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Abstract

This dissertation was written as a part of the MSEnergy Systems at the International
Hellenic University. Its purpose is to evaluate kie Cycle Analysis the environmen-
tal footprint of ‘carbonate looping’ post-combusti€0; capture technology in electric-
ity production compared to the more mature postimmstion CQ capture technology
of ‘amine scrubbing’. Carbonate looping is an exs;spost-combustion COcapture
technology in which carbon dioxide from the fluesga is captured by a CaO-based
sorbent. CaO carbonation is a highly exothermicgse and with proper heat integra-
tion of the process, this heat can be employedi®mendothermic regeneration process
rendering the whole technique nearly autothermatdntrast to the amine scrubbing
technology where a significant amount of energsetuired to regenerate the saturated
amine solution.
The environmental performance of a Greek ligniteefipower plant retrofitted with the
two post-combustion CQOcapture technologies and the reference scenationei cap-
ture, are examined via life cycle analysis (LCAheTinvestigated technology of ‘car-
bonate looping’ is compared with the case of el@tyr production at a power plant
without capture technology and with the case ottelgty production with amine
scrubbing.
The software program of SimaPro was chosen in dalevaluate the footprint of the
entire scenarios as well as the extent of the tion of each life cycle step to the
different environmental impact categories and esfig¢he impact category of global
warming and reach some conclusions in terms ofiiplessnprovements.
At this point, | would like to express my sincematifude to my supervisor and my pro-
fessor at International Hellenic University, Dr.eBl Heracleous, for her invaluable
guidance, her constant support and most of allhévrpatience throughout my disserta-
tion writing, giving me her precious advices, adlves, | would like to express my
thanks to Dr. Georgios Martinopoulos for helping with the software program.
I would also like to thank my husband Giorgo, my §d@ippo and the other members of
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1. Introduction

1.1 The greenhouse effect

The greenhouse effect which is well-known, espbcthk last years, is related to the

climate change problem. By greenhouse effect, Welmphenomenon of the reten-

tion of the heat that is reflected from the eartbusface inside the atmosphere. This
heat is derived from the visible light coming frahe sun to the earth. The so-called
greenhouse gases (GHGSs) act in the same way asagkenhouse operates, form-
ing a layer around the earth which “traps” theaetitd heat as Figure 1 shows.

Natural Human Enhanced
Greenhouse Effect Greenhouse Effect

Mare heat escapes Less heat escapes

into ipacea r-‘ info space

Figure 1: The Greenhouse Effét}

The main greenhouse gases are water vapor, carboidal (CQ), methane (Chj,
nitrous oxide (MO) and ozone (§), hydrofluorocarbons (HFCs), perfluorocarbons
(PFCs), and sulfur hexafluoride (§H2]

A certain amount of GHGs is necessary for the amasien of life on earth, because
without those gases there would be very low tenpers, under the freezing tem-
perature of water, causing the extinction of lifeearth. However, the concentration
of some GHGs, especially GOCH, and NO, has increased dramatically in the last

-1-



years due to human activities. These activitiekuohe the combustion of fossil fuels
and deforestation with the simultaneous releagheobrganic soil carbon, as g@n
the atmosphere. The increase of their concentratidhe atmosphere above certain
level causes negative effects to the environmentedative effect is the increase of
the earth’s temperature which has as a result ltheate change [3]. Even though
CHy, NoO and (CFCs) per molecule, contribute to a higlegyrele to the greenhouse
effect,their percentage is lower than the percentage of, @@ich makes C@the
main contributor to global warming. [3]

Besides the GHGs mentioned above, there are offsmsghat do not affect directly
global warming but can indirectly affect terredtafsorption of solar radiation, in a
way that influences the formation of the greenhogasses, as well as the tropo-
spheric and stratospheric ozone layer. These gasesarbon monoxide (CO), non-
CH, volatile organic compounds (NMVOCSs), nitrogen a@sd(NOx) and aerosols
which are produced by sulfur dioxide (§@nd elemental carbon emissions.

