E-10 1.29E-10| 4.95E-11 1.26E-10|
Cadmium soil kg 7.99E-12 8.66E-12| 7.41E-12 7.99E-12|
Chromium soil kg 1.70E-09 1.73E-09 7.28E-10 1.70E-09|
Chromium VI soil kg 2.12E-08 2.27E-08 7.54E-09 2.12E-08
Lead soil kg 6.42E-11 6.84E-11] 5.72E-11 6.42E-11
Mercury soil kg 3.53E-13 3.65E-13| 2.71E-13 3.53E-13|
Oils, unspecified soil kg 5.58E-06 6.14E-06 4.39E-06 5.58E-06
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Table 8.64 LCA results for year 2025, very optimimistic dev  elopment, “renewable
scenario”.
electricity, hard coal plant  |electricity, hard coal plant  |electricity, hard coal plant  |electricity, hard coal plant
500MW class oxyf CCS, 500MW class oxyf CCS, 500MW class post CCS, 500MW class post CCS,
200km & 2500m deplet 400km & 2500m deplet 200km & 2500m deplet 400km & 2500m deplet
gasfield gasfield gasfield gasfield
Total Total Total Total
kWh kWh kWh kWh
Resources
Coal, brown, in ground resource |kg 3.79E-03 3.99E-03! 3.54E-03 3.72E-03
Coal, hard, unspecified, in ground resource |kg 4.39E-01] 4.39E-01 4.29E-01 4.29E-01
Gas, natural, in ground resource  |[Nm3 8.16E-03| 8.58E-03 9.74E-03 1.01E-02
Qil, crude, in ground resource |kg 5.99E-03| 6.10E-03] 7.38E-03 7.48E-03
Uranium, in ground resource |kg 7.65E-07| 8.04E-07 7.13E-07 7.49E-07
Freshwater (lake, river, groundwater) resource |m3 2.49E-03| 2.52E-03] 2.45E-03 2.47E-03
Occupation, agricultural and forestal area resource |m2a 2.15E-02] 2.16E-02 2.13E-02 2.14E-02
Occupation, built up area incl. mineral extractigresource _[m2a 4.82E-03] 4.85E-03! 4.73E-03 4.76E-03
Emissions to air
Ammonia air kg 2.03E-05 2.04E-05] 2.44E-04] 2.44E-04|
Arsenic air kg 1.58E-08| 1.59E-08 1.58E-08 1.59E-08
Cadmium air kg 1.76E-09 1.80E-09] 2.20E-09 2.23E-09
Carbon dioxide, fossil air kg 5.23E-02 5.40E-02! 1.30E-01 1.31E-01
Carbon monoxide, fossil air kg 1.69E-04 1.73E-04 1.69E-04 1.73E-04
Carbon-14 air kBq 1.57E-03| 1.65E-03] 1.46E-03 1.53E-03
Chromium air kg 2.43E-07 2.49E-07 2.42E-07 2.47E-07
Chromium VI air kg 6.62E-09 6.77E-09 6.58E-09 6.71E-09
Dinitrogen monoxide air kg 3.57E-05 3.58E-05 3.51E-05 3.51E-05
lodine-129 air kBq 1.34E-06| 1.41E-06] 1.25E-06 1.31E-06
Lead air kg 6.29E-08| 6.37E-08 6.28E-08 6.35E-08
Methane, fossil air kg 2.45E-03 2.45E-03] 2.40E-03 2.40E-03
Mercury air kg 3.57E-08| 3.59E-08 3.54E-08 3.55E-08
Nickel air kg 1.14E-07 1.15E-07 1.20E-07 1.21E-07
Nitrogen oxides air kg 5.67E-04 5.72E-04] 8.26E-04 8.30E-04
NMVOC total air kg 6.73E-05 6.84E-05] 7.37E-05 7.47E-05
thereof:
Benzene air kg 2.10E-06| 2.10E-06 2.23E-06 2.23E-06
Benzo(a)pyrene air kg 1.23E-10| 1.29E-10] 1.23E-10 1.28E-10
Formaldehyde air kg 5.18E-07| 5.20E-07 5.17E-07 5.19E-07
PAH air kg 2.25E-08 2.29E-08] 2.23E-08 2.26E-08
PM2.5-10 air kg 2.40E-05 2.46E-05] 2.44E-05 2.50E-05
PM2.5 air kg 5.40E-05 5.46E-05] 5.39E-05 5.44E-05
PCDD/F (measured as I-TEQ) air kg 7.00E-14| 7.07E-14 8.10E-14 8.15E-14
Radon-222 air kBq 2.48E+01 2.61E+01 2.31E+01 2.43E+01
Sulfur dioxide air kg 3.43E-04 3.44E-04 3.49E-04 3.50E-04
Emissions to Water
Ammonium, ion \water kg 9.77E-07| 9.85E-07 4.21E-06 4.22E-06
Arsenic, ion \water kg 1.46E-07| 1.48E-07| 1.44E-07 1.46E-07
Cadmium, ion \water kg 1.58E-08 1.71E-08 1.56E-08 1.68E-08
Carbon-14 water kBq 5.40E-04| 5.69E-04 5.03E-04 5.28E-04
Cesium-137 \water kBq 2.51E-04 2.64E-04 2.34E-04 2.45E-04
Chromium, ion \water kg 2.09E-08| 2.12E-08 2.04E-08 2.07E-08
Chromium VI \water kg 3.77E-07 4.12E-07 3.73E-07 4.04E-07
CcoD water kg 1.51E-04| 1.55E-04] 2.27E-04 2.32E-04
Copper, ion \water kg 5.90E-07| 6.01E-07| 6.00E-07 6.10E-07
Lead water kg 2.58E-07| 2.62E-07 2.54E-07 2.58E-07
Mercury \water kg 3.70E-09 3.93E-09 3.70E-09 3.90E-09
Nickel, ion \water kg 1.42E-06 1.50E-06 1.42E-06 1.49E-06
Nitrate \water kg 2.85E-05 2.85E-05 3.73E-05 3.74E-05
Oils, unspecified \water kg 2.63E-05 2.69E-05 2.81E-05 2.86E-05
PAH water kg 7.27E-09| 7.53E-09 7.39E-09 7.62E-09
Phosphate water kg 3.84E-06 4.01E-06 6.74E-06 6.89E-06
Emissions to Soil
Arsenic soil kg 1.70E-10| 1.72E-10] 1.66E-10| 1.67E-10
Cadmium soil kg 9.63E-12 1.02E-11 1.27E-11 1.32E-11
Chromium soil kg 2.26E-09 2.30E-09 2.34E-09 2.37E-09
Chromium VI soil kg 2.04E-08| 2.16E-08] 1.89E-08 1.99E-08
Lead soil kg 6.56E-11] 6.91E-11 1.08E-10 1.11E-10
Mercury soil kg 6.39E-13| 6.45E-13 7.35E-13 7.41E-13
Oils, unspecified soil 1kg 2.64E-05 2.69E-05 2.82E-05 2.86E-05
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Table 8.65 LCA results for year 2025, very optimimistic dev  elopment, “renewable
scenario”.
electricity, hard coal electricity, hard coal electricity, hard coal electricity, hard coal
power plant 500MW class  [power plant 500MW class |power plant 500MW class |power plant 500MW class
oxyf CCS, 200km & 800m  [oxyf CCS, 400km & 800m  [post CCS, 200km & 800m  [post CCS, 400km & 800m
aquifer aquifer aquifer aquifer
Total Total Total Total
kWh kWh kWh kWh
Resources
Coal, brown, in ground resource |kg 1.94E-03 2.13E-03 1.90E-03 2.07E-03
Coal, hard, unspecified, in ground resource |kg 4.37E-01 4.37E-01] 4.27E-01 4.27E-01
Gas, natural, in ground resource  |[Nm3 4.43E-03 4.85E-03 6.44E-03 6.81E-03
Qil, crude, in ground resource |kg 5.80E-03| 5.91E-03] 7.21E-03 7.31E-03
Uranium, in ground resource |kg 3.90E-07| 4.30E-07 3.82E-07 4.18E-07
Freshwater (lake, river, groundwater) resource |m3 2.31E-03| 2.34E-03] 2.29E-03 2.31E-03
Occupation, agricultural and forestal area resource |m2a 2.07E-02] 2.08E-02 2.06E-02 2.07E-02
Occupation, built up area incl. mineral extractigresource _[m2a 4.78E-03] 4.81E-03| 4.70E-03 4.72E-03
Emissions to air
Ammonia air kg 1.98E-05 1.99E-05 2.43E-04| 2.43E-04|
Arsenic air kg 1.51E-08| 1.52E-08 1.52E-08 1.53E-08
Cadmium air kg 1.55E-09 1.58E-09] 2.01E-09 2.04E-09
Carbon dioxide, fossil air kg 4.14E-02] 4.30E-02! 1.20E-01 1.22E-01
Carbon monoxide, fossil air kg 1.64E-04 1.69E-04 1.65E-04 1.69E-04
Carbon-14 air kBq 8.01E-04| 8.83E-04 7.81E-04 8.53E-04
Chromium air kg 2.38E-07 2.44E-07 2.37E-07 2.43E-07
Chromium VI air kg 6.50E-09 6.64E-09 6.47E-09 6.60E-09
Dinitrogen monoxide air kg 3.48E-05 3.49E-05 3.42E-05 3.43E-05
lodine-129 air kBq 6.84E-07| 7.54E-07 6.67E-07 7.28E-07
Lead air kg 6.03E-08| 6.11E-08 6.06E-08 6.13E-08
Methane, fossil air kg 2.42E-03 2.43E-03] 2.38E-03 2.38E-03
Mercury air kg 3.54E-08| 3.56E-08 3.51E-08 3.53E-08
Nickel air kg 1.11E-07 1.11E-07 1.18E-07 1.18E-07
Nitrogen oxides air kg 5.53E-04 5.58E-04] 8.14E-04 8.18E-04
NMVOC total air kg 6.30E-05 6.41E-05] 6.99E-05 7.09E-05
thereof:
Benzene air kg 2.08E-06| 2.09E-06 2.22E-06 2.22E-06
Benzo(a)pyrene air kg 1.15E-10| 1.21E-10] 1.16E-10| 1.21E-10
Formaldehyde air kg 5.09E-07| 5.10E-07 5.09E-07 5.11E-07
PAH air kg 2.13E-08 2.17E-08] 2.12E-08 2.16E-08
PM2.5-10 air kg 2.35E-05 2.41E-05] 2.39E-05 2.45E-05
PM2.5 air kg 5.33E-05 5.39E-05] 5.33E-05 5.38E-05
PCDD/F (measured as I-TEQ) air kg 6.87E-14| 6.94E-14 7.98E-14 8.04E-14
Radon-222 air kBq 1.27E+01| 1.40E+01 1.24E+01 1.35E+01
Sulfur dioxide air kg 3.31E-04 3.33E-04 3.39E-04 3.40E-04
Emissions to Water
Ammonium, ion \water kg 9.21E-07| 9.29E-07 4.16E-06 4.17E-06
Arsenic, ion \water kg 1.40E-07| 1.42E-07| 1.38E-07 1.40E-07
Cadmium, ion \water kg 1.50E-08 1.63E-08 1.49E-08 1.61E-08
Carbon-14 water kBq 2.75E-04 3.03E-04 2.68E-04 2.93E-04
Cesium-137 \water kBq 1.28E-04 1.41E-04] 1.25E-04| 1.36E-04
Chromium, ion \water kg 1.96E-08| 2.00E-08 1.93E-08| 1.97E-08
Chromium VI \water kg 3.36E-07 3.71E-07 3.38E-07 3.69E-07
CcoD water kg 1.40E-04| 1.44E-04] 2.18E-04 2.22E-04
Copper, ion \water kg 5.60E-07| 5.71E-07| 5.73E-07 5.84E-07
Lead water kg 2.44E-07| 2.48E-07 2.42E-07 2.45E-07
Mercury \water kg 3.45E-09 3.68E-09 3.48E-09 3.67E-09
Nickel, ion \water kg 1.38E-06 1.45E-06 1.39E-06 1.45E-06
Nitrate \water kg 2.83E-05 2.83E-05 3.71E-05 3.72E-05
Oils, unspecified \water kg 2.54E-05 2.60E-05 2.73E-05 2.78E-05
PAH water kg 7.09E-09 7.35E-09 7.23E-09 7.46E-09
Phosphate water kg 3.44E-06 3.61E-06 6.39E-06 6.54E-06
Emissions to Soil
Arsenic soil kg 1.03E-10| 1.05E-10] 1.07E-10 1.08E-10
Cadmium soil kg 9.17E-12 9.78E-12 1.23E-11 1.28E-11
Chromium soil kg 1.42E-09 1.45E-09 1.60E-09 1.63E-09
Chromium VI soil kg 8.90E-09 1.01E-08] 8.67E-09 9.74E-09
Lead soil kg 6.17E-11] 6.52E-11 1.05E-10 1.08E-10
Mercury soil kg 6.10E-13| 6.16E-13 7.09E-13 7.15E-13
Oils, unspecified soil 1kg 2.56E-05 2.61E-05 2.74E-05 2.78E-05

234




NEEDS RS la — WP 7Advanced fossil power technslogie

Table 8.66 LCA results for year 2025, very optimimistic dev  elopment, “renewable
scenario”.
electricity, hard coal, at electricity, hard coal, at electricity, hard coal, at
power plant 350 MW power plant 600 MW power plant 800 MW
Total Total Total
kWh kWh kWh
Resources
Coal, brown, in ground resource |kg 8.57E-04 8.53E-04 8.52E-04
Coal, hard, unspecified, in ground resource |kg 3.68E-01 3.68E-01 3.68E-01
Gas, natural, in ground resource |Nm3 2.24E-03 2.22E-03 2.22E-03
Oil, crude, in ground resource |kg 4.75E-03 4.73E-03 4.73E-03
Uranium, in ground resource |kg 1.72E-07 1.72E-07 1.72E-07
Freshwater (lake, river, groundwater) resource |m3 1.86E-03 1.86E-03 1.86E-03
Occupation, agricultural and forestal area resource |m2a 1.71E-02 1.71E-02 1.71E-02
Occupation, built up area incl. mineral extractiqresource |m2a 3.98E-03 3.98E-03 3.98E-03
Emissions to air
Ammonia air kg 1.80E-05 1.80E-05 1.80E-05
Arsenic air kg 1.23E-08 1.22E-08 1.22E-08
Cadmium air kg 1.22E-09 1.19E-09 1.19E-09
Carbon dioxide, fossil air kg 6.65E-01 6.64E-01 6.64E-01
Carbon monoxide, fossil air kg 1.32E-04 1.31E-04 1.31E-04
Carbon-14 air kBq 3.53E-04 3.51E-04 3.51E-04
Chromium air kg 1.52E-07 1.35E-07 1.35E-07
Chromium VI air kg 4.27E-09 3.85E-09 3.85E-09
Dinitrogen monoxide air kg 2.90E-05 2.90E-05 2.90E-05
lodine-129 air kBqg 3.01E-07 2.99E-07 2.99E-07
Lead air kg 4.86E-08 4.82E-08 4.82E-08
Methane, fossil air kg 2.03E-03 2.03E-03 2.03E-03
Mercury air kg 2.97E-08 2.97E-08 2.97E-08
Nickel air kg 9.28E-08 9.26E-08 9.26E-08
Nitrogen oxides air kg 6.82E-04 6.82E-04 6.82E-04
NMVOC total air kg 5.08E-05 5.07E-05 5.07E-05
thereof:
Benzene air kg 1.75E-06 1.75E-06 1.75E-06
Benzo(a)pyrene air kg 8.30E-11 7.99E-11 8.00E-11
Formaldehyde air kg 4.25E-07 4.24E-07 4.24E-07
PAH air kg 1.71E-08 1.70E-08 1.70E-08
PM2.5-10 air kg 1.87E-05 1.85E-05 1.85E-05
PM2.5 air kg 4.39E-05 4.37E-05 4.37E-05
PCDD/F (measured as I-TEQ) air kg 5.67E-14 5.65E-14 5.64E-14
Radon-222 air kBq 5.60E+00 5.57E+00 5.57E+00
Sulfur dioxide air kg 4.94E-04 4.93E-04 4.93E-04
Emissions to Water
Ammonium, ion water kg 7.35E-07 7.34E-07 7.34E-07
Arsenic, ion water kg 1.12E-07 1.11E-07 1.11E-07
Cadmium, ion water kg 1.06E-08 1.04E-08 1.03E-08
Carbon-14 water kBqg 1.21E-04 1.20E-04 1.20E-04
Cesium-137 water kBqg 5.62E-05 5.60E-05 5.59E-05
Chromium, ion water kg 1.51E-08 1.50E-08 1.50E-08
Chromium VI water kg 2.27E-07 2.22E-07 2.21E-07
COD water kg 1.08E-04 1.07E-04 1.07E-04
Copper, ion water kg 4.28E-07 4.24E-07 4.24E-07
Lead water kg 1.83E-07 1.79E-07 1.78E-07
Mercury water kg 2.51E-09 2.49E-09 2.49E-09
Nickel, ion water kg 9.37E-07 8.75E-07 8.73E-07
Nitrate water kg 2.27E-05 2.27E-05 2.27E-05
Oils, unspecified water kg 2.07E-05 2.07E-05 2.07E-05
PAH water kg 4.84E-09 4.49E-09 4.49E-09
Phosphate water kg 2.59E-06 2.57E-06 2.57E-06
Emissions to Soil
Arsenic soil kg 5.96E-11 5.93E-11 5.93E-11
Cadmium soil kg 6.79E-12 6.62E-12 6.61E-12
Chromium soil kg 8.53E-10 8.48E-10 8.48E-10
Chromium VI soil kg 2.69E-09 2.67E-09 2.67E-09
Lead soil kg 4.71E-11 4.61E-11 4.61E-11
Mercury soil kg 4.97E-13 4.95E-13 4.95E-13
Oils, unspecified soil kg 2.11E-05 2.10E-05 2.10E-05
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Table 8.67 LCA results for year 2025, very optimimistic dev  elopment, “renewable
scenario”.
electricity, lignite plant electricity, lignite plant electricity, lignite plant
800 MW class oxyf CCS, 800 MW class oxyf CCS, 800 MW class post CCS,
200km & 2500m depl. 400km & 2500m depl. 200km & 2500m depl.
gasfield gasfield gasfield
Total Total Total
kWh kWh kWh
Resources
Coal, brown, in ground resource |kg 9.34E-01 9.34E-01 9.13E-01
Coal, hard, unspecified, in ground resource |kg 4.92E-03 5.28E-03 4.67E-03
Gas, natural, in ground resource |Nm3 8.21E-03 8.70E-03 1.01E-02
Oil, crude, in ground resource |kg 1.30E-03 1.43E-03 3.06E-03
Uranium, in ground resource |kg 7.94E-07 8.41E-07 7.35E-07
Freshwater (lake, river, groundwater) resource |m3 5.08E-03 5.11E-03 4.98E-03
Occupation, agricultural and forestal area resource |m2a 2.64E-03 2.76E-03 2.84E-03
Occupation, built up area incl. mineral extractigresource  |m2a 1.27E-03 1.30E-03 1.26E-03
Emissions to air
Ammonia air kg 3.10E-06 3.21E-06 2.38E-04
Arsenic air kg 9.27E-09 9.40E-09 9.42E-09
Cadmium air kg 1.26E-09 1.30E-09 1.84E-09
Carbon dioxide, fossil air kg 3.77E-02 3.96E-02 1.28E-01
Carbon monoxide, fossil air kg 2.05E-04 2.11E-04 2.05E-04
Carbon-14 air kBq 1.63E-03 1.73E-03 1.51E-03
Chromium air kg 8.25E-08 8.96E-08 8.58E-08
Chromium VI air kg 2.19E-09 2.36E-09 2.26E-09
Dinitrogen monoxide air kg 2.33E-05 2.34E-05 2.28E-05
lodine-129 air kBqg 1.40E-06 1.48E-06 1.29E-06
Lead air kg 1.79E-08 1.89E-08 1.92E-08
Methane, fossil air kg 2.82E-04 2.86E-04 2.86E-04
Mercury air kg 2.06E-08 2.09E-08 2.07E-08
Nickel air kg 1.71E-08 1.78E-08 2.80E-08
Nitrogen oxides air kg 2.98E-04 3.04E-04 7.40E-04
NMVOC total air kg 3.13E-05 3.26E-05 3.98E-05
thereof:
Benzene air kg 1.84E-06 1.84E-06 2.01E-06
Benzo(a)pyrene air kg 8.74E-11 9.42E-11 8.85E-11
Formaldehyde air kg 5.22E-07 5.24E-07 5.24E-07
PAH air kg 1.40E-08 1.45E-08 1.40E-08
PM2.5-10 air kg 1.37E-05 1.45E-05 1.44E-05
PM2.5 air kg 6.41E-05 6.48E-05 6.39E-05
PCDD/F (measured as I-TEQ) air kg 6.46E-14 6.53E-14 7.57E-14
Radon-222 air kBq 2.58E+01 2.73E+01 2.38E+01
Sulfur dioxide air kg 1.33E-04 1.36E-04 1.47E-04
Emissions to Water
Ammonium, ion water kg 1.47E-07 1.56E-07 3.98E-06
Arsenic, ion water kg 9.16E-07 9.19E-07 8.97E-07
Cadmium, ion water kg 3.30E-08 3.45E-08 3.24E-08
Carbon-14 water kBq 5.62E-04 5.95E-04 5.19E-04
Cesium-137 water kBqg 2.61E-04 2.77E-04] 2.41E-04
Chromium, ion water kg 3.77E-09 4.20E-09 3.70E-09
Chromium VI water kg 8.47E-07 8.89E-07 8.33E-07
COD water kg 5.66E-05 6.21E-05 1.45E-04
Copper, ion water kg 1.02E-06 1.04E-06 1.03E-06
Lead water kg 9.80E-07 9.85E-07 9.60E-07
Mercury water kg 6.12E-09 6.38E-09 6.07E-09
Nickel, ion water kg 1.92E-06 2.01E-06 1.91E-06
Nitrate water kg 5.51E-07 5.84E-07 1.14E-05
Oils, unspecified water kg 6.35E-06 7.00E-06 8.99E-06
PAH water kg 2.54E-09 2.84E-09 2.81E-09
Phosphate water kg 3.24E-05 3.26E-05 3.47E-05
Emissions to Soil
Arsenic soil kg 1.31E-10 1.33E-10 1.28E-10
Cadmium soil kg 6.73E-12 7.45E-12 1.04E-11
Chromium soil kg 1.71E-09 1.75E-09 1.83E-09
Chromium VI soil kg 2.10E-08 2.24E-08 1.92E-08
Lead soil kg 4.02E-11 4.43E-11 9.08E-11
Mercury soil kg 1.31E-13 1.39E-13 2.48E-13
Oils, unspecified soil kg 5.53E-06 6.06E-06 8.11E-06
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Table 8.68 LCA results for year 2025, very optimimistic dev  elopment, “renewable
scenario”.
electricity, lignite plant electricity, lignite power electricity, lignite power
800 MW class post CCS, plant 800 MW class oxyf plant 800 MW class oxyf
400km & 2500m depl. CCS, 200km & 800m CCS, 400km & 800m
gasfield aquifer aquifer
Total Total Total
kWh kWh kWh
Resources
Coal, brown, in ground resource |kg 9.13E-01 9.32E-01 9.32E-01
Coal, hard, unspecified, in ground resource |kg 5.00E-03 2.68E-03 3.05E-03
Gas, natural, in ground resource |Nm3 1.06E-02 3.82E-03 4.31E-03
Oil, crude, in ground resource |kg 3.17E-03 1.08E-03 1.21E-03
Uranium, in ground resource |kg 7.77E-07 3.54E-07 4.01E-07
Freshwater (lake, river, groundwater) resource |m3 5.01E-03 4.87E-03 4.90E-03
Occupation, agricultural and forestal area resource |m2a 2.94E-03 1.69E-03 1.81E-03
Occupation, built up area incl. mineral extractigresource  |m2a 1.29E-03 1.22E-03 1.26E-03
Emissions to air
Ammonia air kg 2.39E-04 2.57E-06 2.68E-06
Arsenic air kg 9.53E-09 8.47E-09 8.60E-09
Cadmium air kg 1.87E-09 1.01E-09 1.05E-09
Carbon dioxide, fossil air kg 1.30E-01 2.49E-02 2.68E-02
Carbon monoxide, fossil air kg 2.09E-04 2.00E-04 2.06E-04
Carbon-14 air kBq 1.59E-03 7.28E-04 8.24E-04
Chromium air kg 9.21E-08 7.67E-08 8.38E-08
Chromium VI air kg 2.41E-09 2.04E-09 2.21E-09
Dinitrogen monoxide air kg 2.29E-05 2.22E-05 2.23E-05
lodine-129 air kBqg 1.36E-06 6.23E-07 7.05E-07
Lead air kg 2.00E-08 1.50E-08 1.59E-08
Methane, fossil air kg 2.90E-04 2.53E-04 2.57E-04
Mercury air kg 2.09E-08 2.03E-08 2.05E-08
Nickel air kg 2.87E-08 1.35E-08 1.43E-08
Nitrogen oxides air kg 7.45E-04 2.82E-04 2.87E-04
NMVOC total air kg 4.09E-05 2.62E-05 2.75E-05
thereof:
Benzene air kg 2.01E-06 1.82E-06 1.82E-06
Benzo(a)pyrene air kg 9.45E-11 7.83E-11 8.51E-11
Formaldehyde air kg 5.26E-07 5.11E-07 5.13E-07
PAH air kg 1.44E-08 1.27E-08 1.31E-08
PM2.5-10 air kg 1.51E-05 1.31E-05 1.39E-05
PM2.5 air kg 6.45E-05 6.32E-05 6.39E-05
PCDD/F (measured as I-TEQ) air kg 7.63E-14 6.30E-14 6.37E-14
Radon-222 air kBq 2.52E+01 1.15E+01 1.30E+01
Sulfur dioxide air kg 1.49E-04 1.20E-04 1.22E-04
Emissions to Water
Ammonium, ion water kg 3.99E-06 8.17E-08 9.04E-08
Arsenic, ion water kg 8.99E-07 9.09E-07 9.11E-07
Cadmium, ion water kg 3.37E-08 3.20E-08 3.35E-08
Carbon-14 water kBq 5.48E-04 2.50E-04] 2.83E-04
Cesium-137 water kBqg 2.55E-04 1.16E-04 1.32E-04
Chromium, ion water kg 4.08E-09 2.32E-09 2.75E-09
Chromium VI water kg 8.70E-07 8.00E-07 8.41E-07
COD water kg 1.50E-04 4.37E-05 4.92E-05
Copper, ion water kg 1.04E-06 9.89E-07 1.00E-06
Lead water kg 9.64E-07 9.63E-07 9.68E-07
Mercury water kg 6.30E-09 5.82E-09 6.09E-09
Nickel, ion water kg 1.99E-06 1.87E-06 1.96E-06
Nitrate water kg 1.14E-05 2.80E-07 3.13E-07
Oils, unspecified water kg 9.56E-06 5.26E-06 5.91E-06
PAH water kg 3.08E-09 2.33E-09 2.63E-09
Phosphate water kg 3.49E-05 3.19E-05 3.21E-05
Emissions to Soil
Arsenic soil kg 1.30E-10 5.24E-11 5.47E-11
Cadmium soil kg 1.10E-11 6.19E-12 6.91E-12
Chromium soil kg 1.87E-09 7.24E-10 7.62E-10
Chromium VI soil kg 2.05E-08 7.45E-09 8.88E-09
Lead soil kg 9.44E-11 3.57E-11 3.98E-11
Mercury soil kg 2.55E-13 9.72E-14 1.05E-13
Oils, unspecified soil kg 8.58E-06 4.56E-06 5.08E-06

237




D 7.2 Final report on technical data, costs, arfé kycle inventories of advanced fossil
power generation systems

Table 8.69 LCA results for year 2025, very optimimistic dev  elopment, “renewable
scenario”.
electricity, lignite power electricity, lignite power
plant 800 MW class post plant 800 MW class post
CCS, 200km & 800m CCS, 400km & 800m electricity, lignite, at
aquifer aquifer power plant 950 MW
Total Total Total
kWh kWh kWh
Resources
Coal, brown, in ground resource |kg 9.11E-01 9.11E-01 7.88E-01
Coal, hard, unspecified, in ground resource |kg 2.70E-03 3.02E-03 1.04E-03
Gas, natural, in ground resource |Nm3 6.27E-03 6.71E-03 1.52E-03
Oil, crude, in ground resource |kg 2.86E-03 2.97E-03 7.49E-04
Uranium, in ground resource |kg 3.47E-07 3.88E-07 1.14E-07
Freshwater (lake, river, groundwater) resource |m3 4.80E-03 4.82E-03 4.02E-03
Occupation, agricultural and forestal area resource |m2a 2.00E-03 2.10E-03 9.10E-04
Occupation, built up area incl. mineral extractigresource  |m2a 1.22E-03 1.25E-03 9.61E-04
Emissions to air
Ammonia air kg 2.38E-04 2.38E-04] 4.59E-06
Arsenic air kg 8.72E-09 8.83E-09 6.54E-09
Cadmium air kg 1.62E-09 1.65E-09 7.56E-10
Carbon dioxide, fossil air kg 1.17E-01 1.19E-01 7.61E-01
Carbon monoxide, fossil air kg 2.00E-04 2.05E-04 1.57E-04
Carbon-14 air kBq 7.08E-04 7.93E-04 2.35E-04
Chromium air kg 8.07E-08 8.70E-08 4.00E-08
Chromium VI air kg 2.13E-09 2.28E-09 1.11E-09
Dinitrogen monoxide air kg 2.18E-05 2.20E-05 1.83E-05
lodine-129 air kBqg 6.05E-07 6.78E-07 2.00E-07
Lead air kg 1.65E-08 1.74E-08 9.57E-09
Methane, fossil air kg 2.61E-04 2.64E-04 2.01E-04
Mercury air kg 2.04E-08 2.06E-08 1.67E-08
Nickel air kg 2.49E-08 2.56E-08 1.11E-08
Nitrogen oxides air kg 7.26E-04 7.31E-04 6.03E-04
NMVOC total air kg 3.53E-05 3.65E-05 1.92E-05
thereof:
Benzene air kg 1.99E-06 1.99E-06 1.52E-06
Benzo(a)pyrene air kg 8.05E-11 8.65E-11 4.49E-11
Formaldehyde air kg 5.14E-07 5.16E-07 4.25E-07
PAH air kg 1.28E-08 1.32E-08 9.43E-09
PM2.5-10 air kg 1.39E-05 1.46E-05 9.33E-06
PM2.5 air kg 6.31E-05 6.37E-05 5.22E-05
PCDD/F (measured as I-TEQ) air kg 7.43E-14 7.50E-14 5.13E-14
Radon-222 air kBq 1.12E+01 1.25E+01 3.72E+00
Sulfur dioxide air kg 1.35E-04 1.37E-04 1.12E-04
Emissions to Water
Ammonium, ion water kg 3.92E-06 3.93E-06 3.86E-08
Arsenic, ion water kg 8.90E-07 8.93E-07 7.60E-07
Cadmium, ion water kg 3.16E-08 3.29E-08 2.37E-08
Carbon-14 water kBqg 2.43E-04 2.73E-04 8.05E-05
Cesium-137 water kBqg 1.13E-04 1.27E-04 3.75E-05
Chromium, ion water kg 2.41E-09 2.80E-09 9.38E-10
Chromium VI water kg 7.92E-07 8.28E-07 5.87E-07
COD water kg 1.33E-04 1.38E-04 2.66E-05
Copper, ion water kg 9.97E-07 1.01E-06 8.01E-07
Lead water kg 9.45E-07 9.49E-07 7.91E-07
Mercury water kg 5.81E-09 6.04E-09 4.41E-09
Nickel, ion water kg 1.87E-06 1.94E-06 1.39E-06
Nitrate water kg 1.11E-05 1.12E-05 1.18E-07
Oils, unspecified water kg 8.03E-06 8.60E-06 3.54E-06
PAH water kg 2.62E-09 2.89E-09 1.23E-09
Phosphate water kg 3.43E-05 3.44E-05 2.65E-05
Emissions to Soil
Arsenic soil kg 5.82E-11 6.03E-11 1.24E-11
Cadmium soil kg 9.94E-12 1.06E-11 3.83E-12
Chromium soil kg 9.58E-10 9.91E-10 2.06E-10
Chromium VI soil kg 7.23E-09 8.49E-09 6.02E-10
Lead soil kg 8.67E-11 9.04E-11 2.40E-11
Mercury soil kg 2.18E-13 2.25E-13 6.26E-14
Oils, unspecified soil kg 7.25E-06 7.72E-06 3.24E-06
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Table 8.70 LCA results for year 2025, very optimimistic dev  elopment, “renewable
scenario”.
electricity, hard coal, at IGCC electricity, lignite, at IGCC power
power plant 450MW plant 450MW
Total Total
kwh kwh
Resources
Coal, brown, in ground resource  |kg 7.58E-04 4.17E-01
Coal, hard, unspecified, in ground resource  |kg 3.27E-01 6.49E-04
Gas, natural, in ground resource  |[Nm3 1.83E-03 7.53E-04
Oil, crude, in ground resource |kg 4.06E-03 5.17E-04
Uranium, in ground resource  |kg 1.55E-07 6.79E-08
Freshwater (lake, river, groundwater) resource |m3 5.87E-04 1.52E-03
Occupation, agricultural and forestal area resource |m2a 1.51E-02 4.18E-04
Occupation, built up area incl. mineral extractijresource _|m2a 3.72E-03 7.20E-04

Emissions to air

Ammonia air kg 1.38E-05 4.14E-07
Arsenic air kg 5.87E-08 5.69E-08
Cadmium air kg 1.14E-09 8.46E-10
Carbon dioxide, fossil air kg 6.30E-01 6.13E-01
Carbon monoxide, fossil air kg 1.20E-04 6.53E-05
Carbon-14 air kBq 3.18E-04 1.39E-04
Chromium air kg 4.24E-08 3.55E-08
Chromium VI air kg 1.36E-09 1.15E-09
Dinitrogen monoxide air kg 2.66E-05 2.54E-05
lodine-129 air kBq 2.70E-07 1.18E-07
Lead air kg 3.39E-08 2.96E-08
Methane, fossil air kg 1.81E-03 1.14E-04
Mercury air kg 1.89E-08 1.82E-08
Nickel air kg 7.72E-08 1.53E-08
Nitrogen oxides air kg 4.10E-04 1.63E-04
NMVOC total air kg 4.65E-05 1.74E-05
thereof:
Benzene air kg 1.14E-06 9.42E-07
Benzo(a)pyrene air kg 6.89E-11 2.75E-11
Formaldehyde air kg 2.65E-07 2.60E-07
PAH air kg 5.15E-08 4.42E-08
PM2.5-10 air kg 1.32E-05 2.40E-06
PM2.5 air kg 9.00E-06 1.91E-06
PCDD/F (measured as I-TEQ) air kg 4.42E-14 3.91E-14
Radon-222 air kBq 5.04E+00 2.20E+00
Sulfur dioxide air kg 3.47E-04 1.91E-04
Emissions to Water
Ammonium, ion \water kg 3.47E-07 5.11E-08
Arsenic, ion \water kg 7.96E-08 7.00E-08
Cadmium, ion \water kg 1.20E-08 8.76E-09
Carbon-14 \water kBq 1.08E-04 4.75E-05
Cesium-137 \water kBq 5.05E-05 2.21E-05
Chromium, ion \water kg 2.02E-09 7.47E-10
Chromium VI \water kg 7.05E-07 6.19E-07
CoD \water kg 2.12E-04 1.56E-04
Copper, ion \water kg 1.25E-06 1.22E-06
Lead \water kg 3.20E-07 3.08E-07
Mercury \water kg 4.78E-09 4.36E-09
Nickel, ion \water kg 5.80E-07 4.62E-07
Nitrate \water kg 1.19E-06 6.68E-07
Oils, unspecified \water kg 1.80E-05 2.28E-06
PAH \water kg 2.43E-09 9.38E-10
Phosphate water kg 6.89E-06 6.48E-06
Emissions to Soil
Arsenic soil kg 5.09E-11 7.65E-12
Cadmium soil kg 6.43E-12 3.50E-12
Chromium soil kg 7.47E-10 1.56E-10
Chromium VI soil kg 2.49E-09 5.30E-10
Lead soil kg 5.02E-11 3.10E-11
Mercury soil kg 5.50E-13 1.79E-13
Oils, unspecified soil kg 1.82E-05 2.12E-06

239



D 7.2 Final report on technical data, costs, arfé kycle inventories of advanced fossil
power generation systems