There has been a lot of progress so as to unddretaat climate change is and with
which other phenomena is associated with. Studéee® fshown that the Earth is
warming up. There is an increase in global tempeeadver the last century of 1’8
and is anticipated to rise more up to 2.0 to PE.%1.1 to 6.4°C). The global warm-
ing affects mainly the land areas and the areasgaer latitudes and has also some
other impacts to climate change in general. Soreasaespecially those which al-
ready experience lack of water, will face worseudptds, while in other regions the
rainfall periods will increase and will be moredanse. The coastal areas will face the
danger of flooding due to the decrease of snowrcand the melted ice in the sea at
the poles. Moreover, there will be often heatwavbich will last for longer periods,
leading to destructive fires or heavy snowfallyearing more frequently, with very
low temperatures. Last but not least, the oceadifmation and eutrophication will
influence the sea life and especially the coralstdeéven thought, it is not clear how
and to what extent such changes will occur and th@y will interact with the eco-
system and its biodiversity, research shows thatrtipacts of climate change will be

more severe to the poorest countries. [4]



1.2 Evolution of CO , emissions and origin by sector

Until the industrial revolution in the $9century, the level of carbon dioxide in the
atmosphere was somehow stable at 280 parts peorm(ppm), for a time period of
some thousands of years. From the beginning &f déntury, this standard has
changed. From that time on, the atmospherig [@@els have been increasing, initial-
ly with a slow rate, due to coal burning. From 8econd World War and then, there
is a rapid acceleration of the use of differentkai fossil fuels leading to high con-
centration levels of C&n the atmosphere As we can in Figure 2, in 1980GK)
concentration in the atmosphere reached 355 ppiite imhMay 2013 reached a level
more than 400 ppm [5], which is above the cap & B8m, set by Kyoto protocol in

1996 [6], with the provision to avoid climate chang

Mauna Loa Observatory, Hawaii

Monthly Average Carbon Dioxide Concentration
Data from Scripps C\Dﬂ2 Program  Last updated May 2013
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Figure 2: Monthly average carbon dioxide conceimmat?2013[7]

The global C@Qemissions in 2011 were 31.3 billion tons £ahile in 2012 reached
34.5 billion tons C@ Although, according to some indications thera idecline in
the CQ emissions from the OECD countries, there is a Imghease of C@emis-
sions in the non-OECD countries which leads to aerall increase of 1 % [4].
Moreover, the World Energy Outlook (WEO 2013) [i8]its New Policies Scenario,
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projects that there will be an increase of glob@, €missions up to 37.2 GtGDy
2035 due to fuel combustion which leads to a higherease of temperature, %%
rather than the’Z.

A major amount of greenhouse gasses is producetidopnthropogenic activities,
which contribute to the further increase of Gfnissions in the atmosphere, with the
sector of the energy production having the largéstre, as it is shown in Figure 3

[9].

Waste 3%

Agriculture
8%

Indusirial
pProcesses
6%

CH, 8%
MNzO 1%

Figure 3: Share of different sectors to the antbgemic GHG emissions in Annex | countries*,
2011,[10]

A more detailed distribution is shown in Figureltdcan be seen that electricity and
heat generation are the two sectors which dispdéesega amount of CQemissions in
the atmosphere, nearly the two-thirds, and conilthe most, followed by the
transport sector.

Residential
E% Transport
. 1%
Industry
18%

Other*
12%

Figure 4: Contribution of different sectors to wb@Q, emissions in 201[110]

*Annex | Parties includes Australia, Austria, Belarus, Belgium, Bafdig, Canada, Croatia, the Czech Republic39, Ddomar
Estonia, Finland, France, Germany, Greece, Hundeeland, Ireland, ltaly, Japan, Latvia, Liechteirst(not available in this
publication), Lithuania, Luxembourg, Malta, Mona@acluded with France), the Netherlands, New Zedatorway, Poland,
Portugal, Romania, Russian Federation, the SlowgpuRic39, Slovenia, Spain, Sweden, Switzerlandkd@y Ukraine, the
United Kingdom and the United States



The global energy consumption in recent years a5 TW. From this amount,

only the 20% is derived from renewable sources ssctvind, biomass, solar, tidal,
wave, geothermal and hydroelectric energy sourbe. feést of the amount for the
production of energy comes from fossil fuels, whprovide about 12.5 TW [11].

Even though the use of renewable energy becomes puapular, still a large per-

centage of the increasing energy demand, whichO&9 2s expected to be doubled
[10] , comes from fossil fuels, which are dominamthe power sector, although their
share of generation is expected to decline from @8%2011 to 57% in 2035 [12].

Still, fossil fuels with a capacity of 25TW of eggrfrom already known reserves
[13], will probably continue to be used, up to 20&bile they are going to cover our
energy demands, up to 60%, as shown in Figure BremManergy is in exajoules, EJ
=10"%joules.
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Figure 5 : Typical future energy projection by sm|12]

The basic fuel for the generation of electricityldreat is coal. Coal combustion pro-
duces about 75% more G@han natural gas. Generally, the combustion of ma
highly responsible for the increase of the &issions and has a higher percentage
by its use. Figure 6 shows the increase of €Qissions the last twenty years, reach-
ing the amount of 13 Gt of G@&missions in 2011, only by electricity and heat-pr

duction.
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Figure 6 : CQemissions from electricity and heat generafifj

In global primary energy consumption, coal’s sharabout 30.1%. In 2013 the coal
consumption grew by 3%. Figure 7 illustrates thestonption of coal provided by
region showing that the percentage of coal’s comgiom in non-OECD countries

increases constantly, with the region of Asia hgihre largest one [11].
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Figure 7 : Coal consuption by regifi8]



1.3 Electricity generation and its contribution to
GHG emissions in Greece

Fossil fuels, like coal are still the major soufeethe production of electricity all over
the world. As Figure 8 presents, in 2011 the paegnfor the generation of electricity
from coal and peat was 41% and from natural gas228s. Only 16% was from re-

newable sources like hydropower and 12% for el@ttrgeneration by nuclear energy.

W Coalfpeat
B Natural gas
EHydro
moil
ENuclear

m Other

Figure 8 : World electricity generation by fuel,12014]

Likewise with the world situation, as Figure 9 slspwn European Union, coal together
with nuclear energy are the major fuel sourcegtergeneration of electricity reaching
the amount of 1000 TWh each.
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Figure 9 : Electricity generation by fuel, Europé&dmon- 28[15]

In Greece, the main energy source for electricgigagation is coal. Figure 10 shows
the generation mix for producing electricity in &ce in 2010. It can be seen than
more than 50% of electricity generation comes fowal.

B Hydropower
57.3% L
Wind

Solar

Other Renewablas

Lignite
21.6%
0.6% B Gas
4.3%
0% moi

Figure 10 : Electricity generation mix in Greec@1@[16]

National coal resources are in the form of lignitee remaining exploitable depos-
its’ of lignite in 2008 were 3020 million tones [[LTCoal is extracted by the mining
division of the Public Power Corporation (PPC — DitGreek). Greece has no hard
coal reserves and it relies only on the ligniteeress, which is the most important

and dominant energy source. In the European UGoeece is the second country in
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lignite production and sixth in the world. The fgbaoved amount of coal in place is
5800 million tons, the total coal production isBHillion tons per year and in 2011,
only 7.32 million tons oil equivalent of coal wazensumed [17].

Table 1 shows the thermal power stations in Greeckethe fuel they use. There are
eight main power stations with a generating capauit5288 MW, which produce
the largest amount of electricity in Greece. Thyaite power plants are located main-
ly in Ptolemais- Amynteo (LCPA) in Western Macedoand in Megalopolis (LCM)

in Peloponnese, close to the lignite resources.