Table 8.71 LCA results for year 2025, very optimimistic dev  elopment, “renewable
scenario”.
electricity, hard coal IGCC |electricity, hard coal IGCC [electricity, hard coal IGCC |electricity, hard coal IGCC
plant 400MW, CCS, 200km |plant 400MW, CCS, 400km |power plant 400MW, CCS, |power plant 400MW, CCS,
& 2500m depleted gasfield |& 2500m depleted gasfield |200km & 800m aquifer 400km & 800m aquifer
Total Total Total Total
kKWh kWh kWh kWh
Resources
Coal, brown, in ground resource [kg 3.36E-03 3.54E-03 1.68E-03 1.86E-03
Coal, hard, unspecified, in ground resource [kg 3.69E-01 3.70E-01] 3.68E-01 3.68E-01]
Gas, natural, in ground resource  [Nm3 7.11E-03 7.49E-03| 3.73E-03 4.11E-03
Oil, crude, in ground resource [kg 4.88E-03 4.98E-03 4.70E-03 4.80E-03
Uranium, in ground resource [kg 6.80E-07 7.16E-07| 3.41E-07 3.77E-07|
Freshwater (lake, river, groundwater) resource |m3 9.09E-04 9.34E-04 7.45E-04 7.70E-04
Occupation, agricultural and forestal area resource |m2a 1.81E-02 1.82E-02] 1.74E-02 1.75E-02]
Occupation, built up area incl. mineral extractiqresource _[m2a 4.23E-03 4.26E-03] 4.19E-03 4.22E-03]
Emissions to air
Ammonia air kg 1.62E-05 1.63E-05| 158E-05 1.58E-05|
Arsenic air kg 7.34E-08 7.35E-08 7.28E-08 7.29E-08|
Cadmium air kg 1.56E-09 1.59E-09 1.37E-09 1.40E-09
Carbon dioxide, fossil air kg 1.15E-01 1.16E-01 1.05E-01 1.06E-01
Carbon monoxide, fossil air kg 1.51E-04| 1.55E-04 1.47E-04 1.51E-04
Carbon-14 air kBq 1.40E-03 1.47E-03| 7.00E-04 7.74E-04|
Chromium air kg 5.89E-08 6.44E-08| 5.44E-08 5.99E-08|
Chromium VI air kg 1.84E-09 1.97E-09 1.73E-09 1.86E-09
Dinitrogen monoxide air kg 3.42E-05 3.43E-05 3.34E-05 3.34E-05
lodine-129 air kBq 1.20E-06 1.26E-06 5.97E-07 6.61E-07|
Lead air kg 4.44E-08 4.51E-08 4.21E-08 4.28E-08
Methane, fossil air kg 2.07E-03 2.07E-03| 2.05E-03 2.05E-03|
Mercury air kg 2.38E-08 2.40E-08| 2.36E-08 2.38E-08|
Nickel air kg 9.19E-08 9.24E-08 8.92E-08 8.97E-08
Nitrogen oxides air kg 5.00E-04 5.04E-04 4.87E-04 4.91E-04
NMVOC total air kg 6.03E-05 6.13E-05| 5.64E-05 5.74E-05|
thereof:
Benzene air kg 1.42E-06 1.43E-06 1.41E-06 1.41E-06|
Benzo(a)pyrene air kg 9.06E-11 9.59E-11] 8.37E-11 8.89E-11]
Formaldehyde air kg 3.41E-07 3.43E-07| 3.33E-07 3.34E-07|
PAH air kg 6.48E-08 6.51E-08| 6.37E-08 6.40E-08|
PM2.5-10 air kg 1.59E-05 1.65E-05 1.54E-05 1.60E-05
PM2.5 air kg 1.15E-05 1.20E-05 1.08E-05 1.13E-05
PCDD/F (measured as I-TEQ) air kg 5.53E-14| 5.59E-14 5.41E-14 5.47E-14|
Radon-222 air kBq 2.21E+01 2.33E+01 1.11E+01 1.22E+01
Sulfur dioxide air kg 4.28E-04 4.29E-04 4.17E-04 4.19E-04
Emissions to Water
Ammonium, ion \water kg 4.66E-07 4.72E-07| 4.15E-07 4.22E-07
Arsenic, ion \water kg 9.78E-08 9.99E-08 9.22E-08 9.43E-08
Cadmium, ion water kg 1.53E-08 1.65E-08 1.46E-08 1.57E-08
Carbon-14 \water kBq 4.81E-04 5.06E-04| 2.40E-04 2.66E-04|
Cesium-137 \water kBq 2.23E-04 2.35E-04 1.12E-04| 1.23E-04
Chromium, ion \water kg 4.13E-09 4.47E-09 3.01E-09 3.35E-09
Chromium VI \water kg 8.62E-07 8.94E-07| 8.26E-07 8.58E-07|
CoD water kg 2.54E-04| 2.58E-04 2.44E-04| 2.48E-04
Copper, ion \water kg 1.44E-06 1.45E-06 1.41E-06 1.42E-06
Lead water kg 3.73E-07 3.77E-07| 3.60E-07 3.64E-07|
Mercury \water kg 5.81E-09 6.01E-09 5.58E-09 5.79E-09
Nickel, ion \water kg 7.57E-07 8.22E-07 7.18E-07 7.83E-07
Nitrate water kg 1.64E-06 1.66E-06| 1.43E-06 1.46E-06
Qils, unspecified \water kg 2.18E-05 2.23E-05 2.09E-05 2.14E-05
PAH \water kg 3.16E-09 3.39E-09 2.99E-09 3.23E-09
Phosphate water kg 8.30E-06 8.45E-06 7.93E-06 8.09E-06
Emissions to Soil
Arsenic soil kg 1.47E-10 1.49E-10| 8.64E-11 8.82E-11]
Cadmium soil kg 8.23E-12 8.79E-12| 7.82E-12 8.37E-12|
Chromium soil kg 1.98E-09 2.00E-09 1.21E-09 1.24E-09
Chromium VI soil kg 1.84E-08 1.95E-08| 7.92E-09 9.02E-09
Lead soil kg 6.36E-11 6.68E-11] 6.01E-11 6.33E-11]
Mercury soil kg 6.57E-13 6.63E-13| 6.30E-13 6.36E-13|
Oils, unspecified soil kg 2.18E-05 2.22E-05 2.11E-05 2.15E-05]
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Table 8.72 LCA results for year 2025, very optimimistic dev  elopment, “renewable
scenario”.
electricity, lignite IGCC electricity, lignite IGCC electricity, lignite IGCC electricity, lignite IGCC
plant 400MW, CCS, 200km [plant 400MW, CCS, 400km |power plant 400MW, CCS, |power plant 400MW, CCS,
& 2500m depleted gasfield [& 2500m depleted gasfield |200km & 800m aquifer 400km & 800m aquifer
Total Total Total Total
kwh kWh kWh kwh
Resources
Coal, brown, in ground resource |kg 4.73E-01 4.70E-01 4.71E-01 4.72E-01
Coal, hard, unspecified, in ground resource |kg 4.25E-03 4.60E-03 2.09E-03| 2.45E-03
Gas, natural, in ground resource  |[Nm3 7.29E-03| 7.80E-03] 3.06E-03| 3.53E-03
Oil, crude, in ground resource |kg 1.49E-03 1.61E-03 1.27E-03| 1.39E-03
Uranium, in ground resource |kg 7.18E-07| 7.60E-07| 2.94E-07| 3.39E-07
Freshwater (lake, river, groundwater) resource |m3 2.06E-03| 2.09E-03] 1.86E-03| 1.89E-03
Occupation, agricultural and forestal area resource |m2a 1.89E-03 2.00E-03] 9.70E-04 1.08E-03
Occupation, built up area incl. mineral extractiqresource _|m2a 1.19E-03] 1.23E-03] 1.15E-03 1.18E-03
Emissions to air
Ammonia air k 1.47E-06 1.57E-06 9.60E-07 1.07E-06
Arsenic air kg 7.03E-09 7.20E-09] 6.26E-09 6.39E-09
Cadmium air kg 1.14E-09 1.18E-09 8.98E-10 9.38E-10]
Carbon dioxide, fossil air kg 1.23E-01 1.25E-01 1.11E-01 1.13E-01
Carbon monoxide, fossil air kg 1.08E-04 1.14E-04 1.03E-04 1.08E-04
Carbon-14 air kBq 1.48E-03| 1.57E-03] 6.03E-04| 6.96E-04|
Chromium air kg 5.28E-08| 6.00E-08] 4.72E-08 5.41E-08
Chromium VI air kg 1.41E-09| 1.58E-09] 1.27E-09 1.43E-09
Dinitrogen monoxide air kg 3.21E-05 3.23E-05] 3.11E-05| 3.12E-05
lodine-129 air kBq 1.26E-06 1.34E-06 5.14E-07 5.93E-07
Lead air kg 1.46E-08 1.55E-08 1.17E-08 1.26E-08
Methane, fossil air kg 1.76E-04 1.80E-04] 1.48E-04 1.52E-04
Mercury air kg 1.38E-08 1.40E-08] 1.35E-08 1.37E-08
Nickel air kg 1.30E-08 1.37E-08 9.70E-09 1.03E-08
Nitrogen oxides air kg 5.09E-04 5.10E-04] 4.94E-04 4.99E-04
NMVOC total air kg 3.20E-05 3.33E-05 2.72E-05 2.84E-05
thereof:
Benzene air kg 1.23E-06| 1.23E-06 1.21E-06 1.21E-06
Benzo(a)pyrene air kg 5.38E-11] 6.00E-11] 451E-11 5.17E-11
Formaldehyde air kg 3.41E-07| 3.40E-07| 3.31E-07 3.33E-07
PAH air kg 5.73E-08| 5.80E-08] 5.60E-08| 5.64E-08
PM2.5-10 air kg 5.09E-06| 5.80E-06 4.52E-06 5.27E-06
PM2.5 air kg 4.50E-06 5.10E-06 3.66E-06| 4.31E-06
PCDD/F (measured as I-TEQ) air kg 5.50E-14 5.60E-14] 5.35E-14 5.42E-14
Radon-222 air kBq 2.33E+01 2.48E+01 9.60E+00 1.10E+01
Sulfur dioxide air kg 7.27E-04] 7.30E-04/ 7.14E-04] 7.16E-04
Emissions to Water
Ammonium, ion \water kg 1.58E-07 1.66E-07 9.40E-08| 1.03E-07
Arsenic, ion \water kg 1.43E-06 1.44E-06 1.43E-06| 1.43E-06
Cadmium, ion \water kg 9.06E-08| 9.20E-08] 8.97E-08| 9.11E-08
Carbon-14 water kBq 5.07E-04 5.40E-04] 2.07E-04 2.38E-04
Cesium-137 \water kBq 2.36E-04 2.51E-04] 9.60E-05 1.11E-04|
Chromium, ion \water kg 3.32E-09 3.70E-09] 1.92E-09 2.34E-09
Chromium VI \water kg 9.19E-06| 9.20E-06 9.10E-06| 9.18E-06
CcoD water kg 2.05E-03| 2.06E-03] 2.04E-03| 2.05E-03
Copper, ion \water kg 6.63E-06 6.60E-06 6.60E-06 6.61E-06
Lead \water kg 1.86E-06| 1.86E-06 1.84E-06 1.85E-06
Mercury \water kg 6.02E-08| 6.00E-08] 5.99E-08| 6.01E-08
Nickel, ion \water kg 3.97E-06 4.00E-06 3.92E-06 4.00E-06
Nitrate \water kg 1.17E-06 1.21E-06 9.10E-07| 9.45E-07
Qils, unspecified \water kg 5.48E-06| 6.10E-06 4.44E-06 5.06E-06
PAH \water kg 1.76E-09 2.05E-09] 1.55E-09 1.85E-09
Phosphate water kg 1.08E-04| 1.08E-04/ 1.08E-04 1.08E-04|
Emissions to Soil
Arsenic soil kg 1.24E-10| 1.27E-10] 4.86E-11 5.09E-11
Cadmium soil kg 7.72E-12| 8.40E-12] 7.20E-12| 7.88E-12
Chromium soil kg 1.67E-09| 1.70E-09] 7.12E-10| 7.48E-10
Chromium VI soil kg 2.03E-08 2.16E-08 7.20E-09 8.58E-09
Lead soil kg 5.79E-11] 6.20E-11] 5.35E-11] 5.75E-11
Mercury soil kg 2.64E-13| 2.72E-13] 2.31E-13| 2.39E-13
Qils, unspecified soil lkg 4.95E-06 5.50E-06 4.01E-06 4.51E-06
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Table 8.73 LCA results for year 2050, pessimistic development , “BAU scenario”.
electricity, hard coal plant  |electricity, hard coal plant  [electricity, hard coal plant  [electricity, hard coal plant
500MW class oxyf CCS, 500MW class oxyf CCS, 500MW class post CCS, 500MW class post CCS,
200km & 2500m deplet 400km & 2500m deplet 200km & 2500m deplet 400km & 2500m deplet
gasfield gasfield gasfield gasfield
Total Total Total Total
kwh kwh kwh kWh
Resources
Coal, brown, in ground resource  |kg 1.00E-02 1.06E-02 9.32E-03 9.78E-03
Coal, hard, unspecified, in ground resource |kg 4.68E-01 4.69E-01] 4.57E-01] 4.57E-01
Gas, natural, in ground resource |Nm3 5.16E-03 5.43E-03 7.08E-03 7.31E-03
Oil, crude, in ground resource |kg 6.32E-03 6.44E-03| 7.79E-03 7.90E-03
Uranium, in ground resource  |kg 6.39E-07 6.72E-07| 5.96E-07 6.26E-07
Freshwater (lake, river, groundwater) resource  |m3 2.61E-03 2.63E-03| 2.56E-03 2.59E-03
Occupation, agricultural and forestal area resource |m2a 2.30E-02 2.31E-02] 2.27E-02 2.28E-02
Occupation, built up area incl. mineral extractiresource [m2a 5.13E-03 5.16E-03| 5.03E-03 5.07E-03
Emissions to air
Ammonia air kg 2.13E-05 2.14E-05| 2.45E-04| 2.45E-04|
Arsenic air kg 1.85E-08 1.87E-08 1.90E-08 1.92E-08
Cadmium air kg 2.25E-09 2.31E-09| 2.81E-09 2.86E-09
Carbon dioxide, fossil air kg 7.03E-02 7.31E-02] 1.54E-01] 1.56E-01
Carbon monoxide, fossil air kg 1.84E-04 1.90E-04 1.86E-04 1.91E-04
Carbon-14 air kBq 1.31E-03 1.38E-03| 1.22E-03| 1.28E-03
Chromium air kg 2.05E-07 2.11E-07 2.47E-07 2.52E-07
Chromium VI air kg 5.73E-09 5.88E-09 6.74E-09| 6.88E-09
Dinitrogen monoxide air kg 3.80E-05 3.81E-05 3.71E-05 3.73E-05
lodine-129 air kBq 1.12E-06 1.18E-06 1.04E-06| 1.09E-06
Lead air kg 7.66E-08 7.83E-08 7.88E-08 8.03E-08
Methane, fossil air kg 2.61E-03 2.62E-03 2.56E-03 2.56E-03
Mercury air kg 3.81E-08 3.84E-08 3.78E-08| 3.80E-08
Nickel air kg 1.25E-07 1.26E-07| 1.32E-07 1.33E-07
Nitrogen oxides air kg 6.13E-04 6.19E-04 8.84E-04 8.89E-04
NMVOC total air kg 6.88E-05 6.99E-05 7.58E-05 7.67E-05
thereof:
Benzene air kg 2.24E-06 2.25E-06 2.38E-06) 2.39E-06
Benzo(a)pyrene air kg 1.60E-10 1.68E-10| 1.70E-10]| 1.76E-10
Formaldehyde air kg 5.50E-07 5.52E-07 5.51E-07 5.53E-07
PAH air kg 2.33E-08 2.37E-08 2.34E-08 2.37E-08
PM2.5-10 air kg 2.53E-05 2.61E-05| 2.62E-05 2.69E-05
PM2.5 air kg 5.81E-05 5.89E-05 5.84E-05 5.91E-05
PCDD/F (measured as I-TEQ) air kg 8.04E-14 8.20E-14 9.18E-14 9.33E-14
Radon-222 air kBq 2.08E+01 2.19E+01 1.93E+01 2.03E+01
Sulfur dioxide air kg 3.62E-04 3.64E-04 3.69E-04 3.71E-04
Emissions to Water
Ammonium, ion water kg 1.03E-06 1.03E-06| 4.41E-06 4.42E-06
Arsenic, ion water kg 1.53E-07 1.56E-07| 1.53E-07 1.55E-07
Cadmium, ion water kg 1.57E-08 1.70E-08| 1.61E-08| 1.72E-08
Carbon-14 water kBq 4.51E-04 4.75E-04 4.19E-04 4.40E-04
Cesium-137 water kBq 2.10E-04 2.21E-04 1.95E-04 2.05E-04
Chromium, ion \water kg 2.16E-08 2.20E-08 2.13E-08 2.16E-08
Chromium VI water kg 3.28E-07 3.62E-07 3.42E-07 3.72E-07
CcoD water kg 1.45E-04| 1.49E-04 2.27E-04| 2.31E-04|
Copper, ion water kg 5.81E-07 5.92E-07| 6.03E-07 6.12E-07
Lead water kg 2.59E-07 2.63E-07| 2.63E-07 2.67E-07
Mercury water kg 3.52E-09 3.75E-09 3.59E-09 3.78E-09
Nickel, ion water kg 1.31E-06 1.38E-06 1.46E-06 1.53E-06
Nitrate water kg 3.04E-05 3.05E-05 3.95E-05 3.96E-05
Qils, unspecified \water kg 2.76E-05 2.82E-05 2.96E-05 3.01E-05
PAH water kg 6.61E-09 6.89E-09 7.63E-09] 7.87E-09
Phosphate water kg 3.64E-06 3.80E-06 6.61E-06 6.75E-06
Emissions to Soil
Arsenic soil kg 1.71E-10 1.73E-10| 1.67E-10| 1.69E-10
Cadmium soil kg 8.55E-12 9.13E-12 1.19E-11] 1.24E-11
Chromium soil kg 2.28E-09 2.31E-09 2.37E-09 2.39E-09
Chromium VI soil kg 2.11E-08 2.24E-08 1.95E-08 2.06E-08
Lead soil kg 6.34E-11 6.69E-11 1.09E-10 1.12E-10
Mercury soil kg 7.12E-13 7.21E-13 8.06E-13 8.14E-13
Oils, unspecified soil kg 2.79E-05 2.84E-05 2.97E-05 3.02E-05
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Table 8.74 LCA results for year 2050, pessimistic development , “BAU scenario”.
electricity, hard coal electricity, hard coal electricity, hard coal electricity, hard coal
power plant 500MW class  [power plant 500MW class |power plant 500MW class  |power plant 500MW class
oxyf CCS, 200km & 800m  |oxyf CCS, 400km & 800m |post CCS, 200km & 800m  |post CCS, 400km & 800m
aquifer aquifer aquifer aquifer
Total Total Total Total
kwWh kwh kWh kWh
Resources
Coal, brown, in ground resource |kg 5.08E-03 5.60E-03! 4.96E-03 5.42E-03
Coal, hard, unspecified, in ground resource |kg 4.62E-01] 4.63E-01 4.51E-01 4.52E-01
Gas, natural, in ground resource  [Nm3 2.92E-03 3.18E-03 5.10E-03 5.33E-03
Qil, crude, in ground resource |kg 6.08E-03 6.20E-03 7.58E-03 7.69E-03
Uranium, in ground resource |kg 3.27E-07| 3.60E-07 3.22E-07 3.51E-07
Freshwater (lake, river, groundwater) resource |m3 2.42E-03| 2.44E-03] 2.40E-03 2.42E-03
Occupation, agricultural and forestal area resource |m2a 2.19E-02] 2.20E-02 2.17E-02 2.18E-02
Occupation, built up area incl. mineral extractiqresource _|m2a 5.04E-03| 5.08E-03 4.96E-03 4.99E-03
Emissions to air
Ammonia air ki 2.08E-05 2.09E-05 2.44E-04] 2.44E-04|
Arsenic air kg 1.73E-08 1.75E-08 1.80E-08 1.82E-08
Cadmium air kg 1.89E-09 1.95E-09] 2.50E-09 2.55E-09
Carbon dioxide, fossil air kg 4.91E-02 5.18E-02 1.35E-01 1.38E-01
Carbon monoxide, fossil air kg 1.78E-04 1.84E-04 1.80E-04 1.85E-04
Carbon-14 air kBq 6.71E-04| 7.39E-04 6.55E-04 7.15E-04
Chromium air kg 1.99E-07| 2.05E-07 2.41E-07 2.47E-07
Chromium VI air kg 5.56E-09 5.72E-09 6.60E-09 6.74E-09
Dinitrogen monoxide air kg 3.67E-05 3.68E-05 3.60E-05 3.62E-05
lodine-129 air kBq 5.72E-07| 6.31E-07 5.59E-07 6.10E-07
Lead air kg 7.21E-08| 7.38E-08 7.49E-08 7.64E-08
Methane, fossil air kg 2.56E-03 2.57E-03 2.51E-03 2.52E-03
Mercury air kg 3.75E-08| 3.77E-08 3.72E-08 3.74E-08
Nickel air kg 1.20E-07| 1.21E-07] 1.28E-07 1.29E-07
Nitrogen oxides air kg 5.88E-04 5.94E-04] 8.62E-04 8.67E-04
NMVOC total air kg 6.50E-05 6.61E-05 7.24E-05] 7.34E-05
thereof:
Benzene air kg 2.20E-06| 2.21E-06] 2.34E-06 2.35E-06
Benzo(a)pyrene air kg 1.49E-10| 1.56E-10| 1.60E-10| 1.66E-10
Formaldehyde air kg 5.35E-07| 5.37E-07 5.38E-07 5.40E-07
PAH air kg 2.22E-08 2.27E-08 2.24E-08 2.28E-08
PM2.5-10 air kg 2.46E-05 2.53E-05 2.56E-05 2.62E-05
PM2.5 air kg 5.65E-05 5.73E-05 5.70E-05 5.77E-05
PCDD/F (measured as I-TEQ) air kg 7.79E-14 7.95E-14 8.96E-14 9.11E-14
Radon-222 air kBq 1.06E+01 1.17E+01 1.04E+01 1.13E+01
Sulfur dioxide air 1kg 3.47E-04| 3.49E-04/ 3.55E-04 3.57E-04
Emissions to Water
Ammonium, ion \water kg 9.66E-07| 9.74E-07 4.36E-06 4.36E-06
Arsenic, ion \water kg 1.46E-07| 1.48E-07| 1.46E-07 1.48E-07
Cadmium, ion \water kg 1.50E-08| 1.63E-08] 1.54E-08 1.66E-08
Carbon-14 water kBq 2.30E-04| 2.53E-04] 2.25E-04 2.45E-04
Cesium-137 water kBq 1.07E-04| 1.18E-04] 1.05E-04| 1.14E-04
Chromium, ion \water kg 2.04E-08 2.07E-08 2.02E-08 2.05E-08
Chromium VI \water kg 3.10E-07| 3.45E-07 3.26E-07 3.57E-07
CcoD \water kg 1.39E-04 1.43E-04 2.22E-04] 2.26E-04|
Copper, ion \water kg 5.62E-07| 5.73E-07| 5.86E-07 5.96E-07
Lead water kg 2.45E-07| 2.49E-07| 2.51E-07 2.55E-07
Mercury \water kg 3.41E-09 3.63E-09 3.49E-09 3.68E-09
Nickel, ion water kg 1.26E-06 1.34E-06 1.42E-06 1.49E-06
Nitrate \water kg 2.99E-05 3.00E-05 3.91E-05 3.91E-05
Oils, unspecified water kg 2.66E-05 2.72E-05] 2.87E-05 2.92E-05
PAH \water kg 6.39E-09 6.67E-09 7.43E-09 7.67E-09
Phosphate water kg 3.38E-06 3.54E-06 6.38E-06 6.52E-06
Emissions to Soil
Arsenic soil kg 1.04E-10| 1.06E-10] 1.08E-10] 1.10E-10
Cadmium soil kg 8.02E-12| 8.60E-12 1.14E-11 1.19E-11
Chromium soil kg 1.43E-09 1.46E-09] 1.62E-09 1.64E-09
Chromium VI soil kg 9.15E-09 1.04E-08 8.92E-09 1.00E-08
Lead soil kg 5.80E-11 6.15E-11 1.04E-10 1.07E-10
Mercury soil kg 6.54E-13| 6.63E-13 7.55E-13 7.63E-13
Oils, unspecified soil 1kg 2.69E-05 2.73E-05 2.88E-05 2.93E-05
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Table 8.75 LCA results for year 2050, pessimistic development , “BAU scenario”.
electricity, hard coal, at electricity, hard coal, at electricity, hard coal, at
power plant 350 MW power plant 600 MW power plant 800 MW
Total Total Total
kWh kWh kWh
Resources
Coal, brown, in ground resource |kg 2.22E-03 2.21E-03 2.21E-03
Coal, hard, unspecified, in ground resource  |kg 3.85E-01 3.80E-01 3.80E-01
Gas, natural, in ground resource [Nm3 1.60E-03 1.59E-03 1.59E-03
Oil, crude, in ground resource |kg 4.97E-03 5.00E-03 5.00E-03
Uranium, in ground resource |kg 1.45E-07 1.45E-07 1.45E-07
Freshwater (lake, river, groundwater) resource |m3 1.93E-03 1.93E-03 1.93E-03
Occupation, agricultural and forestal area resource [m2a 1.79E-02 1.79E-02 1.79E-02
Occupation, built up area incl. mineral extractiqresource  |m2a 4.17E-03 4.20E-03 4.20E-03
Emissions to air
Ammonia air kg 1.88E-05 1.87E-05 1.87E-05
Arsenic air kg 1.40E-08 1.38E-08 1.38E-08
Cadmium air kg 1.48E-09 1.44E-09 1.44E-09
Carbon dioxide, fossil air kg 6.96E-01 7.00E-01 7.00E-01
Carbon monoxide, fossil air kg 1.42E-04 1.41E-04 1.41E-04
Carbon-14 air kBqg 2.97E-04 2.96E-04 2.96E-04
Chromium air kg 1.53E-07 1.36E-07 1.36E-07
Chromium VI air kg 4.33E-09 3.90E-09 3.90E-09
Dinitrogen monoxide air kg 3.03E-05 3.03E-05 3.03E-05
lodine-129 air kBq 2.53E-07 2.52E-07 2.52E-07
Lead air kg 5.75E-08 5.70E-08 5.70E-08
Methane, fossil air kg 2.13E-03 2.13E-03 2.13E-03
Mercury air kg 3.11E-08 3.10E-08 3.10E-08
Nickel air kg 1.00E-07 9.90E-08 9.90E-08
Nitrogen oxides air kg 7.20E-04 7.10E-04 7.10E-04
NMVOC total air kg 5.26E-05 5.20E-05 5.20E-05
thereof:
Benzene air kg 1.83E-06 1.83E-06 1.83E-06
Benzo(a)pyrene air kg 1.14E-10 1.10E-10 1.10E-10
Formaldehyde air kg 4.44E-07 4.40E-07 4.40E-07
PAH air kg 1.80E-08 1.78E-08 1.78E-08
PM2.5-10 air kg 1.97E-05 1.95E-05 1.95E-05
PM2.5 air kg 4.64E-05 4.60E-05 4.60E-05
PCDD/F (measured as I-TEQ) air kg 6.31E-14 6.30E-14 6.30E-14
Radon-222 air kBqg 4.72E+00 4.70E+00 4.70E+00
Sulfur dioxide air kg 5.16E-04 5.20E-04 5.20E-04
Emissions to Water
Ammonium, ion water kg 7.70E-07 7.60E-07 7.60E-07
Arsenic, ion water kg 1.16E-07 1.16E-07 1.16E-07
Cadmium, ion water kg 1.09E-08 1.07E-08 1.07E-08
Carbon-14 water kBq 1.02E-04 1.01E-04 1.01E-04
Cesium-137 water kBq 4.73E-05 4.70E-05 4.70E-05
Chromium, ion water kg 1.57E-08 1.56E-08 1.56E-08
Chromium VI water kg 2.24E-07 2.18E-07 2.18E-07
CcOoD water kg 1.11E-04 1.10E-04 1.10E-04
Copper, ion water kg 4.39E-07 4.30E-07 4.30E-07
Lead water kg 1.89E-07 1.85E-07 1.84E-07
Mercury water kg 2.54E-09 2.52E-09 2.52E-09
Nickel, ion water kg 9.60E-07 8.90E-07 8.90E-07
Nitrate water kg 2.37E-05 2.37E-05 2.37E-05
Oils, unspecified water kg 2.17E-05 2.16E-05 2.16E-05
PAH water kg 4.94E-09 4.60E-09 4.60E-09
Phosphate water kg 2.61E-06 2.59E-06 2.59E-06
Emissions to Soil
Arsenic soil kg 6.04E-11 6.00E-11 6.00E-11
Cadmium soil kg 6.19E-12 6.10E-12 6.10E-12
Chromium soil kg 8.60E-10 8.60E-10 8.60E-10
Chromium VI soil kg 2.74E-09 2.72E-09 2.72E-09
Lead soil kg 4.54E-11 4.50E-11 4.50E-11
Mercury soil kg 5.23E-13 5.20E-13 5.20E-13
Oils, unspecified soil kg 2.20E-05 2.20E-05 2.20E-05
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Table 8.76 LCA results for year 2050, pessimistic development  , “BAU scenario”.
electricity, lignite plant electricity, lignite plant electricity, lignite plant
800 MW class oxyf CCS, 800 MW class oxyf CCS, 800 MW class post CCS,
200km & 2500m depl. 400km & 2500m depl. 200km & 2500m depl.
gasfield gasfield gasfield
Total Total Total
kWh kWh kWh
Resources
Coal, brown, in ground resource  |kg 9.84E-01 9.85E-01 9.61E-01
Coal, hard, unspecified, in ground resource  |kg 1.42E-02 1.51E-02 1.34E-02
Gas, natural, in ground resource [Nm3 5.03E-03 5.34E-03 7.39E-03
Oil, crude, in ground resource |kg 1.39E-03 1.53E-03 3.27E-03
Uranium, in ground resource |kg 6.59E-07 6.98E-07 6.13E-07
Freshwater (lake, river, groundwater) resource |m3 5.32E-03 5.35E-03 5.22E-03
Occupation, agricultural and forestal area resource [m2a 3.18E-03 3.33E-03 3.44E-03
Occupation, built up area incl. mineral extractiqresource  |m2a 1.40E-03 1.45E-03 1.41E-03
Emissions to air
Ammonia air kg 3.26E-06 3.38E-06 2.39E-04
Arsenic air kg 1.17E-08 1.19E-08 1.23E-08
Cadmium air kg 1.85E-09 1.92E-09 2.58E-09
Carbon dioxide, fossil air kg 5.96E-02 6.28E-02 1.53E-01
Carbon monoxide, fossil air kg 2.19E-04 2.26E-04 2.22E-04
Carbon-14 air kBqg 1.36E-03 1.44E-03 1.25E-03
Chromium air kg 7.35E-08 8.11E-08 8.94E-08
Chromium VI air kg 1.99E-09 2.17E-09 2.37E-09
Dinitrogen monoxide air kg 2.50E-05 2.51E-05 2.45E-05
lodine-129 air kBq 1.16E-06 1.23E-06 1.07E-06
Lead air kg 2.79E-08 2.99E-08 3.14E-08
Methane, fossil air kg 3.42E-04 3.49E-04 3.45E-04
Mercury air kg 2.23E-08 2.26E-08 2.24E-08
Nickel air kg 2.32E-08 2.43E-08 3.57E-08
Nitrogen oxides air kg 3.31E-04 3.38E-04 7.94E-04
NMVOC total air kg 3.08E-05 3.21E-05 4.02E-05
thereof:
Benzene air kg 1.97E-06 1.98E-06 2.15E-06
Benzo(a)pyrene air kg 1.03E-10 1.11E-10 1.17E-10
Formaldehyde air kg 5.53E-07 5.56E-07 5.58E-07
PAH air kg 1.43E-08 1.47E-08 1.47E-08
PM2.5-10 air kg 1.41E-05 1.50E-05 1.56E-05
PM2.5 air kg 6.87E-05 6.95E-05 6.87E-05
PCDD/F (measured as I-TEQ) air kg 7.42E-14 7.61E-14 8.66E-14
Radon-222 air kBqg 2.14E+01 2.27E+01 1.98E+01
Sulfur dioxide air kg 1.42E-04 1.45E-04 1.57E-04
Emissions to Water
Ammonium, ion water kg 1.54E-07 1.63E-07 4.17E-06
Arsenic, ion water kg 9.59E-07 9.62E-07 9.41E-07
Cadmium, ion water kg 3.27E-08 3.43E-08 3.35E-08
Carbon-14 water kBq 4.67E-04 4.94E-04 4.32E-04
Cesium-137 water kBq 2.17E-04 2.30E-04 2.01E-04
Chromium, ion water kg 3.65E-09 4.10E-09 3.73E-09
Chromium VI water kg 8.02E-07 8.42E-07 8.19E-07
COD water kg 4.49E-05 5.02E-05 1.40E-04
Copper, ion water kg 1.03E-06 1.05E-06 1.05E-06
Lead water kg 1.01E-06 1.02E-06 1.00E-06
Mercury water kg 5.93E-09 6.19E-09 6.04E-09
Nickel, ion water kg 1.93E-06 2.01E-06 1.99E-06
Nitrate water kg 1.14E-06 1.21E-06 1.23E-05
Oils, unspecified water kg 6.58E-06 7.28E-06 9.57E-06
PAH water kg 2.34E-09 2.66E-09 2.94E-09
Phosphate water kg 3.35E-05 3.37E-05 3.58E-05
Emissions to Soil
Arsenic soil kg 1.30E-10 1.32E-10 1.28E-10
Cadmium soil kg 5.94E-12 6.61E-12 1.03E-11
Chromium soil kg 1.70E-09 1.73E-09 1.84E-09
Chromium VI soil kg 2.16E-08 2.31E-08 1.98E-08
Lead soil kg 3.91E-11 4.32E-11 9.41E-11
Mercury soil kg 1.86E-13 1.97E-13 3.04E-13
Oils, unspecified soil kg 5.95E-06 6.52E-06 8.77E-06
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Table 8.77 LCA results for year 2050, pessimistic development , “BAU scenario”.
electricity, lignite plant electricity, lignite power electricity, lignite power
800 MW class post CCS, plant 800 MW class oxyf plant 800 MW class oxyf
400km & 2500m depl. CCS, 200km & 800m CCS, 400km & 800m
gasfield aquifer aquifer
Total Total Total
kWh kWh kWh
Resources
Coal, brown, in ground resource  |kg 9.61E-01 9.79E-01 9.79E-01
Coal, hard, unspecified, in ground resource  |kg 1.42E-02 6.75E-03 7.69E-03
Gas, natural, in ground resource [Nm3 7.66E-03 2.41E-03 2.71E-03
Oil, crude, in ground resource |kg 3.39E-03 1.12E-03 1.26E-03
Uranium, in ground resource |kg 6.47E-07 2.94E-07 3.33E-07
Freshwater (lake, river, groundwater) resource |m3 5.24E-03 5.10E-03 5.13E-03
Occupation, agricultural and forestal area resource [m2a 3.57E-03 1.89E-03 2.05E-03
Occupation, built up area incl. mineral extractiqresource  |m2a 1.44E-03 1.30E-03 1.34E-03
Emissions to air
Ammonia air kg 2.39E-04 2.67E-06 2.79E-06
Arsenic air kg 1.25E-08 1.03E-08 1.05E-08
Cadmium air kg 2.64E-09 1.43E-09 1.50E-09
Carbon dioxide, fossil air kg 1.56E-01 3.47E-02 3.79E-02
Carbon monoxide, fossil air kg 2.29E-04 2.11E-04 2.18E-04
Carbon-14 air kBqg 1.32E-03 6.04E-04 6.84E-04
Chromium air kg 9.60E-08 6.63E-08 7.39E-08
Chromium VI air kg 2.53E-09 1.80E-09 1.98E-09
Dinitrogen monoxide air kg 2.46E-05 2.35E-05 2.37E-05
lodine-129 air kBq 1.13E-06 5.17E-07 5.85E-07
Lead air kg 3.32E-08 2.26E-08 2.46E-08
Methane, fossil air kg 3.52E-04 2.85E-04 2.92E-04
Mercury air kg 2.26E-08 2.15E-08 2.18E-08
Nickel air kg 3.67E-08 1.76E-08 1.87E-08
Nitrogen oxides air kg 8.00E-04 3.02E-04 3.09E-04
NMVOC total air kg 4.14E-05 2.64E-05 2.77E-05
thereof:
Benzene air kg 2.16E-06 1.92E-06 1.93E-06
Benzo(a)pyrene air kg 1.24E-10 8.93E-11 9.77E-11
Formaldehyde air kg 5.61E-07 5.36E-07 5.39E-07
PAH air kg 1.51E-08 1.30E-08 1.35E-08
PM2.5-10 air kg 1.64E-05 1.33E-05 1.41E-05
PM2.5 air kg 6.95E-05 6.68E-05 6.77E-05
PCDD/F (measured as I-TEQ) air kg 8.82E-14 7.13E-14 7.32E-14
Radon-222 air kBq 2.09E+01 9.56E+00 1.08E+01
Sulfur dioxide air kg 1.60E-04 1.25E-04 1.28E-04
Emissions to Water
Ammonium, ion water kg 4.18E-06 8.47E-08 9.41E-08
Arsenic, ion water kg 9.43E-07 9.50E-07 9.53E-07
Cadmium, ion water kg 3.48E-08 3.19E-08 3.34E-08
Carbon-14 water kBq 4.56E-04 2.08E-04 2.35E-04
Cesium-137 water kBq 2.12E-04 9.66E-05 1.09E-04
Chromium, ion water kg 4.12E-09 2.20E-09 2.65E-09
Chromium VI water kg 8.55E-07 7.81E-07 8.21E-07
COD water kg 1.44E-04 3.80E-05 4.32E-05
Copper, ion water kg 1.06E-06 1.01E-06 1.02E-06
Lead water kg 1.01E-06 9.97E-07 1.00E-06
Mercury water kg 6.27E-09 5.79E-09 6.05E-09
Nickel, ion water kg 2.07E-06 1.87E-06 1.96E-06
Nitrate water kg 1.24E-05 5.38E-07 6.06E-07
Oils, unspecified water kg 1.02E-05 5.32E-06 6.01E-06
PAH water kg 3.23E-09 2.08E-09 2.40E-09
Phosphate water kg 3.60E-05 3.32E-05 3.34E-05
Emissions to Soil
Arsenic soil kg 1.29E-10 5.12E-11 5.33E-11
Cadmium soil kg 1.09E-11 5.32E-12 5.99E-12
Chromium soil kg 1.87E-09 7.03E-10 7.37E-10
Chromium VI soil kg 2.11E-08 7.60E-09 9.08E-09
Lead soil kg 9.77E-11 3.27E-11 3.68E-11
Mercury soil kg 3.14E-13 1.19E-13 1.30E-13
Oils, unspecified soil kg 9.28E-06 4.75E-06 5.32E-06
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Table 8.78 LCA results for year 2050, pessimistic development , “BAU scenario”.
electricity, lignite power electricity, lignite power
plant 800 MW class post plant 800 MW class post
CCS, 200km & 800m CCS, 400km & 800m electricity, lignite, at
aquifer aquifer power plant 950 MW
Total Total Total
kWh kWh kWh
Resources
Coal, brown, in ground resource  |kg 9.56E-01 9.56E-01 8.20E-01
Coal, hard, unspecified, in ground resource  |kg 6.80E-03 7.63E-03 2.38E-03
Gas, natural, in ground resource [Nm3 5.07E-03 5.34E-03 1.09E-03
Oil, crude, in ground resource |kg 3.02E-03 3.15E-03 7.90E-04
Uranium, in ground resource |kg 2.90E-07 3.24E-07 9.60E-08
Freshwater (lake, river, groundwater) resource |m3 5.02E-03 5.05E-03 4.18E-03
Occupation, agricultural and forestal area resource [m2a 2.30E-03 2.43E-03 1.01E-03
Occupation, built up area incl. mineral extractiqresource  |m2a 1.31E-03 1.35E-03 1.01E-03
Emissions to air
Ammonia air kg 2.38E-04 2.38E-04 4.76E-06
Arsenic air kg 1.10E-08 1.13E-08 7.80E-09
Cadmium air kg 2.21E-09 2.27E-09 1.07E-09
Carbon dioxide, fossil air kg 1.31E-01 1.34E-01 7.90E-01
Carbon monoxide, fossil air kg 2.16E-04 2.22E-04 1.67E-04
Carbon-14 air kBqg 5.90E-04 6.61E-04 1.96E-04
Chromium air kg 8.30E-08 8.97E-08 4.05E-08
Chromium VI air kg 2.20E-09 2.36E-09 1.13E-09
Dinitrogen monoxide air kg 2.32E-05 2.33E-05 1.91E-05
lodine-129 air kBq 5.05E-07 5.65E-07 1.67E-07
Lead air kg 2.68E-08 2.86E-08 1.47E-08
Methane, fossil air kg 2.96E-04 3.02E-04 2.16E-04
Mercury air kg 2.17E-08 2.19E-08 1.75E-08
Nickel air kg 3.07E-08 3.17E-08 1.38E-08
Nitrogen oxides air kg 7.69E-04 7.75E-04 6.30E-04
NMVOC total air kg 3.63E-05 3.75E-05 1.97E-05
thereof:
Benzene air kg 2.10E-06 2.11E-06 1.59E-06
Benzo(a)pyrene air kg 1.05E-10 1.12E-10 5.70E-11
Formaldehyde air kg 5.43E-07 5.45E-07 4.43E-07
PAH air kg 1.36E-08 1.40E-08 9.90E-09
PM2.5-10 air kg 1.48E-05 1.56E-05 9.80E-06
PM2.5 air kg 6.71E-05 6.78E-05 5.47E-05
PCDD/F (measured as I-TEQ) air kg 8.40E-14 8.57E-14 5.66E-14
Radon-222 air kBq 9.34E+00 1.05E+01 3.10E+00
Sulfur dioxide air kg 1.41E-04 1.44E-04 1.18E-04
Emissions to Water
Ammonium, ion water kg 4.11E-06 4.12E-06 4.07E-08
Arsenic, ion water kg 9.33E-07 9.35E-07 7.90E-07
Cadmium, ion water kg 3.27E-08 3.41E-08 2.45E-08
Carbon-14 water kBq 2.03E-04 2.27E-04 6.70E-05
Cesium-137 water kBq 9.44E-05 1.06E-04 3.12E-05
Chromium, ion water kg 2.45E-09 2.84E-09 9.40E-10
Chromium VI water kg 8.01E-07 8.37E-07 6.00E-07
CcOoD water kg 1.34E-04 1.38E-04 2.63E-05
Copper, ion water kg 1.03E-06 1.04E-06 8.30E-07
Lead water kg 9.87E-07 9.92E-07 8.20E-07
Mercury water kg 5.92E-09 6.15E-09 4.52E-09
Nickel, ion water kg 1.94E-06 2.02E-06 1.44E-06
Nitrate water kg 1.18E-05 1.19E-05 2.01E-07
Oils, unspecified water kg 8.46E-06 9.07E-06 3.69E-06
PAH water kg 2.71E-09 3.00E-09 1.25E-09
Phosphate water kg 3.56E-05 3.57E-05 2.75E-05
Emissions to Soil
Arsenic soil kg 5.79E-11 5.98E-11 1.18E-11
Cadmium soil kg 9.73E-12 1.03E-11 3.64E-12
Chromium soil kg 9.60E-10 9.90E-10 1.99E-10
Chromium VI soil kg 7.42E-09 8.72E-09 5.80E-10
Lead soil kg 8.85E-11 9.21E-11 2.37E-11
Mercury soil kg 2.45E-13 2.54E-13 7.10E-14
Oils, unspecified soil kg 7.71E-06 8.21E-06 3.41E-06
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Table 8.79 LCA results for year 2050, pessimistic development , “BAU scenario”.
electricity, hard coal, at IGCC electricity, lignite, at IGCC power
power plant 450MW plant 450MW