Table 1 : Greek electricity generation system,rtfedpower stations (in operation end 2002)

[18]
Power Station Start Up | Rated Power MW | Fuel Used Location
Liptol 1959 43 Lignite W. Macedonia
Ptolemaida 1959 850 Lignite W. Macedonia
Kardia 1975 1200 Lignite W. Macedonia
Agios Dimitrios 1984 1586.5 Lignite W. Macedonia
Aminteo 1987 600 Lignite W. Macedonia
Megalopolis-A 1970 550 Lignite Peloponessos
Megalopolis-B 1991 300 Lignite Peloponessos
Aliveri 1953 380 Mazut Euboea
Lavrio 1972 450 Mazut Attica
Lavrio (New) 1996 774 Natural Gas Attica
Agios Georgios 1997 360 Natural Gas Athens
Linoperamata 1965 253 Mazut-Diesel Crete
Chania 1969 330 Diesel Crete
Rhodes 1967 208 Diesel Rhodes
APS 1967 547 Diesel-Mazut Aegean Archipelago

The total lignite’s generating capacity in 2010 V88896 MW, having a large portion

of the total net generating capacity, as is showkigure 11.
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Figure 11 : Net generating capacity (MW),2010 [16]

Producing electricity at lignite fired power plamtsplies some negative aspects. The
use of big amounts of water, the occupation ofdagea of resources, the disposal of
hot water and the production of harmful air emissiand solid wastes are many of
those negative aspects [19]. Concerning the pramuof air emissions, 1 ton of GO

is emitted for the production of 1 MWhe from lignitombustion [20QFigure 12 pre-
sents the contribution of lignite combustion in tieional carbon dioxide emissions.
In 2003, almost 34.5% of the national £€missions production originates from en-
ergy generation, with the G@missions coming from lignite’s combustion having
the largest share. With these values and the aongruse of lignite resources, there

is a big concern whether the national Kyoto comraitiris going to be fulfilled.
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Figure 12 : Lignite Electricity Sector G&missions Vs National C{5eneration (1990-2003)
[20]
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In addition to CQ emissions from lignite combustion, there are aldarge amount
of SO, emissions due to the lignite’s synthesis, origtdanainly from the area near-
by the power plant, with a high amount of sulphontent [21]. Figure 13 shows the
annual production of SQeleased in the atmosphere caused by electrieitgrgtion,

with the lignite-fired stations producing the higlaenount of S@emissions.
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Figure 13 : Annual production of $@ue to Greek electricity generatifi2i]

In order to see whether it is beneficial or notkéep using lignite as a power source for
the generation of electricity in one country, frtime economic side of view, along with
the certain environmental impacts, a researchgsired. The emission trading system
regulates each country’s G@missions by allowing to have a certain cap anttade
the emission allowances within the cap. At thisesol, companies which exceed their
cap could either buy an allowance for excess tqmagra specific penalty which was for
the time period 2005-2007, 40 €/tg@nd for 2008-2012, 100 €/tGCSimilarly, com-
panies which are in the limit or below could sék tsurplus allowances [22]. The al-
lowances prices of C{Qemissions vary yearly and have now dropped fro@it8M; to
6.15€/tCQ [23]. Many suggest that by altering the converdlopower plants with
combined cycle units with natural gas could sucdeeceduce the price for avoiding
CO, emissions. Another solution is the upgrading afvamtional power plants by the
implementation of Carbon Capture and Storage (G€&3nologies (see Section 1.4 be-
low) which capture C®from the combustion flue gases, but with a co25%#40 €/t of
CO; avoided. In addition to those alternations, inwesit to renewable energy technol-

ogies is necessary, although their cost is stghhit was estimated that until 2010, a
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cost of 2—-2.5 billion € was required for investngemt cogeneration, renewable energy
systems and in efficiency technologies for eneagyrgy [24].