Total Total
kWh kwh
Resources
Coal, brown, in ground resource  |kg 1.95E-03| 4.30E-01
Coal, hard, unspecified, in ground resource |kg 3.38E-01 1.44E-03
Gas, natural, in ground resource |[Nm3 1.24E-03| 4.91E-04
Qil, crude, in ground resource |kg 4.20E-03| 5.45E-04
Uranium, in ground resource |kg 1.29€E-07| 5.64E-08
Freshwater (lake, river, groundwater) resource [m3 6.03E-04 1.57E-03
Occupation, agricultural and forestal area resource |m2a 1.57E-02 4.71E-04
Occupation, built up area incl. mineral extractiqresource [m2a 3.84E-03] 7.44E-04
Emissions to air
Ammonia air kg 1.42E-05 4.34E-07|
Arsenic air kg 6.32E-08 6.13E-08
Cadmium air kg 1.57E-09 1.26E-09
Carbon dioxide, fossil air kg 6.51E-01] 6.32E-01
Carbon monoxide, fossil air kg 1.29E-04 6.93E-05
Carbon-14 air kBq 2.64E-04 1.15E-04
Chromium air kg 4.37E-08 3.64E-08
Chromium VI air kg 1.41E-09 1.19E-09
Dinitrogen monoxide air kg 2.75E-05 2.62E-05|
lodine-129 air kBq 2.24E-07 9.80E-08
Lead air kg 4.17E-08 3.57E-08
Methane, fossil air kg 1.87E-03| 1.22E-04
Mercury air kg 2.01E-08 1.93E-08
Nickel air kg 8.26E-08 1.87E-08|
Nitrogen oxides air kg 4.26E-04 1.70E-04|
NMVOC total air kg 4.79E-05 1.80E-05
thereof:
Benzene air kg 1.21E-06 1.00E-06
Benzo(a)pyrene air kg 9.45E-11 3.54E-11]
Formaldehyde air kg 2.82E-07| 2.76E-07
PAH air kg 5.44E-08 4.67E-08
PM2.5-10 air kg 1.37E-05 2.55E-06
PM2.5 air kg 9.82E-06 2.24E-06
PCDD/F (measured as I-TEQ) air kg 5.06E-14 4.30E-14]
Radon-222 air kBq 4.19E+00 1.83E+00|
Sulfur dioxide air kg 3.60E-04 1.98E-04
Emissions to Water
Ammonium, ion water kg 3.58E-07| 5.29E-08
Arsenic, ion water kg 8.22E-08| 7.20E-08|
Cadmium, ion water kg 1.22E-08| 8.94E-09
Carbon-14 water kBq 9.00E-05 3.93E-05
Cesium-137 water kBq 4.19E-05 1.83E-05|
Chromium, ion water kg 2.05E-09 7.56E-10
Chromium VI water kg 7.14E-07 6.31E-07|
CcoD water kg 2.17E-04] 1.60E-04|
Copper, ion water kg 1.28E-06 1.25E-06
Lead water kg 3.28E-07 3.16E-07|
Mercury water kg 4.85E-09 4.45E-09
Nickel, ion water kg 5.95E-07 4.72E-07|
Nitrate water kg 1.32E-06) 7.33E-07
Qils, unspecified water kg 1.85E-05 2.36E-06
PAH water kg 2.50E-09 9.61E-10|
Phosphate water kg 7.02E-06 6.63E-06
Emissions to Soil
Arsenic soil kg 5.11E-11 7.29E-12|
Cadmium soil kg 6.32E-12 3.37E-12]
Chromium soil kg 7.51E-10| 1.52E-10|
Chromium VI soil kg 2.50E-09 5.19E-10]
Lead soil kg 5.07E-11 3.10E-11]
Mercury soil kg 5.74E-13| 1.88E-13|
Qils, unspecified soil kg 1.88E-05 2.20E-06
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Table 8.80

LCA results for year 2050, pessimistic development

, “BAU scenario”.

electricity, hard coal IGCC |electricity, hard coal IGCC [electricity, hard coal IGCC |electricity, hard coal IGCC
plant 400MW, CCS, 200km |plant 400MW, CCS, 400km |power plant 400MW, CCS, |power plant 400MW, CCS,
& 2500m depleted gasfield |& 2500m depleted gasfield |200km & 800m aquifer 400km & 800m aquifer
Total Total Total Total
kwWh kWh kWh kWh
Resources
Coal, brown, in ground resource [kg 8.79E-03 9.26E-03 4.37E-03 4.83E-03]
Coal, hard, unspecified, in ground resource [kg 3.89E-01 3.90E-01] 3.83E-01 3.84E-01]
Gas, natural, in ground resource [Nm3 4.40E-03 4.64E-03 2.39E-03 2.63E-03|
Oil, crude, in ground resource [kg 5.11E-03 5.22E-03| 4.90E-03 5.01E-03|
Uranium, in ground resource [kg 5.61E-07 5.91E-07| 2.82E-07 3.12E-07|
Freshwater (lake, river, groundwater) resource |m3 9.38E-04 9.64E-04 7.69E-04 7.95E-04
Occupation, agricultural and forestal area resource |m2a 1.91E-02 1.92E-02] 1.81E-02 1.83E-02]
Occupation, built up area incl. mineral extractiqresource _[m2a 4.44E-03 4.47E-03] 4.36E-03 4.39E-03]
Emissions to air
Ammonia air kg 1.67E-05 1.68E-05| 1.63E-05 1.64E-05|
Arsenic air kg 8.00E-08 8.02E-08| 7.89E-08 7.91E-08|
Cadmium air kg 2.20E-09 2.25E-09 1.88E-09 1.93E-09
Carbon dioxide, fossil air kg 1.36E-01 1.38E-01] 1.17E-01 1.19E-01]
Carbon monoxide, fossil air kg 1.64E-04| 1.70E-04 1.59E-04| 1.64E-04
Carbon-14 air kBq 1.15E-03 1.21E-03| 5.79E-04 6.40E-04|
Chromium air kg 6.20E-08 6.78E-08| 5.65E-08 6.23E-08|
Chromium VI air kg 1.95E-09 2.09E-09 1.81E-09 1.95E-09
Dinitrogen monoxide air kg 3.59E-05 3.60E-05 3.47E-05 3.49E-05
lodine-129 air kBq 9.85E-07 1.04E-06| 4.94E-07 5.46E-07|
Lead air kg 5.64E-08 5.79E-08| 5.24E-08 5.39E-08|
Methane, fossil air kg 2.17E-03 2.18E-03| 2.13E-03 2.14E-03|
Mercury air kg 2.60E-08 2.62E-08| 2.54E-08 2.56E-08|
Nickel air kg 1.01E-07 1.02E-07 9.64E-08 9.73E-08
Nitrogen oxides air kg 5.34E-04 5.40E-04 5.13E-04 5.18E-04
NMVOC total air kg 6.13E-05 6.22E-05 5.79E-05 5.89E-05
thereof:
Benzene air kg 1.55E-06 1.55E-06 1.51E-06 1.52E-06
Benzo(a)pyrene air kg 1.25E-10] 1.31E-10| 1.14E-10] 1.21E-10|
Formaldehyde air kg 3.71E-07 3.73E-07| 3.57E-07 3.59E-07|
PAH air kg 6.86E-08 6.89E-08| 6.76E-08 6.80E-08|
PM2.5-10 air kg 1.69E-05 1.76E-05 1.62E-05 1.69E-05
PM2.5 air kg 1.36E-05 1.43E-05 1.22E-05 1.28E-05
PCDD/F (measured as I-TEQ) air kg 6.52E-14 6.66E-14] 6.29E-14 6.44E-14
Radon-222 air kBq 1.82E+01 1.92E+01 9.17E+00 1.01E+01
Sulfur dioxide air kg 4.50E-04 4.52E-04 4.36E-04 4.38E-04
Emissions to Water
Ammonium, ion \water kg 4.82E-07 4.89E-07| 4.29E-07 4.36E-07
Arsenic, ion \water kg 1.03E-07 1.05E-07 9.59E-08 9.82E-08
Cadmium, ion \water kg 1.55E-08 1.67E-08 1.49E-08 1.61E-08
Carbon-14 \water kBq 3.96E-04 4.17E-04 1.98E-04| 2.19E-04
Cesium-137 \water kBq 1.84E-04| 1.94E-04| 9.23E-05 1.02E-04|
Chromium, ion \water kg 4.17E-09 4.50E-09 3.06E-09 3.40E-09
Chromium VI \water kg 8.45E-07 8.76E-07| 8.29E-07 8.60E-07|
CoD water kg 2.53E-04| 2.57E-04 2.48E-04| 2.52E-04
Copper, ion \water kg 1.46E-06 1.47E-06 1.44E-06 1.45E-06
Lead water kg 3.83E-07 3.87E-07| 3.70E-07 3.74E-07|
Mercury \water kg 5.73E-09 5.93E-09 5.63E-09 5.82E-09
Nickel, ion \water kg 7.81E-07 8.48E-07 7.39E-07 8.06E-07
Nitrate water kg 2.17E-06 2.22E-06 1.71E-06 1.76E-06|
Qils, unspecified \water kg 2.27E-05 2.32E-05 2.17E-05 2.22E-05
PAH water kg 3.31E-09 3.55E-09 3.11E-09 3.35E-09
Phosphate \water kg 8.27E-06 8.41E-06 8.04E-06 8.18E-06
Emissions to Soil
Arsenic soil kg 1.47E-10| 1.48E-10| 8.66E-11 8.82E-11]
Cadmium soil kg 8.18E-12 8.69E-12| 7.71E-12 8.22E-12|
Chromium soil kg 1.98E-09 2.00E-09 1.22E-09 1.24E-09
Chromium VI soil kg 1.87E-08 1.99E-08| 8.06E-09 9.19E-09
Lead soil kg 6.62E-11 6.93E-11] 6.14E-11 6.45E-11]
Mercury soil kg 7.23E-13 7.31E-13| 6.71E-13 6.80E-13|
Oils, unspecified soil kg 2.28E-05 2.33E-05] 2.19E-05 2.23E-05
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LCA results for year 2050, pessimistic development

, “BAU scenario”.

electricity, lignite IGCC electricity, lignite IGCC electricity, lignite IGCC electricity, lignite IGCC
plant 400MW, CCS, 200km [plant 400MW, CCS, 400km |power plant 400MW, CCS, power plant 400MW, CCS,
& 2500m depleted gasfield  [& 2500m depleted gasfield |200km & 800m aquifer 400km & 800m aquifer
Total Total Total Total
kwh kwh kwh kWh
Resources
Coal, brown, in ground resource  |kg 4.95E-01 4.95E-01 4.89E-01 4.90E-01
Coal, hard, unspecified, in ground resource |kg 1.27E-02| 1.36E-02| 5.56E-03 6.46E-03|
Gas, natural, in ground resource |Nm3 4.43E-03 4.72E-03 1.92E-03| 2.21E-03
Oil, crude, in ground resource  |kg 1.68E-03| 1.81E-03 1.42E-03 1.55E-03
Uranium, in ground resource |kg 5.93E-07| 6.30E-07| 2.44E-07| 2.81E-07
Freshwater (lake, river, groundwater) resource |m3 2.13E-03 2.16E-03| 1.92E-03 1.95E-03
Occupation, agricultural and forestal area resource |m2a 2.42E-03 2.57E-03 1.19E-03, 1.34E-03
Occupation, built up area incl. mineral extractigresource _|m2a 1.32E-03| 1.36E-03| 1.22E-03| 1.26E-03
[Emissions to air
Ammonia air ki 1.59E-06 1.70E-06 1.02E-06 1.14E-06
Arsenic air kg 9.58E-09 9.82E-09 8.24E-09 8.49E-09
Cadmium air kg 1.81E-09 1.87E-09 1.41E-09 1.47E-09
Carbon dioxide, fossil air kg 1.46E-01 1.49E-01 1.23E-01 1.26E-01
Carbon monoxide, fossil air kg 1.20E-04 1.27E-04 1.13E-04 1.20E-04
Carbon-14 air kBq 1.22E-03 1.29E-03 5.01E-04 5.77E-04
Chromium air kg 5.59E-08 6.31E-08 4.90E-08 5.62E-08
Chromium VI air kg 1.50E-09 1.68E-09 1.32E-09 1.50E-09
Dinitrogen monoxide air kg 3.38E-05 3.40E-05 3.24E-05 3.26E-05
lodine-129 air kBq 1.04E-06 1.11E-06 4.26E-07 4.91E-07
Lead air kg 2.39E-08 2.58E-08 1.89E-08, 2.08E-08|
Methane, fossil air kg 2.25E-04 2.32E-04 1.71E-04 1.78E-04
Mercury air kg 1.54E-08 1.57E-08 1.47E-08 1.50E-08
Nickel air kg 1.94E-08 2.04E-08 1.40E-08, 1.50E-08
Nitrogen oxides air kg 5.50E-04 5.57E-04 5.22E-04 5.29E-04
NMVOC total air kg 3.23E-05 3.35E-05 2.81E-05 2.93E-05
thereof:
Benzene air kg 1.35E-06 1.36E-06 1.31E-06 1.32E-06
Benzo(a)pyrene air kg 7.00E-11 7.79E-11 5.71E-11 6.50E-11
Formaldehyde air kg 3.72E-07 3.75E-07| 3.55E-07 3.58E-07
PAH air kg 6.09E-08 6.13E-08 5.97E-08 6.01E-08|
PM2.5-10 air kg 5.76E-06 6.59E-06 4.93E-06 5.76E-06
PM2.5 air kg 6.41E-06 7.23E-06 4.64E-06 5.46E-06|
PCDD/F (measured as I-TEQ) air kg 6.30E-14 6.48E-14| 6.02E-14| 6.20E-14|
Radon-222 air kBq 1.93E+01 2.05E+01 7.93E+00 9.14E+00|
Sulfur dioxide lair Lkg 7.62E-04 7.65E-04 7.45E-04 7.48E-04|
[Emissions to Water
Ammonium, ion water kg 1.64E-07| 1.73E-07| 9.85E-08 1.07E-07
Arsenic, ion water kg 1.48E-06 1.49E-06| 1.47E-06| 1.48E-06
Cadmium, ion water kg 9.32E-08 9.47E-08 9.24E-08 9.39E-08|
Carbon-14 water kBq 4.18E-04 4.45E-04| 1.71E-04 1.97E-04
Cesium-137 water kBq 1.95E-04 2.07E-04 7.97E-05 9.19E-05
Chromium, ion water kg 3.33E-09 3.76E-09 1.95E-09 2.37E-09
Chromium VI water kg 9.44E-06 9.47E-06 9.42E-06 9.45E-06
CcoD water kg 2.11E-03 2.12E-03 2.10E-03 2.11E-03|
Copper, ion water kg 6.82E-06) 6.83E-06 6.80E-06 6.81E-06
Lead water kg 1.92E-06 1.92E-06 1.90E-06 1.91E-06
Mercury water kg 6.18E-08 6.21E-08| 6.17E-08| 6.19E-08
Nickel, ion water kg 4.10E-06 4.18E-06 4.04E-06 4.13E-06
Nitrate water kg 1.72E-06 1.78E-06 1.14E-06 1.21E-06
Qils, unspecified water kg 5.95E-06 6.61E-06 4.74E-06 5.40E-06
PAH water kg 1.88E-09 2.19E-09 1.63E-09 1.94E-09
Phosphate water kg 1.11E-04 1.12E-04 1.11E-04 1.11E-04
Emissions to Soil
Arsenic soil kg 1.24E-10 1.26E-10 4.84E-11 5.04E-11
Cadmium soil kg 7.72E-12 8.36E-12 7.13E-12 7.78E-12
Chromium soil kg 1.66E-09 1.69E-09 7.11E-10 7.43E-10
Chromium VI soil kg 2.07E-08 2.21E-08 7.35E-09 8.76E-09
Lead soil kg 6.08E-11 6.47E-11 5.48E-11 5.87E-11
Mercury soil kg 3.21E-13] 3.32E-13] 2.57E-13] 2.67E-13
Qils, unspecified soil lkg 5.46E-06 6.01E-06 4.31E-06 4.85E-06
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Table 8.82 LCA results for year 2050, very optimimistic dev  elopment, “renewable
scenario”.
electricity, hard coal plant  |electricity, hard coal plant  |electricity, hard coal plant  |electricity, hard coal plant
500MW class oxyf CCS, 500MW class oxyf CCS, 500MW class post CCS, 500MW class post CCS,
200km & 2500m deplet 400km & 2500m deplet 200km & 2500m deplet 400km & 2500m deplet
gasfield gasfield gasfield gasfield
Total Total Total Total
kWh kWh kWh kWh
Resources
Coal, brown, in ground resource |kg 5.17E-05| 5.26E-05 6.52E-05 6.60E-05
Coal, hard, unspecified, in ground resource |kg 3.83E-01 3.84E-01 3.68E-01 3.68E-01
Gas, natural, in ground resource  |[Nm3 3.83E-03| 4.02E-03 5.38E-03 5.55E-03
Qil, crude, in ground resource |kg 5.03E-03| 5.12E-03] 6.21E-03 6.29E-03
Uranium, in ground resource |kg 1.06E-08| 1.08E-08] 1.30E-08, 1.32E-08
Freshwater (lake, river, groundwater) resource |m3 1.92E-03| 1.93E-03] 1.88E-03 1.89E-03
Occupation, agricultural and forestal area resource |m2a 2.14E-02] 2.17E-02 2.07E-02 2.09E-02
Occupation, built up area incl. mineral extractigresource _[m2a 4.24E-03] 4.26E-03! 4.10E-03 4.12E-03
Emissions to air
Ammonia air kg 1.81E-05 1.82E-05 2.41E-04| 2.41E-04|
Arsenic air kg 1.24E-08| 1.24E-08] 1.22E-08 1.22E-08
Cadmium air kg 1.12E-09 1.14E-09] 1.50E-09 1.51E-09
Carbon dioxide, fossil air kg 3.14E-02 3.22E-02 1.03E-01 1.04E-01
Carbon monoxide, fossil air kg 1.44E-04 1.48E-04 1.43E-04 1.46E-04
Carbon-14 air kBq 1.93E-05 1.96E-05] 2.06E-05 2.09E-05
Chromium air kg 1.99E-07 2.05E-07] 2.34E-07 2.39E-07
Chromium VI air kg 5.46E-09 5.60E-09 6.31E-09 6.43E-09
Dinitrogen monoxide air kg 3.20E-05 3.21E-05 3.09E-05 3.10E-05
lodine-129 air kBq 1.43E-08 1.46E-08] 1.55E-08 1.57E-08
Lead air kg 5.09E-08| 5.15E-08 5.05E-08 5.10E-08
Methane, fossil air kg 2.12E-03 2.12E-03] 2.05E-03 2.05E-03
Mercury air kg 3.12E-08| 3.13E-08 3.05E-08 3.06E-08
Nickel air kg 9.44E-08 9.46E-08] 9.86E-08 9.88E-08
Nitrogen oxides air kg 5.08E-04 5.13E-04] 7.18E-04 7.22E-04
NMVOC total air kg 5.69E-05 5.77E-05] 6.18E-05 6.25E-05
thereof:
Benzene air kg 1.82E-06| 1.82E-06 1.91E-06 1.91E-06
Benzo(a)pyrene air kg 9.07E-11] 9.55E-11 9.43E-11 9.85E-11
Formaldehyde air kg 4.42E-07 4.43E-07 4.38E-07 4.39E-07
PAH air kg 1.87E-08 1.89E-08 1.85E-08 1.87E-08
PM2.5-10 air kg 2.09E-05 2.15E-05] 2.13E-05 2.18E-05
PM2.5 air kg 4.71E-05 4.76E-05 4.67E-05 4.71E-05
PCDD/F (measured as I-TEQ) air kg 6.29E-14 6.35E-14 7.34E-14 7.40E-14
Radon-222 air kBq 3.33E-01] 3.39E-01 3.56E-01 3.62E-01
Sulfur dioxide air kg 3.02E-04 3.03E-04 3.05E-04 3.06E-04
Emissions to Water
Ammonium, ion \water kg 8.22E-07 8.26E-07 3.61E-06 3.62E-06
Arsenic, ion \water kg 1.19E-07| 1.20E-07| 1.17E-07 1.19E-07
Cadmium, ion \water kg 1.34E-08 1.45E-08 1.35E-08 1.45E-08
Carbon-14 water kBq 5.59E-06| 5.69E-06 6.03E-06 6.11E-06
Cesium-137 \water kBq 2.73E-06 2.78E-06 2.94E-06 2.98E-06
Chromium, ion \water kg 1.64E-08| 1.66E-08 1.60E-08| 1.62E-08
Chromium VI \water kg 2.85E-07 3.14E-07 2.94E-07 3.19E-07
CcoD water kg 1.18E-04| 1.21E-04] 1.90E-04| 1.93E-04
Copper, ion \water kg 4.83E-07 4.91E-07 4.95E-07 5.02E-07
Lead water kg 2.01E-07| 2.04E-07 2.04E-07 2.06E-07
Mercury \water kg 2.94E-09 3.13E-09 2.96E-09 3.12E-09
Nickel, ion \water kg 1.19E-06| 1.25E-06 1.31E-06 1.37E-06
Nitrate \water kg 2.49E-05 2.50E-05 3.24E-05 3.25E-05
Oils, unspecified \water kg 2.21E-05| 2.25E-05 2.35E-05 2.39E-05
PAH water kg 6.03E-09 6.26E-09 6.86E-09 7.07E-09
Phosphate water kg 2.79E-06 2.91E-06] 5.74E-06 5.85E-06
Emissions to Soil
Arsenic soil kg 1.41E-10| 1.42E-10| 1.36E-10 1.37E-10
Cadmium soil kg 9.88E-12 1.05E-11 1.28E-11 1.33E-11
Chromium soil kg 1.90E-09 1.93E-09 1.96E-09 1.98E-09
Chromium VI soil kg 1.83E-08| 1.94E-08] 1.66E-08 1.75E-08
Lead soil kg 7.42E-11] 7.82E-11 1.12E-10| 1.16E-10
Mercury soil kg 7.51E-13| 7.67E-13 8.21E-13 8.35E-13
Oils, unspecified soil 1kg 2.22E-05 2.25E-05 2.35E-05 2.38E-05
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Table 8.83 LCA results for year 2050, very optimimistic dev  elopment, “renewable
scenario”.
electricity, hard coal electricity, hard coal electricity, hard coal electricity, hard coal
power plant 500MW class  [power plant 500MW class |power plant 500MW class |power plant 500MW class
oxyf CCS, 200km & 800m  [oxyf CCS, 400km & 800m  [post CCS, 200km & 800m  [post CCS, 400km & 800m
aquifer aquifer aquifer aquifer
Total Total Total Total
kWh kWh kWh kWh
Resources
Coal, brown, in ground resource |kg 4.94E-05| 5.03E-05! 6.32E-05 6.40E-05
Coal, hard, unspecified, in ground resource |kg 3.83E-01 3.83E-01 3.68E-01 3.68E-01
Gas, natural, in ground resource  |[Nm3 2.19E-03| 2.39E-03] 3.97E-03 4.14E-03
Qil, crude, in ground resource |kg 4.96E-03 5.05E-03] 6.15E-03 6.23E-03
Uranium, in ground resource |kg 1.02E-08| 1.04E-08] 1.27E-08, 1.29E-08
Freshwater (lake, river, groundwater) resource |m3 1.89E-03| 1.90E-03] 1.86E-03 1.86E-03
Occupation, agricultural and forestal area resource |m2a 1.95E-02] 1.97E-02] 1.90E-02 1.92E-02
Occupation, built up area incl. mineral extractigresource _[m2a 4.20E-03| 4.22E-03| 4.07E-03 4.09E-03
Emissions to air
Ammonia air kg 1.76E-05 1.77E-05 2.40E-04| 2.40E-04|
Arsenic air kg 1.21E-08| 1.22E-08] 1.20E-08 1.20E-08
Cadmium air kg 1.05E-09 1.06E-09] 1.43E-09 1.44E-09
Carbon dioxide, fossil air kg 2.71E-02 2.80E-02! 9.91E-02 9.98E-02
Carbon monoxide, fossil air kg 1.41E-04 1.45E-04 1.41E-04 1.44E-04
Carbon-14 air kBq 1.88E-05 1.92E-05] 2.02E-05 2.05E-05
Chromium air kg 1.90E-07 1.96E-07 2.27E-07 2.32E-07
Chromium VI air kg 5.24E-09 5.38E-09 6.13E-09 6.25E-09
Dinitrogen monoxide air kg 3.09E-05 3.10E-05 2.99E-05 3.00E-05
lodine-129 air kBq 1.40E-08| 1.42E-08] 1.52E-08 1.54E-08
Lead air kg 4.93E-08 4.99E-08 4.91E-08 4.96E-08
Methane, fossil air kg 2.12E-03 2.12E-03] 2.04E-03 2.04E-03
Mercury air kg 3.10E-08| 3.12E-08 3.04E-08 3.05E-08
Nickel air kg 9.37E-08 9.40E-08| 9.80E-08 9.82E-08
Nitrogen oxides air kg 4.94E-04 4.98E-04 7.06E-04 7.09E-04
NMVOC total air kg 5.41E-05| 5.50E-05] 5.94E-05 6.01E-05
thereof:
Benzene air kg 1.82E-06| 1.82E-06 1.90E-06 1.90E-06
Benzo(a)pyrene air kg 8.15E-11] 8.63E-11 8.63E-11 9.05E-11
Formaldehyde air kg 4.40E-07 4.41E-07 4.36E-07 4.37E-07
PAH air kg 1.81E-08 1.84E-08 1.80E-08 1.82E-08
PM2.5-10 air kg 2.04E-05 2.10E-05 2.09E-05 2.14E-05
PM2.5 air kg 4.65E-05 4.69E-05 4.62E-05 4.66E-05
PCDD/F (measured as I-TEQ) air kg 6.09E-14| 6.15E-14 7.17E-14 7.22E-14
Radon-222 air kBq 3.24E-01] 3.31E-01 3.49E-01 3.54E-01
Sulfur dioxide air kg 2.97E-04 2.98E-04 3.01E-04 3.02E-04
Emissions to Water
Ammonium, ion \water kg 7.90E-07| 7.95E-07] 3.59E-06 3.59E-06
Arsenic, ion \water kg 1.18E-07| 1.19E-07| 1.16E-07 1.18E-07
Cadmium, ion \water kg 1.28E-08 1.39E-08 1.30E-08 1.40E-08
Carbon-14 water kBq 5.44E-06| 5.54E-06 5.90E-06 5.99E-06
Cesium-137 \water kBq 2.66E-06 2.71E-06 2.88E-06 2.92E-06
Chromium, ion \water kg 1.62E-08| 1.65E-08 1.59E-08| 1.60E-08
Chromium VI \water kg 2.69E-07 2.98E-07 2.80E-07 3.05E-07
CcoD water kg 1.14E-04| 1.18E-04] 1.87E-04| 1.90E-04
Copper, ion \water kg 4.71E-07 4.80E-07 4.85E-07 4.92E-07
Lead water kg 1.99E-07| 2.02E-07 2.02E-07 2.04E-07
Mercury \water kg 2.86E-09 3.05E-09 2.89E-09 3.05E-09
Nickel, ion \water kg 1.14E-06| 1.20E-06 1.27E-06 1.33E-06
Nitrate \water kg 2.48E-05 2.48E-05 3.23E-05 3.23E-05
Oils, unspecified \water kg 2.17E-05| 2.22E-05 2.32E-05 2.36E-05
PAH water kg 5.81E-09 6.04E-09 6.67E-09 6.88E-09
Phosphate water kg 2.71E-06| 2.83E-06] 5.68E-06 5.78E-06
Emissions to Soil
Arsenic soil kg 8.61E-11] 8.75E-11 8.86E-11 8.97E-11
Cadmium soil kg 8.94E-12 9.55E-12 1.20E-11 1.25E-11
Chromium soil kg 1.21E-09 1.23E-09 1.35E-09 1.37E-09
Chromium VI soil kg 7.95E-09 9.04E-09 7.64E-09 8.58E-09
Lead soil kg 6.32E-11] 6.71E-11 1.03E-10 1.06E-10
Mercury soil kg 6.33E-13| 6.49E-13 7.19E-13 7.32E-13
Oils, unspecified soil 1kg 2.19E-05 2.23E-05 2.33E-05 2.36E-05
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Table 8.84 LCA results for year 2050, very optimimistic dev  elopment, “renewable
scenario”.
electricity, hard coal, at electricity, hard coal, at electricity, hard coal, at
power plant 350 MW power plant 600 MW power plant 800 MW
Total Total Total
kWh kWh kWh
Resources
Coal, brown, in ground resource |kg 4.58E-05 4.44E-05 4.19E-05
Coal, hard, unspecified, in ground resource |kg 3.36E-01 3.36E-01 3.35E-01
Gas, natural, in ground resource |Nm3 1.29E-03 1.28E-03 1.25E-03
Oil, crude, in ground resource |kg 4.29E-03 4.27E-03 4.25E-03
Uranium, in ground resource |kg 8.77E-09 8.65E-09 8.42E-09
Freshwater (lake, river, groundwater) resource |m3 1.64E-03 1.64E-03 1.63E-03
Occupation, agricultural and forestal area resource |m2a 1.62E-02 1.62E-02 1.62E-02
Occupation, built up area incl. mineral extractiqresource |m2a 3.64E-03 3.64E-03 3.63E-03
Emissions to air
Ammonia air kg 1.65E-05 1.65E-05 1.65E-05
Arsenic air kg 1.05E-08 1.05E-08 1.04E-08
Cadmium air kg 9.28E-10 9.18E-10 9.00E-10
Carbon dioxide, fossil air kg 6.04E-01 6.04E-01 6.03E-01
Carbon monoxide, fossil air kg 1.19E-04 1.19E-04 1.18E-04
Carbon-14 air kBq 1.63E-05 1.61E-05 1.57E-05
Chromium air kg 1.52E-07 1.36E-07 1.06E-07
Chromium VI air kg 4.24E-09 3.82E-09 3.08E-09
Dinitrogen monoxide air kg 2.66E-05 2.66E-05 2.66E-05
lodine-129 air kBqg 1.22E-08 1.20E-08 1.17E-08
Lead air kg 4.22E-08 4.20E-08 4.15E-08
Methane, fossil air kg 1.85E-03 1.85E-03 1.85E-03
Mercury air kg 2.71E-08 2.70E-08 2.70E-08
Nickel air kg 8.28E-08 8.27E-08 8.25E-08
Nitrogen oxides air kg 6.23E-04 6.23E-04 6.22E-04
NMVOC total air kg 4.59E-05 4.58E-05 4.56E-05
thereof:
Benzene air kg 1.59E-06 1.59E-06 1.59E-06
Benzo(a)pyrene air kg 6.37E-11 6.13E-11 5.72E-11
Formaldehyde air kg 3.85E-07 3.84E-07 3.82E-07
PAH air kg 1.54E-08 1.53E-08 1.51E-08
PM2.5-10 air kg 1.72E-05 1.70E-05 1.66E-05
PM2.5 air kg 4.01E-05 3.99E-05 3.96E-05
PCDD/F (measured as I-TEQ) air kg 5.21E-14 5.19E-14 5.15E-14
Radon-222 air kBq 2.81E-01 2.77E-01 2.71E-01
Sulfur dioxide air kg 4.47E-04 4.47E-04 4.47E-04
Emissions to Water
Ammonium, ion water kg 6.62E-07 6.62E-07 6.61E-07
Arsenic, ion water kg 1.00E-07 9.96E-08 9.85E-08
Cadmium, ion water kg 9.77E-09 9.55E-09 9.17E-09
Carbon-14 water kBq 4.75E-06 4.69E-06 4.58E-06
Cesium-137 water kBqg 2.32E-06 2.29E-06 2.23E-06
Chromium, ion water kg 1.34E-08 1.33E-08 1.32E-08
Chromium VI water kg 2.03E-07 1.97E-07 1.87E-07
COD water kg 9.63E-05 9.53E-05 9.35E-05
Copper, ion water kg 3.87E-07 3.83E-07 3.76E-07
Lead water kg 1.65E-07 1.61E-07 1.55E-07
Mercury water kg 2.24E-09 2.22E-09 2.18E-09
Nickel, ion water kg 9.03E-07 8.41E-07 7.31E-07
Nitrate water kg 2.07E-05 2.07E-05 2.07E-05
Oils, unspecified water kg 1.87E-05 1.87E-05 1.85E-05
PAH water kg 4.69E-09 4.34E-09 3.71E-09
Phosphate water kg 2.25E-06 2.23E-06 2.19E-06
Emissions to Soil
Arsenic soil kg 5.28E-11 5.25E-11 5.20E-11
Cadmium soil kg 7.01E-12 6.77E-12 6.35E-12
Chromium soil kg 7.66E-10 7.60E-10 7.50E-10
Chromium VI soil kg 2.52E-09 2.50E-09 2.47E-09
Lead soil kg 4.91E-11 4.78E-11 4.55E-11
Mercury soil kg 5.01E-13 4.99E-13 4.95E-13
Oils, unspecified soil kg 1.90E-05 1.90E-05 1.89E-05
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Table 8.85 LCA results for year 2050, very optimimistic dev  elopment, “renewable
scenario”.
electricity, lignite plant electricity, lignite plant electricity, lignite plant
800 MW class oxyf CCS, 800 MW class oxyf CCS, 800 MW class post CCS,
200km & 2500m depl. 400km & 2500m depl. 200km & 2500m depl.
gasfield gasfield gasfield
Total Total Total
kWh kWh kWh
Resources
Coal, brown, in ground resource |kg 8.18E-01 8.18E-01 7.87E-01
Coal, hard, unspecified, in ground resource |kg 1.93E-03 2.12E-03 1.98E-03
Gas, natural, in ground resource |Nm3 3.70E-03 3.93E-03 5.62E-03
Oil, crude, in ground resource |kg 9.15E-04 1.01E-03 2.49E-03
Uranium, in ground resource |kg 5.34E-09 5.59E-09 8.46E-09
Freshwater (lake, river, groundwater) resource |m3 4.19E-03 4.20E-03 4.07E-03
Occupation, agricultural and forestal area resource |m2a 4.90E-03 5.16E-03 4.89E-03
Occupation, built up area incl. mineral extractigresource  |m2a 1.11E-03 1.14E-03 1.10E-03
Emissions to air
Ammonia air kg 2.99E-06 3.10E-06 2.38E-04
Arsenic air kg 6.36E-09 6.41E-09 6.42E-09
Cadmium air kg 5.53E-10 5.74E-10 1.06E-09
Carbon dioxide, fossil air kg 2.14E-02 2.24E-02 1.01E-01
Carbon monoxide, fossil air kg 1.75E-04 1.79E-04 1.75E-04
Carbon-14 air kBq 9.28E-06 9.69E-06 1.14E-05
Chromium air kg 7.46E-08 8.14E-08 8.73E-08
Chromium VI air kg 1.97E-09 2.13E-09 2.27E-09
Dinitrogen monoxide air kg 2.10E-05 2.12E-05 2.03E-05
lodine-129 air kBqg 7.05E-09 7.35E-09 8.83E-09
Lead air kg 1.12E-08 1.18E-08 1.26E-08
Methane, fossil air kg 2.17E-04 2.19E-04 2.19E-04
Mercury air kg 1.79E-08 1.81E-08 1.78E-08
Nickel air kg 8.69E-09 9.03E-09 1.85E-08
Nitrogen oxides air kg 2.73E-04 2.78E-04 6.45E-04
NMVOC total air kg 2.51E-05 2.61E-05 3.25E-05
thereof:
Benzene air kg 1.59E-06 1.59E-06 1.71E-06
Benzo(a)pyrene air kg 6.72E-11 7.28E-11 7.32E-11
Formaldehyde air kg 4.45E-07 4.46E-07 4.43E-07
PAH air kg 1.11E-08 1.15E-08 1.13E-08
PM2.5-10 air kg 1.18E-05 1.25E-05 1.29E-05
PM2.5 air kg 5.60E-05 5.66E-05 5.52E-05
PCDD/F (measured as I-TEQ) air kg 5.81E-14 5.88E-14 6.89E-14
Radon-222 air kBq 1.62E-01 1.69E-01 1.99E-01
Sulfur dioxide air kg 1.18E-04 1.19E-04 1.30E-04
Emissions to Water
Ammonium, ion water kg 9.00E-08 9.53E-08 3.40E-06
Arsenic, ion water kg 7.95E-07 7.97E-07 7.68E-07
Cadmium, ion water kg 2.81E-08 2.94E-08 2.84E-08
Carbon-14 water kBqg 2.75E-06 2.86E-06 3.44E-06
Cesium-137 water kBqg 1.34E-06 1.40E-06 1.68E-06
Chromium, ion water kg 1.31E-09 1.57E-09 1.50E-09
Chromium VI water kg 6.90E-07 7.24E-07 6.96E-07
COD water kg 3.40E-05 3.80E-05 1.18E-04
Copper, ion water kg 8.64E-07 8.74E-07 8.65E-07
Lead water kg 8.35E-07 8.38E-07 8.14E-07
Mercury water kg 5.01E-09 5.23E-09 5.05E-09