From the macroeconomic perspective, the use of ligrate resources contributes to
the national economy and energy independence.Xaon@e by substituting half of
electricity generation, which is about 17TWh, frdignite to imported oil of 5.5-6
Mtons per year, would cause a national debt ofbdl@n € per year. The only cost
beneficial alternative would be the exploitation tbk renewable energy sources.
Figure 14 and Figure 15 show the avoided oil ardaoided natural gas imports of
the last 25 years due to the utilization of loggike.

Imported Ol Avoided
(Million barrek)

Figure 14 : Avoided oil imports (1980-2005) dueutidization of local lignite[25]
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Figure 15 : Avoided nat. gas imports (1980-200% ttuutilization of local lignit¢25]
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Moreover, the raw material of fly ash could beizétl in other industrial sectors, like
cement industry. By this extra utilization, the tcfus the disposal of fly ash is elimi-
nated by providing new profits from the sales af thaste fly ash, with a value of
$80 per ton, depending on the current price of cerf#s].

Finally, there could be one more gain from the tmiesion and operation of a new
lignite power plant and its exploitation from theea@s nearby the plant. The local so-
cieties could take advantage of this installatisiit & going to create new job oppor-
tunities and help the employment of the overalhafeor instance, the prefecture of
Drama has a major problem of unemployment. As thezea lot of lignite resources
in the area, with the installation of a new 300M\Wwer plant, it is estimated that
1800 people from this area are going to be empleyte the investments are going

to reach the amount of 2 billion € [27].

1.4 Carbon Capture and Storage (CCS) for CO , miti-
gation

1.4.1 General

The exploitation of fossil fuels and their combasthas the negative effect of produc-
ing greenhouse gases and especially @0issions which are linked to climate change.
Even though C@does not have the same impact as other gasesghthe lowest
Global Warming Potential (GWP), still it contribstap to 80% to the total GHG gases,
compared to methane and nitrous oxide. Moreovesilffuels play and will continue to
play the dominant role at the energy sector. Figr tbason, measures have been taken
to reduce high C®emissions, like the Kyoto Protocol which is aremational com-
mitment of many industrialized countries and coiestrof the European Community,
aiming to reduce the greenhouse gases emissidhe etmosphere which contribute to
global warming, by 20% compared to 1990, until 20@Eher measures are the fiscal
and financial incentives for using renewable resesir which are expected to reduce
CO, emissions by 30%, the improvement of the efficieatthe already used systems
or the use of more efficient new systems. Moreotrez,shift to lower carbon intensity
fuels, such as natural gas, will cause the reduafdCG emissions by 50%. The other

20%, could be achieved with the €ttading schemand Carbon Capture and Storage
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(CCS) technologies. Although a capture and stocagecity of 10Gt C@per year is
required, still in that way it will be possible ¢@ntinue the utilization of fossil fuels to
cover the growing energy demand.

Capture Carbon and Storage (CCS) technology iprieess at which the G@om the

combustion of fossil fuels is:

+« at first captured with different technologies
+ subsequently transported by pipelines, vehicleshgos to suitable places

% finally is stored in deep depths.

Figure 16 presents the overall CCS process. C@8tia new technology as it has al-
ready been used in industry for processing gaasdo separate GGrom natural gas.

Moreover, the transportation and the injectionhaf $equestrated G@ the ground are

also used by the oil recovery industry. InstallangcCS system at a power plant will
conduce to the use of extra fuel resources anckeass energy of 10-40% is going to
be required, compared to power plants without C8%&h installations also increase
the constructional and operational cost and redueeverall efficiency of the power

plant.
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Figure 16 : The overall Carbon Capture and Stopageesg28]
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Nevertheless, CCS captures by 85-95% the €@@issions of the power plant leading to
a net reduction in the atmosphere by 80-90% fourgestorage, compared to a power
plant without CCS, as it is demonstrated in Figlifd29], in which the increased value
of CO, is due to the efficiency loss of the power plapttihe additional higher energy
use from the CCS technology. According to the ima&onal Energy Agency (IEA), the
growing energy demand is going to double the, @@issions deriving from energy, to
57 GtCQ in 2050 [30]. Whereas, for the 2 degree scenarigduction of 43 GtCQs
needed to be implemented and CCS could decreagse@iSsions by 21%. To achieve
this, a large number of coal-fired power plantsutide equipped with CCS by 2050
[31].
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Figure 17 : C@capture and storage from power pldi28