Nickel, ion water kg 1.67E-06 1.74E-06 1.70E-06
Nitrate water kg 3.86E-07 4.09E-07 1.00E-05
Oils, unspecified water kg 4.43E-06 4.94E-06 7.00E-06
PAH water kg 2.18E-09 2.46E-09 2.68E-09
Phosphate water kg 2.79E-05 2.80E-05 2.99E-05
Emissions to Soil
Arsenic soil kg 1.06E-10 1.07E-10 1.03E-10
Cadmium soil kg 6.95E-12 7.66E-12 1.05E-11
Chromium soil kg 1.40E-09 1.43E-09 1.51E-09
Chromium VI soil kg 1.87E-08 2.00E-08 1.69E-08
Lead soil kg 5.08E-11 5.54E-11 9.61E-11
Mercury soil kg 3.09E-13 3.28E-13 4.04E-13
Oils, unspecified soil kg 3.77E-06 4.16E-06 6.20E-06
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Table 8.86 LCA results for year 2050, very optimimistic dev  elopment, “renewable
scenario”.
electricity, lignite plant electricity, lignite power electricity, lignite power
800 MW class post CCS, plant 800 MW class oxyf plant 800 MW class oxyf
400km & 2500m depl. CCS, 200km & 800m CCS, 400km & 800m
gasfield aquifer aquifer
Total Total Total
kWh kWh kWh
Resources
Coal, brown, in ground resource |kg 7.87E-01 8.18E-01 8.18E-01
Coal, hard, unspecified, in ground resource |kg 2.14E-03 1.22E-03 1.41E-03
Gas, natural, in ground resource |Nm3 5.82E-03 1.79E-03 2.02E-03
Oil, crude, in ground resource |kg 2.57E-03 8.30E-04 9.30E-04
Uranium, in ground resource |kg 8.67E-09 4.88E-09 5.12E-09
Freshwater (lake, river, groundwater) resource |m3 4.08E-03 4.16E-03 4.17E-03
Occupation, agricultural and forestal area resource |m2a 5.11E-03 2.60E-03 2.86E-03
Occupation, built up area incl. mineral extractigresource  |m2a 1.13E-03 1.07E-03 1.10E-03
Emissions to air
Ammonia air kg 2.38E-04 2.40E-06 2.51E-06
Arsenic air kg 6.47E-09 6.09E-09 6.14E-09
Cadmium air kg 1.07E-09 4.62E-10 4.82E-10
Carbon dioxide, fossil air kg 1.02E-01 1.65E-02 1.74E-02
Carbon monoxide, fossil air kg 1.79E-04 1.72E-04 1.76E-04
Carbon-14 air kBq 1.17E-05 8.72E-06 9.14E-06
Chromium air kg 9.32E-08 6.46E-08 7.14E-08
Chromium VI air kg 2.42E-09 1.72E-09 1.89E-09
Dinitrogen monoxide air kg 2.04E-05 1.97E-05 1.99E-05
lodine-129 air kBqg 9.10E-09 6.62E-09 6.92E-09
Lead air kg 1.31E-08 9.30E-09 9.96E-09
Methane, fossil air kg 2.21E-04 2.08E-04 2.10E-04
Mercury air kg 1.79E-08 1.77E-08 1.79E-08
Nickel air kg 1.88E-08 7.92E-09 8.26E-09
Nitrogen oxides air kg 6.49E-04 2.57E-04 2.62E-04
NMVOC total air kg 3.34E-05 2.18E-05 2.28E-05
thereof:
Benzene air kg 1.72E-06 1.58E-06 1.59E-06
Benzo(a)pyrene air kg 7.81E-11 5.64E-11 6.21E-11
Formaldehyde air kg 4.44E-07 4.42E-07 4.43E-07
PAH air kg 1.16E-08 1.05E-08 1.08E-08
PM2.5-10 air kg 1.35E-05 1.12E-05 1.19E-05
PM2.5 air kg 5.57E-05 5.53E-05 5.59E-05
PCDD/F (measured as I-TEQ) air kg 6.96E-14 5.57E-14 5.64E-14
Radon-222 air kBq 2.05E-01 1.52E-01 1.59E-01
Sulfur dioxide air kg 1.31E-04 1.12E-04 1.13E-04
Emissions to Water
Ammonium, ion water kg 3.41E-06 5.32E-08 5.85E-08
Arsenic, ion water kg 7.70E-07 7.94E-07 7.96E-07
Cadmium, ion water kg 2.95E-08 2.74E-08 2.87E-08
Carbon-14 water kBqg 3.55E-06 2.58E-06 2.70E-06
Cesium-137 water kBqg 1.73E-06 1.26E-06 1.32E-06
Chromium, ion water kg 1.74E-09 1.11E-09 1.37E-09
Chromium VI water kg 7.26E-07 6.71E-07 7.05E-07
COD water kg 1.21E-04 3.03E-05 3.42E-05
Copper, ion water kg 8.74E-07 8.50E-07 8.61E-07
Lead water kg 8.17E-07 8.32E-07 8.35E-07
Mercury water kg 5.23E-09 4.92E-09 5.13E-09
Nickel, ion water kg 1.77E-06 1.61E-06 1.69E-06
Nitrate water kg 1.01E-05 2.01E-07 2.24E-07
Qils, unspecified water kg 7.44E-06 4.04E-06 4.54E-06
PAH water kg 2.91E-09 1.92E-09 2.20E-09
Phosphate water kg 3.00E-05 2.78E-05 2.79E-05
Emissions to Soil
Arsenic soil kg 1.04E-10 4.18E-11 4.34E-11
Cadmium soil kg 1.12E-11 5.84E-12 6.56E-12
Chromium soil kg 1.53E-09 5.89E-10 6.16E-10
Chromium VI soil kg 1.80E-08 6.63E-09 7.91E-09
Lead soil kg 1.00E-10 3.79E-11 4.25E-11
Mercury soil kg 4.20E-13 1.71E-13 1.90E-13
Oils, unspecified soil kg 6.54E-06 3.47E-06 3.87E-06
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Table 8.87 LCA results for year 2050, very optimimistic dev  elopment, “renewable
scenario”.
electricity, lignite power electricity, lignite power
plant 800 MW class post plant 800 MW class post
CCS, 200km & 800m CCS, 400km & 800m electricity, lignite, at
aquifer aquifer power plant 950 MW
Total Total Total
kWh kWh kWh
Resources
Coal, brown, in ground resource |kg 7.87E-01 7.87E-01 7.18E-01
Coal, hard, unspecified, in ground resource |kg 1.36E-03 1.52E-03 6.13E-04
Gas, natural, in ground resource |Nm3 3.96E-03 4.16E-03 8.82E-04
Oil, crude, in ground resource |kg 2.41E-03 2.50E-03 6.60E-04
Uranium, in ground resource |kg 8.05E-09 8.27E-09 4.11E-09
Freshwater (lake, river, groundwater) resource |m3 4.04E-03 4.05E-03 3.62E-03
Occupation, agricultural and forestal area resource |m2a 2.88E-03 3.11E-03 1.23E-03
Occupation, built up area incl. mineral extractiqresource |m2a 1.06E-03 1.09E-03 8.82E-04
Emissions to air
Ammonia air kg 2.37E-04 2.37E-04] 4.23E-06
Arsenic air kg 6.19E-09 6.23E-09 5.20E-09
Cadmium air kg 9.76E-10 9.94E-10 4.44E-10
Carbon dioxide, fossil air kg 9.72E-02 9.80E-02 6.93E-01
Carbon monoxide, fossil air kg 1.72E-04 1.76E-04 1.43E-04
Carbon-14 air kBq 1.09E-05 1.12E-05 7.48E-06
Chromium air kg 7.86E-08 8.45E-08 4.08E-08
Chromium VI air kg 2.06E-09 2.20E-09 1.12E-09
Dinitrogen monoxide air kg 1.92E-05 1.93E-05 1.68E-05
lodine-129 air kBqg 8.46E-09 8.72E-09 5.87E-09
Lead air kg 1.09E-08 1.15E-08 6.77E-09
Methane, fossil air kg 2.12E-04 2.13E-04 1.78E-04
Mercury air kg 1.76E-08 1.78E-08 1.52E-08
Nickel air kg 1.78E-08 1.81E-08 8.26E-09
Nitrogen oxides air kg 6.30E-04 6.35E-04 5.50E-04
NMVOC total air kg 2.97E-05 3.06E-05 1.72E-05
thereof:
Benzene air kg 1.71E-06 1.71E-06 1.39E-06
Benzo(a)pyrene air kg 6.38E-11 6.88E-11 3.73E-11
Formaldehyde air kg 4.41E-07 4.42E-07 3.86E-07
PAH air kg 1.07E-08 1.10E-08 8.53E-09
PM2.5-10 air kg 1.23E-05 1.29E-05 8.67E-06
PM2.5 air kg 5.46E-05 5.51E-05 4.76E-05
PCDD/F (measured as I-TEQ) air kg 6.69E-14 6.75E-14 4.71E-14
Radon-222 air kBq 1.90E-01 1.96E-01 1.31E-01
Sulfur dioxide air kg 1.25E-04 1.26E-04 1.01E-04
Emissions to Water
Ammonium, ion water kg 3.37E-06 3.38E-06 2.95E-08
Arsenic, ion water kg 7.67E-07 7.69E-07 6.93E-07
Cadmium, ion water kg 2.78E-08 2.89E-08 2.19E-08
Carbon-14 water kBqg 3.30E-06 3.40E-06 2.29E-06
Cesium-137 water kBqg 1.60E-06 1.66E-06 1.11E-06
Chromium, ion water kg 1.33E-09 1.56E-09 6.08E-10
Chromium VI water kg 6.80E-07 7.09E-07 5.36E-07
COD water kg 1.15E-04 1.18E-04 2.27E-05
Copper, ion water kg 8.54E-07 8.63E-07 7.29E-07
Lead water kg 8.12E-07 8.15E-07 7.21E-07
Mercury water kg 4.96E-09 5.15E-09 4.01E-09
Nickel, ion water kg 1.66E-06 1.72E-06 1.29E-06
Nitrate water kg 9.87E-06 9.89E-06 9.49E-08
Oils, unspecified water kg 6.65E-06 7.09E-06 3.13E-06
PAH water kg 2.45E-09 2.69E-09 1.21E-09
Phosphate water kg 2.98E-05 3.00E-05 2.42E-05
Emissions to Soil
Arsenic soil kg 4.70E-11 4.84E-11 1.02E-11
Cadmium soil kg 9.58E-12 1.02E-11 3.95E-12
Chromium soil kg 7.99E-10 8.22E-10 1.79E-10
Chromium VI soil kg 6.40E-09 7.51E-09 5.99E-10
Lead soil kg 8.48E-11 8.88E-11 2.56E-11
Mercury soil kg 2.84E-13 3.00E-13 8.77E-14
Oils, unspecified soil kg 5.94E-06 6.28E-06 2.83E-06
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Table 8.88 LCA results for year 2050, very optimimistic dev  elopment, “renewable
scenario”.
electricity, hard coal, at electricity, lignite, at IGCC
IGCC power plant 450MW |power plant 450MW
Total Total
kwh kWh
Resources
Coal, brown, in ground resource |kg 3.16E-05 4.13E-01
Coal, hard, unspecified, in ground resource |kg 3.23E-01 3.99E-04
Gas, natural, in ground resource |[Nm3 1.07E-03 4.21E-04
Qil, crude, in ground resource |kg 3.96E-03 4.84E-04
Uranium, in ground resource |kg 8.80E-09 3.51E-09
Freshwater (lake, river, groundwater) resource |m3 5.23E-04 1.48E-03
Occupation, agricultural and forestal area resource |m2a 1.56E-02 6.55E-04
QOccupation, built up area incl. mineral extractijresource _jm2a 3.69E-03 7.16E-04
Emissions to air
Ammonia air kg 1.38E-05 4.31E-07
Arsenic air kg 5.65E-08 5.47E-08
Cadmium air kg 7.48E-10 4.58E-10
Carbon dioxide, fossil air kg 6.21E-01 6.06E-01
Carbon monoxide, fossil air kg 1.18E-04 6.40E-05
Carbon-14 air kBq 1.64E-05 6.38E-06
Chromium air kg 4.40E-08 3.61E-08
Chromium VI air kg 1.39E-09 1.16E-09
Dinitrogen monoxide air kg 2.65E-05 2.53E-05
lodine-129 air kBq 1.20E-08 4.67E-09
Lead air kg 3.02E-08 2.61E-08
Methane, fossil air kg 1.79E-03 1.10E-04
Mercury air kg 1.85E-08 1.79E-08
Nickel air kg 7.35E-08 1.26E-08
Nitrogen oxides air kg 4.06E-04 1.62E-04
NMVOC total air kg 4.55E-05 1.69E-05
thereof:
Benzene air kg 1.12E-06 9.23E-07
Benzo(a)pyrene air kg 5.58E-11 2.34E-11
Formaldehyde air kg 2.58E-07 2.55E-07
PAH air kg 5.04E-08 4.33E-08
PM2.5-10 air kg 1.30E-05 2.37E-06
PM2.5 air kg 8.84E-06 1.86E-06
PCDD/F (measured as I-TEQ) air kg 4.38E-14 3.86E-14
Radon-222 air kBqg 2.81E-01 1.10E-01
Sulfur dioxide air kg 3.41E-04 1.87E-04
Emissions to Water
Ammonium, ion water kg 3.35E-07 4.67E-08
Arsenic, ion water kg 7.70E-08 6.85E-08
Cadmium, ion water kg 1.18E-08 8.67E-09
Carbon-14 water kBq 4.67E-06 1.82E-06
Cesium-137 water kBq 2.28E-06 8.89E-07
Chromium, ion water kg 1.59E-09 5.61E-10
Chromium VI water kg 6.90E-07 6.10E-07
COD water kg 2.07E-04 1.53E-04
Copper, ion water kg 1.23E-06 1.21E-06
Lead water kg 3.13E-07 3.04E-07
Mercury water kg 4.68E-09 4.29E-09
Nickel, ion water kg 5.80E-07 4.60E-07
Nitrate water kg 1.16E-06 6.53E-07
Oils, unspecified water kg 1.76E-05 2.15E-06
PAH water kg 2.43E-09 9.41E-10
Phosphate water kg 6.71E-06 6.37E-06
Emissions to Soil
Arsenic soil kg 4.84E-11 6.74E-12
Cadmium soil kg 6.58E-12 3.62E-12
Chromium soil kg 7.18E-10 1.46E-10
Chromium VI soil kg 2.52E-09 5.49E-10
Lead soil kg 5.29E-11 3.23E-11
Mercury soil kg 5.87E-13 1.97E-13
Qils, unspecified soil kg 1.78E-05 1.99E-06
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Table 8.89 LCA results for year 2050, very optimimistic dev  elopment, “renewable
scenario”.
electricity, hard coal IGCC |electricity, hard coal IGCC [electricity, hard coal IGCC |electricity, hard coal IGCC
plant 400MW, CCS, 200km |plant 400MW, CCS, 400km |power plant 400MW, CCS, |power plant 400MW, CCS,
& 2500m depleted gasfield |& 2500m depleted gasfield |200km & 800m aquifer 400km & 800m aquifer
Total Total Total Total
kKWh kWh kWh kWh
Resources
Coal, brown, in ground resource [kg 3.92E-05 4.01E-05| 3.69E-05 3.78E-05
Coal, hard, unspecified, in ground resource [kg 3.64E-01 3.64E-01] 3.63E-01 3.63E-01]
Gas, natural, in ground resource  [Nm3 3.69E-03 3.89E-03| 2.03E-03 2.23E-03|
Oil, crude, in ground resource [kg 4.61E-03 4.70E-03 4.54E-03 4.63E-03
Uranium, in ground resource [kg 1.05E-08 1.07E-08| 1.01E-08 1.03E-08|
Freshwater (lake, river, groundwater) resource |m3 6.32E-04 6.42E-04 6.06E-04 6.16E-04|
Occupation, agricultural and forestal area resource |m2a 2.04E-02 2.07E-02] 1.84E-02 1.87E-02]
Occupation, built up area incl. mineral extractiqresource _[m2a 4.20E-03 4.22E-03] 4.16E-03 4.18E-03]
Emissions to air
Ammonia air kg 1.62E-05 1.63E-05| 157E-05 1.58E-05|
Arsenic air kg 7.02E-08 7.03E-08| 7.00E-08 7.00E-08|
Cadmium air kg 9.80E-10 9.98E-10| 9.01E-10 9.19E-10|
Carbon dioxide, fossil air kg 1.02E-01 1.03E-01] 9.80E-02 9.89E-02]
Carbon monoxide, fossil air kg 1.46E-04| 1.50E-04 1.43E-04| 1.47E-04
Carbon-14 air kBq 1.91E-05 1.95E-05 1.87E-05 1.90E-05|
Chromium air kg 6.68E-08 7.27E-08| 5.81E-08 6.40E-08|
Chromium VI air kg 2.03E-09 2.17E-09| 1.81E-09 1.95E-09
Dinitrogen monoxide air kg 3.44E-05 3.45E-05 3.33E-05 3.34E-05
lodine-129 air kBq 1.41E-08 1.43E-08| 1.37E-08 1.40E-08|
Lead air kg 3.93E-08 3.99E-08| 3.77E-08 3.82E-08|
Methane, fossil air kg 2.02E-03 2.02E-03| 2.01E-03 2.01E-03|
Mercury air kg 2.32E-08 2.33E-08| 2.30E-08 2.32E-08
Nickel air kg 8.47E-08 8.50E-08 8.41E-08 8.44E-08
Nitrogen oxides air kg 4.98E-04 5.02E-04 4.83E-04 4.88E-04
NMVOC total air kg 5.73E-05 5.82E-05 5.45E-05 5.54E-05
thereof:
Benzene air kg 1.38E-06 1.38E-06 1.37E-06 1.37E-06
Benzo(a)pyrene air kg 7.92E-11 8.42E-11| 6.99E-11 7.48E-11]
Formaldehyde air kg 3.22E-07 3.23E-07| 3.20E-07 3.21E-07|
PAH air kg 6.26E-08 6.29E-08| 6.20E-08 6.23E-08|
PM2.5-10 air kg 1.58E-05 1.64E-05 1.53E-05 1.59E-05
PM2.5 air kg 1.12E-05 1.17E-05| 1.06E-05 1.11E-05|
PCDD/F (measured as I-TEQ) air kg 5.60E-14 5.66E-14] 5.39E-14 5.45E-14]
Radon-222 air kBq 3.29E-01 3.35E-01 3.21E-01 3.27E-01
Sulfur dioxide air kg 4.12E-04 4.13E-04 4.07E-04 4.08E-04
Emissions to Water
Ammonium, ion \water kg 4.24E-07 4.28E-07 3.92E-07 3.96E-07
Arsenic, ion \water kg 8.81E-08 8.97E-08 8.69E-08 8.85E-08
Cadmium, ion water kg 1.49E-08 1.61E-08 1.43E-08 1.55E-08
Carbon-14 \water kBq 5.48E-06 5.58E-06 5.33E-06 5.44E-06
Cesium-137 \water kBq 2.68E-06 2.73E-06 2.61E-06 2.66E-06
Chromium, ion \water kg 2.24E-09 2.47E-09| 2.07E-09 2.30E-09
Chromium VI \water kg 8.15E-07 8.45E-07| 7.99E-07 8.28E-07|
CoD \water kg 2.38E-04| 2.41E-04 2.34E-04| 2.38E-04
Copper, ion \water kg 1.39E-06 1.40E-06 1.38E-06 1.39E-06
Lead water kg 3.49€E-07 3.51E-07| 3.47E-07 3.49E-07|
Mercury \water kg 5.47E-09 5.66E-09 5.39E-09 5.58E-09
Nickel, ion \water kg 7.68E-07 8.32E-07 7.21E-07 7.85E-07
Nitrate water kg 1.53E-06 1.55E-06 1.37E-06 1.39E-06|
Qils, unspecified \water kg 2.05E-05 2.10E-05 2.02E-05 2.06E-05
PAH \water kg 3.24E-09 3.48E-09 3.02E-09 3.25E-09
Phosphate water kg 7.65E-06 7.78E-06 7.58E-06 7.70E-06
Emissions to Soil
Arsenic soil kg 1.37E-10 1.38E-10| 8.12E-11 8.25E-11]
Cadmium soil kg 9.21E-12 9.83E-12| 8.26E-12 8.88E-12|
Chromium soil kg 1.86E-09 1.88E-09 1.15E-09 1.18E-09
Chromium VI soil kg 1.84E-08 1.95E-08| 7.96E-09 9.06E-09
Lead soil kg 7.82E-11 8.22E-11] 6.69E-11 7.09E-11]
Mercury soil kg 8.37E-13 8.53E-13| 7.17E-13 7.34E-13|
Oils, unspecified soil kg 2.06E-05 2.09E-05 2.03E-05 2.07E-05]
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Table 8.90 LCA results for year 2050, very optimimistic dev  elopment, “renewable
scenario”.
electricity, lignite IGCC electricity, lignite IGCC electricity, lignite IGCC electricity, lignite IGCC
plant 400MW, CCS, 200km |plant 400MW, CCS, 400km |[power plant 400MW, CCS, [power plant 400MW, CCS,
& 2500m depleted gasfield [& 2500m depleted gasfield [200km & 800m aquifer 400km & 800m aquifer
Total Total Total Total
kwWh kWh kWh kWh
Resources
Coal, brown, in ground resource [kg 4.65E-01 4.65E-01] 4.65E-01 4.65E-01
Coal, hard, unspecified, in ground resource [kg 1.78E-03 1.98E-03 1.01E-03 1.21E-03|
Gas, natural, in ground resource  [Nm3 3.65E-03 3.90E-03 1.58E-03 1.83E-03|
Qil, crude, in ground resource [kg 1.19E-03 1.30E-03| 1.10E-03 1.20E-03|
Uranium, in ground resource [kg 1.24E-08 1.27E-08| 1.19E-08 1.22E-08|
Freshwater (lake, river, groundwater) resource |m3 1.76E-03 1.77E-03| 1.73E-03 1.74E-03|
Occupation, agricultural and forestal area resource |m2a 4.51E-03 4.79E-03 2.01E-03 2.29E-03|
Occupation, built up area incl. mineral extractiqresource _[m2a 1.19E-03 1.22E-03| 1.14E-03 1.17E-03|
Emissions to air
Ammonia air kg 1.68E-06 1.80E-06| 1.04E-06 1.16E-06|
Arsenic air kg 5.00E-09 5.06E-09 4.71E-09 4.76E-09
Cadmium air kg 5.17E-10 5.40E-10| 4.18E-10 4.40E-10
Carbon dioxide, fossil air kg 1.10E-01 1.11E-01 1.04E-01 1.05E-01]
Carbon monoxide, fossil air kg 1.04E-04| 1.09E-04 1.00E-04| 1.05E-04
Carbon-14 air kBq 2.27E-05 2.31E-05 2.21E-05 2.25E-05
Chromium air kg 6.13E-08 6.86E-08| 5.04E-08 5.78E-08|
Chromium VI air kg 1.61E-09 1.79E-09 1.34E-09 1.52E-09
Dinitrogen monoxide air kg 3.24E-05 3.25E-05 3.10E-05 3.11E-05
lodine-129 air kBq 1.65E-08 1.68E-08| 1.60E-08 1.63E-08|
Lead air kg 9.95E-09 1.07E-08| 7.91E-09 8.63E-09
Methane, fossil air kg 1.42E-04 1.44E-04 1.33E-04 1.34E-04
Mercury air kg 1.33E-08 1.35E-08 1.32E-08 1.33E-08
Nickel air kg 6.36E-09 6.73E-09 5.52E-09 5.89E-09
Nitrogen oxides air kg 5.06E-04 5.12E-04 4.88E-04 4.93E-04
NMVOC total air kg 2.90E-05 3.01E-05 2.55E-05 2.66E-05
thereof:
Benzene air kg 1.17E-06 1.17E-06| 1.16E-06 1.16E-06|
Benzo(a)pyrene air kg 5.30E-11 5.92E-11] 4.13E-11 4.75E-11
Formaldehyde air kg 3.22E-07 3.23E-07| 3.19E-07 3.20E-07|
PAH air kg 5.52E-08 5.55E-08| 5.45E-08 5.48E-08|
PM2.5-10 air kg 5.14E-06 5.89E-06| 4.48E-06 5.23E-06
PM2.5 air kg 4.26E-06 4.88E-06 3.49E-06 4.11E-06
PCDD/F (measured as I-TEQ) air kg 5.58E-14 5.66E-14 5.32E-14 5.40E-14
Radon-222 air kBq 3.86E-01 3.93E-01] 3.75E-01 3.83E-01]
Sulfur dioxide air kg 7.07E-04 7.08E-04 7.01E-04 7.02E-04
Emissions to Water
Ammonium, ion \water kg 1.17E-07 1.23E-07| 7.73E-08 8.30E-08|
Arsenic, ion \water kg 1.41E-06 1.41E-06 1.41E-06 1.41E-06
Cadmium, ion \water kg 8.94E-08 9.08E-08| 8.87E-08 9.01E-08|
Carbon-14 water kBq 6.42E-06 6.55E-06 6.23E-06 6.36E-06
Cesium-137 water kBq 3.14E-06 3.20E-06| 3.05E-06 3.11E-06
Chromium, ion \water kg 1.33E-09 1.61E-09| 1.11E-09 1.40E-09
Chromium VI water kg 9.05E-06 9.09E-06| 9.03E-06 9.07E-06|
CcoD \water kg 2.02E-03 2.02E-03| 2.01E-03 2.02E-03|
Copper, ion \water kg 6.53E-06 6.54E-06| 6.52E-06 6.53E-06
Lead \water kg 1.82E-06 1.82E-06 1.82E-06 1.82E-06
Mercury \water kg 5.92E-08 5.95E-08| 5.91E-08 5.94E-08|
Nickel, ion \water kg 3.95E-06 4.03E-06 3.89E-06 3.97E-06
Nitrate water kg 1.07E-06 1.09E-06| 8.64E-07 8.90E-07|
Oils, unspecified \water kg 4.31E-06 4.86E-06 3.88E-06 4.43E-06
PAH water kg 1.85E-09 2.15E-09 1.57E-09 1.87E-09
Phosphate water kg 1.06E-04| 1.07E-04| 1.06E-04| 1.07E-04|
Emissions to Soil
Arsenic soil kg 1.14E-10| 1.15E-10| 4.41E-11 4.58E-11
Cadmium soil kg 8.68E-12 9.45E-12| 7.49E-12 8.26E-12|
Chromium soil kg 1.54E-09 1.57E-09] 6.59E-10 6.89E-10|
Chromium VI soil kg 2.03E-08 2.17E-08 7.22E-09 8.60E-09
Lead soil kg 7.28E-11 7.79E-11 5.88E-11 6.38E-11]
Mercury soil kg 4.58E-13 4.78E-13 3.08E-13 3.28E-13|
Oils, unspecified soil kg 3.79E-06 4.22E-06) 3.47E-06 3.90E-06