In CCS, the C@capture technologies can be divided in three negtegories, depend-
ing from the composition of the gas stream andG@e partial pressure, the basic prin-

ciples of which are illustrated in Figure 18. These CQ capture categories are:

¢ Pre-combustion CO, capture: the process in which the removal of gaseous CO
is performed before combustion. In this process faissil fuel, e.g. coal, is first
reformed to synthesis gas via gasification (reactipand then via the water gas
reaction (reaction 2), is shifted to produce a fygs rich in hydrogen and GO
CO; is captured by physical absorption while #d used either as an energy
source, in fertilizer manufacturing, to power fegells or to generate electricity
in gas turbines. Even though the pre-combustiocgs® is costly, the separa-
tion is easier due to the higher concentration€®f in the gas stream and the

higher pressure. The produced ©sent to the compression unit in order to be
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compressed and then stored, while hydrogen is as@tput to a combine cycle
SO as to produce electricity.

C (9) TH20 (g) <> CO(g) +Hz (g) (1)
CO@g tHO (> CO gy tH2 ()  (2)

Oxyfuel combustion: In Oxyfuel combustion the fossil is combusted whilgh
purity oxygen. The produced flue gas consists ipadhlCO, and water vapor.
This flue gas can be compressed and give asd®am with high concentration
which can be transported for storage. Althoughga® separation is not expen-

sive, high energy costs arise due to oxygen sapargiom air.

Post-combustion CO, capture: The process in which GQproduced from the
combustion of the carbonaceous fuel with excesssaemoved from the flue
gases of the combustion. The capture of, @Om the post combustion flue
gases can be performed by different processes, asighhysical adsorption,
chemical absorption, separation with membranegfganic separation etc. The
most commercial technique today is the capture@f ffom an aqueous amine
solution using chemical absorption. In the lastrgethe use of a solid sorbent
instead of a liquid has been investigated as a gingalternative. Since this
thesis is focused on the post-combustion, C&pture, the next sections analyze
in more details the classical amine-based C&pture and the emerging calcium

looping solid technology.
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Figure 18 : The main categories of &@pture from a power plants3]
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1.4.2 Post-combustion CO , capture with amines

Processes for capturing @@om gas streams in petroleum and gas industre wer
veloped from the beginning of ®@entury [32]. From all carbon capture technologies
the most mature and advanced post-combustion eafuhnology is C@absorption
using solvents based on amines, like monoethano&arVIEA), other amines and
chilled ammonia. Chemical absorption is consideoele a baseline technology, widely
used for gas purification and G@emoval from great volumes of low pressure gas
achieving high efficiencies, in the range of 90-93#th a conservative value of 85%
[33], [34].

The CQ capture by amine scrubbing is basically a chemieattion with an amine
compound, like MEA. The CfOcapture is performed in a vessel, which is calibd
sorber, where the generated flue gas is ‘scrublti’ an amine solution. The amine
solution captures by 85% to 90% the L£itom the flue gas and then enters to the re-
generation vessel, which is called stripper. Thare,rich-CQ sorbent is heated in or-
der to release the GOThe degraded amine sorbent is then sent badketalisorber,
while the generated GGCstream first is being compressed and then thrqughline
transportation is stored to a specific storage[3&¢

While there are many types of solvents, MEA, duéd good characteristics, such as
the high reactivity and stability as well as itsviprice, is nowadays one of the most
widely used solvents from alkanolamines, suitalolethe capture of COfrom low
pressure gas streams with amine scrubbing process.