259




D 7.2 Final report on technical data, costs, arfé kycle inventories of advanced fossil
power generation systems

Table 8.91 LCA results for year 2025, natural gas, realist ic-optimistic development, “440
ppm-scenario”.
electricity, natural |electricity, natural
electricity, gas, CC plant, gas, at
natural gas, at electricity, 500MWe post cogeneration
combined cycle |naturalgas,at |[CCS, 200kWe lean burn,
plant, 500MWe |turbine, 50MWe |400km&2500m allocation exergy
Total Total Total Total
kWh kwh kWh kWh
Resources
Coal, brown, in ground resource |kg 1.26E-04 1.77E-04 1.22E-03 2.41E-04
Coal, hard, unspecified, in ground resource |kg 9.44E-04 1.21E-03 2.41E-03 1.52E-03
Gas, natural, in ground resource [Nm3 1.76E-01 2.54E-01 1.99E-01 2.23E-01
Oil, crude, in ground resource |kg 8.32E-04 1.17E-03 1.95E-03 1.86E-03
Uranium, in ground resource |kg 1.61E-08 2.20E-08 2.26E-07 3.25E-08
Freshwater (lake, river, groundwater) resource [m3 3.05E-03 8.61E-05 3.52E-03 1.09E-04
Occupation, agricultural and forestal area resource |m2a 1.47E-04 1.90E-04 9.39E-04 6.64E-04
Occupation, built up area incl. mineral extrac|resource |m2a 1.85E-04 2.49E-04 2.71E-04 3.40E-04
Emissions to air
Ammonia air kg 1.87E-07 2.20E-07 1.49E-06 3.82E-07
Arsenic air kg 1.11E-09 9.17E-10 2.37E-09 2.45E-09
Cadmium air kg 4.57E-10 4.62E-10 1.06E-09 9.45E-10
Carbon dioxide, fossil air kg 3.67E-01 5.28E-01 9.50E-02 4.58E-01
Carbon monoxide, fossil air kg 8.78E-05 1.88E-04 1.09E-04 3.98E-04
Carbon-14 air kBqg 3.06E-05 4.21E-05 4.59E-04 6.02E-05
Chromium air kg 2.45E-08 5.80E-09 4.61E-08 8.94E-09
Chromium VI air kg 5.82E-10 1.04E-10 1.11E-09 1.73E-10
Dinitrogen monoxide air kg 6.45E-06 9.29E-06 7.94E-06 3.69E-05
lodine-129 air kBq 2.65E-08 3.64E-08 3.93E-07 5.02E-08
Lead air kg 6.66E-09 7.06E-09 1.21E-08 1.27E-08
Methane, fossil air kg 7.71E-04 1.14E-03 8.87E-04 2.23E-03
Mercury air kg 1.71E-09 2.29E-09 2.47E-09 2.59E-09
Nickel air kg 5.09E-09 5.83E-09 1.33E-08 7.54E-09
Nitrogen oxides air kg 1.82E-04 3.54E-04 1.85E-04 2.46E-04
NMVOC total air kg 1.63E-04 2.01E-04 1.90E-04 3.15E-04
thereof:
Benzene air kg 2.96E-08 3.23E-08 1.56E-07 7.44E-08
Benzo(a)pyrene air kg 4.87E-11 4.99E-11 7.11E-11 6.43E-11
Formaldehyde air kg 1.98E-07 6.02E-09 2.34E-07 2.98E-08
PAH air kg 4.83E-08 2.05E-09 5.50E-08 2.19E-09
PM2.5-10 air kg 3.66E-06 4.53E-06 5.68E-06 5.97E-06
PM2.5 air kg 7.18E-06 5.68E-06 9.77E-06 6.43E-06
PCDD/F (measured as I-TEQ) air kg 6.60E-15 8.42E-15 1.19E-14 1.26E-14
Radon-222 air kBq 5.11E-01 7.03E-01 7.27E+00 1.01E+00
Sulfur dioxide air kg 1.31E-04 1.88E-04 1.60E-04 2.07E-04
Emissions to Water
Ammonium, ion water kg 3.47E-08 4.71E-08 1.67E-06 9.94E-08
Arsenic, ion water kg 1.24E-08 1.58E-08 1.84E-08 2.00E-08
Cadmium, ion water kg 7.85E-09 1.03E-08 1.07E-08 1.28E-08
Carbon-14 water kBqg 1.06E-05 1.46E-05 1.58E-04 2.00E-05
Cesium-137 water kBqg 4.95E-06 6.81E-06 7.35E-05 9.42E-06
Chromium, ion water kg 1.69E-09 2.27E-09 2.92E-09 2.65E-09
Chromium VI water kg 1.93E-07 2.50E-07 2.66E-07 3.33E-07
COD water kg 4.59E-05 6.27E-05 9.09E-05 8.60E-05
Copper, ion water kg 6.87E-08 8.35E-08 1.08E-07 1.25E-07
Lead water kg 2.51E-08 3.24E-08 3.82E-08 4.16E-08
Mercury water kg 1.16E-09 1.54E-09 1.62E-09 1.92E-09
Nickel, ion water kg 2.87E-07 2.59E-07 4.49E-07 3.34E-07
Nitrate water kg 7.31E-08 8.20E-08 4.23E-06 1.52E-07
Oils, unspecified water kg 8.15E-06 1.16E-05 1.13E-05 1.47E-05
PAH water kg 9.00E-10 6.87E-10 1.65E-09 9.13E-10
Phosphate water kg 8.49E-07 1.11E-06 1.74E-06 1.37E-06
Emissions to Soil
Arsenic soil kg 3.32E-10 4.79E-10 4.17E-10 3.91E-10
Cadmium soil kg 2.24E-12 2.96E-12 4.65E-12 6.42E-12
Chromium soil kg 4.18E-09 6.02E-09 5.31E-09 4.96E-09
Chromium VI soil kg 1.05E-09 1.47E-09 9.35E-09 2.83E-09
Lead soil kg 1.36E-11 1.71E-11 3.96E-11 3.62E-11
Mercury soil kg 2.86E-14 2.62E-14 8.99E-14 4.54E-14
Oils, unspecified soil kg 3.44E-06 4.88E-06 5.84E-06 7.51E-06
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Table 8.92 LCA results for year 2050, natural gas, realist ic-optimistic development, “440
ppm-scenario”.
electricity, electricity, natural
electricity, natural gas, CC |gas, at
natural gas, at electricity, plant, 500MWe cogeneration
combined cycle |natural gas, at post CCS, 200kWe lean burn,
plant, 500MWe |turbine, 50MWe |400km&2500m |allocation exergy
Total Total Total Total
kwh kwh kWh kwh
Resources
Coal, brown, in ground resource |kg 5.59E-05 7.80E-05 7.00E-05 1.31E-04
Coal, hard, unspecified, in ground resource |kg 8.59E-04 1.07E-03 2.00E-03 1.39E-03
Gas, natural, in ground resource |[Nm3 1.66E-01 2.35E-01 1.80E-01 2.13E-01
Oil, crude, in ground resource |kg 7.89E-04 1.09E-03 1.70E-03 1.78E-03
Uranium, in ground resource |kg 1.66E-08 2.23E-08 2.30E-07 3.32E-08
Freshwater (lake, river, groundwater) resource |m3 2.91E-03 8.08E-05 3.20E-03 1.05E-04
Occupation, agricultural and forestal area resource |m2a 1.30E-04 1.62E-04 7.00E-04 6.23E-04
Occupation, built up area incl. mineral extrac|resource |m2a 1.76E-04 2.32E-04 2.50E-04 3.26E-04
Emissions to air
Ammonia air kg 1.72E-07 1.96E-07 1.30E-06 3.56E-07
Arsenic air kg 7.31E-10 6.14E-10 1.70E-09 1.56E-09
Cadmium air kg 3.50E-10 3.63E-10 8.00E-10 6.62E-10
Carbon dioxide, fossil air kg 3.46E-01 4.89E-01 8.00E-02 4.38E-01
Carbon monoxide, fossil air kg 7.89E-05 1.08E-04 9.00E-05 2.38E-04
Carbon-14 air kBqg 4.28E-05 5.78E-05 6.00E-04 7.92E-05
Chromium air kg 2.43E-08 5.49E-09 4.50E-08 8.55E-09
Chromium VI air kg 5.79E-10 9.94E-11 1.10E-09 1.66E-10
Dinitrogen monoxide air kg 6.09E-06 8.60E-06 7.00E-06 3.56E-05
lodine-129 air kBq 2.73E-08 3.69E-08 4.00E-07 5.16E-08
Lead air kg 3.94E-09 4.11E-09 7.00E-09 7.60E-09
Methane, fossil air kg 4.94E-04 7.25E-04 5.50E-04 1.62E-03
Mercury air kg 1.60E-09 2.08E-09 2.20E-09 2.43E-09
Nickel air kg 4.16E-09 4.95E-09 1.00E-08 5.49E-09
Nitrogen oxides air kg 1.30E-04 1.83E-04 1.60E-04 1.88E-04
NMVOC total air kg 1.50E-04 1.80E-04 1.70E-04 2.68E-04
thereof:
Benzene air kg 2.75E-08 2.92E-08 1.40E-07 7.05E-08
Benzo(a)pyrene air kg 4.13E-11 4.33E-11 5.70E-11 5.67E-11
Formaldehyde air kg 1.89E-07 5.57E-09 2.10E-07 2.86E-08
PAH air kg 4.60E-08 1.76E-09 5.10E-08 1.89E-09
PM2.5-10 air kg 3.46E-06 4.19E-06 5.20E-06 5.70E-06
PM2.5 air kg 6.72E-06 5.15E-06 9.00E-06 5.97E-06
PCDD/F (measured as I-TEQ) air kg 3.75E-15 4.57E-15 7.00E-15 7.94E-15
Radon-222 air kBq 5.28E-01 7.13E-01 7.00E+00 1.04E+00
Sulfur dioxide air kg 1.22E-04 1.72E-04 1.40E-04 1.96E-04
Emissions to Water
Ammonium, ion water kg 3.38E-08 4.50E-08 1.60E-06 9.70E-08
Arsenic, ion water kg 1.17E-08 1.46E-08 1.60E-08 1.91E-08
Cadmium, ion water kg 7.49E-09 9.58E-09 1.00E-08 1.23E-08
Carbon-14 water kBq 1.17E-05 1.58E-05 1.70E-04 2.17E-05
Cesium-137 water kBq 5.09E-06 6.88E-06 7.00E-05 9.66E-06
Chromium, ion water kg 1.61E-09 2.11E-09 2.70E-09 2.55E-09
Chromium VI water kg 1.84E-07 2.33E-07 2.50E-07 3.20E-07
COD water kg 4.32E-05 5.78E-05 8.00E-05 8.18E-05
Copper, ion water kg 6.57E-08 7.78E-08 1.00E-07 1.21E-07
Lead water kg 2.38E-08 3.00E-08 3.50E-08 3.98E-08
Mercury water kg 1.11E-09 1.43E-09 1.50E-09 1.84E-09
Nickel, ion water kg 2.77E-07 2.42E-07 4.20E-07 3.21E-07
Nitrate water kg 7.00E-08 7.70E-08 3.90E-06 1.47E-07
Oils, unspecified water kg 7.75E-06 1.08E-05 1.00E-05 1.41E-05
PAH water kg 8.76E-10 6.41E-10 1.50E-09 8.73E-10
Phosphate water kg 8.07E-07 1.03E-06 1.60E-06 1.32E-06
Emissions to Soil
Arsenic soil kg 3.12E-10 4.41E-10 3.80E-10 3.71E-10
Cadmium soil kg 2.04E-12 2.63E-12 4.10E-12 6.03E-12
Chromium soil kg 3.93E-09 5.54E-09 4.80E-09 4.70E-09
Chromium VI soil kg 9.84E-10 1.36E-09 8.00E-09 2.71E-09
Lead soil kg 1.26E-11 1.54E-11 3.60E-11 3.42E-11
Mercury soil kg 2.73E-14 2.44E-14 8.00E-14 4.37E-14
QOils, unspecified soil kg 3.26E-06 4.54E-06 5.10E-06 7.18E-06
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Table 8.93  LCA results for year 2025, natural gas, pessimist  ic development, “BAU scenario”.
electricity,
naturalgas, CC |electricity, natural
electricity, natural plant, 500MWe gas, at
gas, atcombined [electricity, postCCS, cogeneration
cycle plant, natural gas, at 400km&2500m 200kWe lean burn,
500MWe turbine, 50MWe |[deplet gasfield allocation exergy
Total Total Total Total
kWh kWh kWh kwh
Resources
Coal, brown, in ground resource |kg 2.80E-04 4.04E-04 3.88E-03 4.92E-04
Coal, hard, unspecified, in ground resource |kg 1.17E-03 1.61E-03 5.87E-03 1.95E-03
Gas, natural, in ground resource [Nm3 1.80E-01 2.75E-01 2.10E-01 2.35E-01
Qil, crude, in ground resource |kg 8.52E-04 1.26E-03 2.08E-03 1.97E-03
Uranium, in ground resource |kg 1.84E-08 2.64E-08 2.70E-07 3.73E-08
Freshwater (lake, river, groundwater) resource [m3 3.13E-03 9.43E-05 3.73E-03 1.16E-04
Occupation, agricultural and forestal area resource (m2a 1.55E-04 2.12E-04 1.06E-03 7.08E-04
Occupation, built up area incl. mineral extrac{resource |m2a 1.91E-04 2.71E-04 3.23E-04 3.64E-04
Emissions to air
Ammonia air kg 1.98E-07 2.47E-07 1.68E-06 4.20E-07
Arsenic air kg 1.49E-09 1.26E-09 3.27E-09 3.51E-09
Cadmium air kg 5.64E-10 5.67E-10 1.30E-09 1.28E-09
Carbon dioxide, fossil air kg 3.77E-01 5.71E-01 1.08E-01 4.85E-01
Carbon monoxide, fossil air kg 9.37E-05 3.89E-04 1.21E-04 7.28E-04
Carbon-14 air kBq 3.53E-05 5.07E-05 5.51E-04 6.97E-05
Chromium air kg 2.47E-08 6.21E-09 4.78E-08 9.58E-09
Chromium VI air kg 5.85E-10 1.12E-10 1.16E-09 1.86E-10
Dinitrogen monoxide air kg 6.64E-06 1.00E-05 8.53E-06 3.89E-05
lodine-129 air kBq 3.05E-08 4.38E-08 4.72E-07 5.83E-08
Lead air kg 9.39E-09 1.04E-08 1.74E-08 1.86E-08
Methane, fossil air kg 9.38E-04 1.46E-03 1.12E-03 2.63E-03
Mercury air kg 1.80E-09 2.54E-09 2.95E-09 2.81E-09
Nickel air kg 5.99E-09 6.77E-09 1.62E-08 9.98E-09
Nitrogen oxides air kg 2.11E-04 6.61E-04 2.10E-04 7.22E-04
NMVOC total air kg 1.70E-04 2.21E-04 2.03E-04 3.51E-04
thereof:
Benzene air kg 3.17E-08 3.69E-08 1.86E-07 8.12E-08
Benzo(a)pyrene air kg 5.52E-11 5.73E-11 8.42E-11 7.35E-11
Formaldehyde air kg 2.03E-07 6.66E-09 2.50E-07 3.17E-08
PAH air kg 4.96E-08 2.38E-09 5.81E-08 2.55E-09
PM2.5-10 air kg 3.77E-06 4.92E-06 6.17E-06 1.34E-05
PM2.5 air kg 7.50E-06 6.31E-06 1.10E-05 7.05E-06
PCDD/F (measured as I-TEQ) air kg 9.47E-15 1.29E-14 1.68E-14 1.79E-14
Radon-222 air kBq 5.86E-01 8.42E-01 8.73E+00 1.17E+00
Sulfur dioxide air kg 1.36E-04 2.05E-04 1.75E-04 2.22E-04
Emissions to Water
Ammonium, ion water kg 3.67E-08 5.26E-08 1.78E-06 1.07E-07
Arsenic, ion water kg 1.28E-08 1.73E-08 2.27E-08 2.14E-08
Cadmium, ion water kg 8.00E-09 1.11E-08 1.13E-08 1.35E-08
Carbon-14 water kBqg 1.22E-05 1.76E-05 1.90E-04 2.33E-05
Cesium-137 water kBq 5.70E-06 8.20E-06 8.82E-05 1.09E-05
Chromium, ion water kg 1.74E-09 2.46E-09 3.28E-09 2.82E-09
Chromium VI water kg 1.96E-07 2.69E-07 2.80E-07 3.52E-07
COD water kg 4.73E-05 6.82E-05 9.67E-05 9.16E-05
Copper, ion water kg 7.02E-08 9.02E-08 1.18E-07 1.32E-07
Lead water kg 2.59E-08 3.53E-08 4.45E-08 4.44E-08
Mercury water kg 1.18E-09 1.66E-09 1.72E-09 2.02E-09
Nickel, ion water kg 2.91E-07 2.79E-07 4.76E-07 3.53E-07
Nitrate water kg 8.80E-08 1.08E-07 4.70E-06 1.82E-07
Oils, unspecified water kg 8.30E-06 1.24E-05 1.20E-05 1.55E-05
PAH water kg 9.12E-10 7.38E-10 1.73E-09 9.69E-10
Phosphate water kg 8.71E-07 1.21E-06 1.92E-06 1.46E-06
Emissions to Soil
Arsenic soil kg 3.41E-10 5.20E-10 4.41E-10 4.15E-10
Cadmium soil kg 2.31E-12 3.23E-12 5.00E-12 6.84E-12
Chromium soil kg 4.29E-09 6.53E-09 5.63E-09 5.27E-09
Chromium VI soil kg 1.07E-09 1.59E-09 9.86E-09 2.99E-09
Lead soil kg 1.42E-11 1.89E-11 4.38E-11 3.88E-11
Mercury soil kg 3.12E-14 3.11E-14 1.28E-13 5.10E-14
Oils, unspecified soil kg 3.52E-06 5.22E-06 6.28E-06 7.94E-06
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Table 8.94  LCA results for year 2050, natural gas, pessimist  ic development, “BAU scenario”.

electricity, natural
gas, CC plant, electricity, natural
electricity, 500MWe post gas, at
natural gas, at electricity, CCsS, cogeneration
combined cycle |natural gas, at 400km&2500m 200kWe lean burn,
plant, 500MWe [turbine, 50MWe |deplet gasfield allocation exergy
Total Total Total Total
kWh kwh kWh kWh
Resources
Coal, brown, in ground resource |kg 2.74E-04 3.84E-04 3.65E-03 4.71E-04
Coal, hard, unspecified, in ground resource |kg 1.17E-03 1.56E-03 5.78E-03 1.89E-03
Gas, natural, in ground resource [Nm3 1.77E-01 2.62E-01 1.99E-01 2.27E-01
Qil, crude, in ground resource |kg 8.38E-04 1.20E-03 1.97E-03 1.89E-03
Uranium, in ground resource |kg 1.67E-08 2.31E-08 2.31E-07 3.35E-08
Freshwater (lake, river, groundwater) resource [m3 3.05E-03 8.95E-05 3.53E-03 1.12E-04
Occupation, agricultural and forestal area resource (m2a 1.57E-04 2.08E-04 1.08E-03 6.88E-04
Occupation, built up area incl. mineral extrac{resource |m2a 1.89E-04 2.59E-04 3.09E-04 3.50E-04
Emissions to air
Ammonia air kg 1.95E-07 2.35E-07 1.58E-06 4.02E-07
Arsenic air kg 1.49E-09 1.23E-09 3.19E-09 3.35E-09
Cadmium air kg 5.61E-10 5.57E-10 1.26E-09 1.23E-09
Carbon dioxide, fossil air kg 3.69E-01 5.44E-01 1.02E-01 4.67E-01
Carbon monoxide, fossil air kg 9.21E-05 2.84E-04 1.14E-04 7.01E-04
Carbon-14 air kBq 3.17E-05 4.41E-05 4.69E-04 6.23E-05
Chromium air kg 2.46E-08 6.02E-09 4.71E-08 9.23E-09
Chromium VI air kg 5.85E-10 1.09E-10 1.14E-09 1.79E-10
Dinitrogen monoxide air kg 6.49E-06 9.57E-06 8.10E-06 3.74E-05
lodine-129 air kBq 2.74E-08 3.82E-08 4.02E-07 5.20E-08
Lead air kg 9.31E-09 1.00E-08 1.68E-08 1.79E-08
Methane, fossil air kg 9.22E-04 1.39E-03 1.06E-03 2.35E-03
Mercury air kg 1.77E-09 2.42E-09 2.82E-09 2.71E-09
Nickel air kg 5.95E-09 6.61E-09 1.56E-08 9.55E-09
Nitrogen oxides air kg 2.07E-04 5.44E-04 1.99E-04 6.96E-04
NMVOC total air kg 1.67E-04 2.10E-04 1.92E-04 3.16E-04
thereof:
Benzene air kg 3.11E-08 3.51E-08 1.77E-07 7.78E-08
Benzo(a)pyrene air kg 5.45E-11 5.48E-11 8.12E-11 7.08E-11
Formaldehyde air kg 1.98E-07 6.43E-09 2.37E-07 3.05E-08
PAH air kg 4.85E-08 2.28E-09 5.50E-08 2.46E-09
PM2.5-10 air kg 3.72E-06 4.70E-06 5.90E-06 1.29E-05
PM2.5 air kg 7.37E-06 6.03E-06 1.05E-05 6.78E-06
PCDD/F (measured as I-TEQ) air kg 9.34E-15 1.23E-14 1.61E-14 1.72E-14
Radon-222 air kBq 5.29E-01 7.36E-01 7.44E+00 1.05E+00
Sulfur dioxide air kg 1.34E-04 1.96E-04 1.66E-04 2.14E-04
Emissions to Water
Ammonium, ion water kg 3.59E-08 4.98E-08 1.68E-06 1.02E-07
Arsenic, ion water kg 1.26E-08 1.65E-08 2.16E-08 2.06E-08
Cadmium, ion water kg 7.89E-09 1.06E-08 1.07E-08 1.30E-08
Carbon-14 water kBqg 1.10E-05 1.53E-05 1.62E-04 2.07E-05
Cesium-137 water kBq 5.13E-06 7.13E-06 7.51E-05 9.76E-06
Chromium, ion water kg 1.71E-09 2.34E-09 3.05E-09 2.70E-09
Chromium VI water kg 1.94E-07 2.57E-07 2.66E-07 3.38E-07
COD water kg 4.66E-05 6.50E-05 9.17E-05 8.81E-05
Copper, ion water kg 6.92E-08 8.60E-08 1.12E-07 1.28E-07
Lead water kg 2.55E-08 3.37E-08 4.19E-08 4.27E-08
Mercury water kg 1.17E-09 1.58E-09 1.64E-09 1.94E-09
Nickel, ion water kg 2.88E-07 2.67E-07 4.58E-07 3.40E-07
Nitrate water kg 8.68E-08 1.03E-07 4.46E-06 1.75E-07
Oils, unspecified water kg 8.17E-06 1.19E-05 1.14E-05 1.49E-05
PAH water kg 9.05E-10 7.07E-10 1.68E-09 9.31E-10
Phosphate water kg 8.58E-07 1.15E-06 1.82E-06 1.40E-06
Emissions to Soil
Arsenic soil kg 3.36E-10 4.95E-10 4.17E-10 4.00E-10
Cadmium soil kg 2.21E-12 2.99E-12 4.64E-12 6.46E-12
Chromium soil kg 4.22E-09 6.22E-09 5.32E-09 5.07E-09
Chromium VI soil kg 1.05E-09 1.51E-09 9.24E-09 2.87E-09
Lead soil kg 1.36E-11 1.74E-11 4.03E-11 3.66E-11
Mercury soil kg 3.00E-14 2.87E-14 1.11E-13 4.81E-14
Qils, unspecified soil kg 3.46E-06 5.00E-06 5.96E-06 7.63E-06
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power generation systems

Table 8.95 LCA results for year 2025, natural gas, very opti  mistic development, “renewable

scenario”.
electricity, natural
gas, CC plant, electricity, natural
electricity, natural 500MWe post gas, at
gas, at combined |electricity, natural [CCS, cogeneration
cycle plant, gas, at turbine, 400km&2500m 200kWe lean burn,
500MWe 50MWe deplet gasfield allocation exergy
Total Total Total Total
kWh kWh kWh kWh
Resources
Coal, brown, in ground resource |kg 1.38E-04 1.93E-04 1.45E-03 1.54E-04
Coal, hard, unspecified, in ground resource |kg 9.01E-04 1.15E-03 2.50E-03 1.48E-03
Gas, natural, in ground resource [Nm3 1.72E-01 2.47E-01 1.94E-01 2.16E-01
Qil, crude, in ground resource |kg 8.15E-04 1.14E-03 1.90E-03 1.80E-03
Uranium, in ground resource |kg 1.94E-08 2.65E-08 2.84E-07 1.22E-08
Freshwater (lake, river, groundwater) resource [m3 3.01E-03 8.45E-05 3.47E-03 9.87E-05
Occupation, agricultural and forestal area resource [m2a 1.43E-04 1.81E-04 8.78E-04 6.90E-04
Occupation, built up area incl. mineral extrac|resource |m2a 1.82E-04 2.43E-04 2.68E-04 3.32E-04
Emissions to air
Ammonia air kg 1.86E-07 2.17E-07 1.52E-06 3.91E-07
Arsenic air kg 8.48E-10 7.14E-10 1.85E-09 1.89E-09
Cadmium air kg 3.73E-10 3.86E-10 8.82E-10 7.27E-10
Carbon dioxide, fossil air kg 3.59E-01 5.13E-01 8.96E-02 4.45E-01
Carbon monoxide, fossil air kg 8.12E-05 1.38E-04 1.01E-04 3.12E-04
Carbon-14 air kBq 3.75E-05 5.13E-05 5.79E-04 1.86E-05
Chromium air kg 2.45E-08 5.69E-09 4.60E-08 8.91E-09
Chromium VI air kg 5.81E-10 1.03E-10 1.11E-09 1.74E-10
Dinitrogen monoxide air kg 6.31E-06 9.03E-06 7.67E-06 3.60E-05
lodine-129 air kBq 3.23E-08 4.43E-08 4.96E-07 1.46E-08
Lead air kg 4.56E-09 4.70E-09 8.82E-09 9.18E-09
Methane, fossil air kg 6.09E-04 9.00E-04 6.97E-04 1.77E-03
Mercury air kg 1.65E-09 2.19E-09 2.40E-09 2.47E-09
Nickel air kg 4.54E-09 5.36E-09 1.22E-08 6.37E-09
Nitrogen oxides air kg 1.50E-04 2.55E-04 1.74E-04 2.04E-04
NMVOC total air kg 1.57E-04 1.91E-04 1.82E-04 2.75E-04
thereof:
Benzene air kg 2.88E-08 3.11E-08 1.55E-07 7.21E-08
Benzo(a)pyrene air kg 4.52E-11 4.59E-11 6.57E-11 5.93E-11
Formaldehyde air kg 1.95E-07 5.87E-09 2.29E-07 2.90E-08
PAH air kg 4.74E-08 1.80E-09 5.38E-08 1.89E-09
PM2.5-10 air kg 3.56E-06 4.39E-06 5.51E-06 1.19E-05
PM2.5 air kg 6.94E-06 5.39E-06 9.36E-06 6.09E-06
PCDD/F (measured as I-TEQ) air kg 3.87E-15 4.80E-15 8.18E-15 8.10E-15
Radon-222 air kBq 6.19E-01 8.47E-01 9.17E+00 3.55E-01
Sulfur dioxide air kg 1.27E-04 1.81E-04 1.56E-04 2.00E-04
Emissions to Water
Ammonium, ion water kg 3.39E-08 4.58E-08 1.65E-06 9.79E-08
Arsenic, ion water kg 1.23E-08 1.56E-08 2.03E-08 1.94E-08
Cadmium, ion water kg 7.72E-09 1.00E-08 1.06E-08 1.25E-08
Carbon-14 water kBq 1.30E-05 1.78E-05 1.99E-04 5.68E-06
Cesium-137 water kBq 6.05E-06 8.28E-06 9.27E-05 2.77E-06
Chromium, ion water kg 1.67E-09 2.22E-09 3.03E-09 2.53E-09
Chromium VI water kg 1.90E-07 2.45E-07 2.78E-07 3.25E-07
COoD water kg 4.48E-05 6.08E-05 9.25E-05 8.30E-05
Copper, ion water kg 6.83E-08 8.24E-08 1.19E-07 1.22E-07
Lead water kg 2.48E-08 3.18E-08 4.15E-08 4.01E-08
Mercury water kg 1.15E-09 1.51E-09 1.71E-09 1.87E-09
Nickel, ion water kg 2.83E-07 2.53E-07 4.50E-07 3.26E-07
Nitrate water kg 7.37E-08 8.25E-08 4.19E-06 1.66E-07
Oils, unspecified water kg 8.00E-06 1.13E-05 1.11E-05 1.43E-05
PAH water kg 8.91E-10 6.70E-10 1.63E-09 8.91E-10
Phosphate water kg 8.44E-07 1.10E-06 1.90E-06 1.34E-06
Emissions to Soil
Arsenic soil kg 3.24E-10 4.64E-10 4.05E-10 3.78E-10
Cadmium soil kg 2.36E-12 2.95E-12 4.86E-12 6.38E-12
Chromium soil kg 4.08E-09 5.83E-09 5.17E-09 4.79E-09
Chromium VI soil kg 1.03E-09 1.43E-09 9.17E-09 2.76E-09
Lead soil kg 1.41E-11 1.70E-11 4.01E-11 3.70E-11
Mercury soil kg 2.96E-14 2.64E-14 9.17E-14 6.76E-14
Qils, unspecified soil kg 3.37E-06 4.75E-06 5.71E-06 7.30E-06
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Table 8.96  LCA results for year 2050, natural gas, very opti  mistic development, “renewable
scenario”.
electricity, natural
gas, CC plant,
electricity, natural 500MWe post electricity, natural
gas, atcombined |electricity, natural |CCS, gas, at cogeneration
cycle plant, gas, at turbine, 400km&2500m 200kWe lean burn,
500MWe 50MWe deplet gasfield allocation exergy
Total Total Total Total
kWh kWh kWh kWh
Resources
Coal, brown, in ground resource |kg 5.50E-05 7.63E-05 6.50E-05 1.27E-04
Coal, hard, unspecified, in ground resource |kg 7.55E-04 9.41E-04 1.40E-03 1.21E-03
Gas, natural, in ground resource |[Nm3 1.63E-01 2.29E-01 1.76E-01 2.04E-01
Oil, crude, in ground resource |kg 7.70E-04 1.06E-03 1.68E-03 1.70E-03
Uranium, in ground resource |kg 3.07E-09 3.88E-09 5.09E-09 1.17E-08
Freshwater (lake, river, groundwater) resource |m3 2.86E-03 7.01E-05 3.08E-03 9.15E-05
Occupation, agricultural and forestal area resource |m2a 1.94E-04 2.46E-04 1.78E-03 7.02E-04
Occupation, built up area incl. mineral extrac|resource [m2a 1.73E-04 2.27E-04 2.51E-04 3.15E-04
Emissions to air
Ammonia air kg 1.81E-07 2.07E-07 1.48E-06 3.61E-07
Arsenic air kg 3.18E-10 2.82E-10 7.17E-10 6.06E-10
Cadmium air kg 2.00E-10 2.40E-10 5.07E-10 2.88E-10
Carbon dioxide, fossil air kg 3.40E-01 4.77E-01 7.57E-02 4.22E-01
Carbon monoxide, fossil air kg 6.88E-05 9.37E-05 8.87E-05 1.92E-04
Carbon-14 air kBq 3.88E-06 4.94E-06 5.22E-06 1.78E-05
Chromium air kg 2.45E-08 5.67E-09 4.81E-08 8.57E-09
Chromium VI air kg 5.82E-10 1.05E-10 1.16E-09 1.67E-10
Dinitrogen monoxide air kg 6.00E-06 8.41E-06 7.24E-06 3.44E-05
lodine-129 air kBq 3.52E-09 4.53E-09 4.57E-09 1.39E-08
Lead air kg 2.98E-09 3.33E-09 5.64E-09 5.50E-09
Methane, fossil air kg 3.91E-04 5.76E-04 4.28E-04 1.38E-03
Mercury air kg 1.56E-09 2.02E-09 2.12E-09 2.32E-09
Nickel air kg 3.33E-09 4.25E-09 8.37E-09 3.58E-09
Nitrogen oxides air kg 1.14E-04 1.59E-04 1.53E-04 1.63E-04
NMVOC total air kg 1.46E-04 1.72E-04 1.62E-04 2.49E-04
thereof:
Benzene air kg 2.63E-08 2.75E-08 1.34E-07 6.69E-08
Benzo(a)pyrene air kg 3.77E-11 3.84E-11 5.54E-11 4.96E-11
Formaldehyde air kg 1.86E-07 5.18E-09 2.06E-07 2.73E-08
PAH air kg 4.52E-08 1.62E-09 4.91E-08 1.70E-09
PM2.5-10 air kg 3.38E-06 4.07E-06 5.13E-06 1.12E-05
PM2.5 air kg 6.57E-06 4.99E-06 8.55E-06 5.69E-06
PCDD/F (measured as I-TEQ) air kg 3.57E-15 4.32E-15 8.04E-15 7.46E-15
Radon-222 air kBq 8.68E-02 1.13E-01 1.11E-01 3.39E-01
Sulfur dioxide air kg 1.19E-04 1.66E-04 1.37E-04 1.87E-04
Emissions to Water
Ammonium, ion water kg 3.04E-08 4.03E-08 1.50E-06 8.92E-08
Arsenic, ion water kg 1.15E-08 1.42E-08 1.54E-08 1.84E-08
Cadmium, ion water kg 7.37E-09 9.36E-09 9.70E-09 1.19E-08
Carbon-14 water kBq 1.37E-06 1.76E-06 1.78E-06 5.42E-06
Cesium-137 water kBq 6.62E-07 8.52E-07 8.60E-07 2.64E-06
Chromium, ion water kg 1.55E-09 2.02E-09 2.08E-09 2.40E-09
Chromium VI water kg 1.81E-07 2.27E-07 2.43E-07 3.09E-07
COD water kg 4.19E-05 5.58E-05 7.96E-05 7.80E-05
Copper, ion water kg 6.46E-08 7.59E-08 9.86E-08 1.16E-07
Lead water kg 2.31E-08 2.89E-08 3.00E-08 3.79E-08
Mercury water kg 1.09E-09 1.40E-09 1.47E-09 1.78E-09
Nickel, ion water kg 2.74E-07 2.37E-07 4.30E-07 3.11E-07
Nitrate water kg 6.80E-08 7.40E-08 3.81E-06 1.40E-07
Oils, unspecified water kg 7.61E-06 1.05E-05 9.82E-06 1.36E-05
PAH water kg 8.70E-10 6.30E-10 1.60E-09 8.44E-10
Phosphate water kg 7.92E-07 1.00E-06 1.54E-06 1.27E-06
Emissions to Soil
Arsenic soil kg 3.05E-10 4.28E-10 3.65E-10 3.55E-10
Cadmium soil kg 2.33E-12 2.74E-12 5.00E-12 6.02E-12
Chromium soil kg 3.84E-09 5.38E-09 4.66E-09 4.51E-09
Chromium VI soil kg 9.79E-10 1.34E-09 8.53E-09 2.64E-09
Lead soil kg 1.40E-11 1.60E-11 4.33E-11 3.42E-11
Mercury soil kg 3.35E-14 3.10E-14 1.58E-13 5.04E-14
Oils, unspecified soil kg 3.19E-06 4.42E-06 4.91E-06 6.89E-06
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