The last 25 years, this technology has also beehedpfor capturing C@from flue
gases. Nevertheless, the flue gases generatedfdssih fuel power plants are not the
same with the gas streams produced at petroleungandhdustry, in which chemical
absorption used to be performed. Yet, the low pmessf CQ, makes amine scrubbing
suitable for power industry too. However, the u$eamine scrubbing may generate
some problems, like the high oxygen content of §ases which can create corrosion or
oxidize amines to carboxylic acids. In additiorg dtegradation of amine is higher and
the CQ capture efficiency is reduced. Due to the fact thee gases, from coal power
plants, contain high levels of sulphur dioxide Qulphur trioxide (Sg), fly ash and
hydrogen chloride (HCI), most amines like MEA, reatth irreversible way, producing
stable salts causing corrosion to the parts ofpibwer plant while there are amines

losses too [32].
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From economic perspective, the power plants witimnamscrubbing C@capture have
higher capital and operating costs. The requireroéiitigh amount of heat necessary
for the amine reaction, the sensible heat and ¢la¢ ¢f water and amine vaporization in
the stripper, is responsible for this high userddrgy, causing high operating cost.
There are many suppliers which offer commercialrmbased processes, such as the
Mitsubishi Heavy Industries KM-CDR process, the lmos Kerr-McGee process, the
Aker Clean Carbon Just Catch process, the Cand0pvc@pture system, and the HTC
Purenergy Process, with the most establishing pepdeeing the Fluor Daniel Econa-
mine FG Plus process. Table 2 shows the power Plartich utilize the post-
combustion capture process of amine-scrubbing, evaasertain portion of the flue gas
stream is sent to the capture unit, while Tablb@:s the scheduled projects with £0
capture implementation, mostly to existing powemps, at which the capture process is

going to be performed to the whole flue gas strgsh

Table 2 : Commercial post-combustion capture pseEeat power plants and selected industrial
facilities[35]

Approx. Capture CO; Captured

Plant and Year of Capture Plant System Type (10e
Project Name and Location Fuel Type Startup Capacity (Vendor) tonnes/yr)
United States
IMC Global Inc. Soda Ash Plant Coal and 1978 43 MW Amine 029
(Trona, CA) petroleum coke- (Lummus)

fired boilers
AES Shady Point Power Plant Coal-fired power 1991 2 MW Amine 0.06
{Panama City, OK) plant (Lummus)
Bellingham Cogeneration Facility  Matural gas-fired 1991 17 MW Amine (Fluor) 011
{Bellingham, MA) power plant
Warrior Run Power Coal-fired 2000 8 MW Amine 0.05
Planc (Cumberiand, MD) power plant (Lummus)
Qutside the United States
Soda Ash Botswana Sua Pan Coal-fired 1991 17 MW Amine 0.11
Plant (Botswana) power plant (Lummus)
Sumitomo Chemicals Gas & coal boilers 1994 8 MW Amine (Fluor) 0.05
Plant (Japan)
Statcil Sleipner West Gas Field Matural gas 1996 A Amine (Aker) 1.0
{Morth Sea, Morway) separation
Petronas Gas Processing Plant Matural gas-fired 1999 10 MW Amine (MHI) 0.07
(Kuala Lumpur, Malaysia) power plant
BP Gas Processing Plant Matural gas 2004 /A Amine 1.0
{In Salah, Algeria) separation (Multiple)
Mitsubishi Chemical Kurosaki Matural gas-fired 2005 18 MW Amine (MHI) 012
Plant (Kurosaki, Japan) power plant
Snehvit Field LNG and CO2 Matural gas 2008 A Amine (Aker) 07
Storage Project separation
{Morth Sea, Morway)
Huaneng Co-Generation Power  Coal-fired 2008 0.5 MW Amine 0.003
Plant (Beijing, China) power plant (Huaneng)

Sources: DOE, “NETL Carbon”; IEAGHG, “CQCapture”; MIT, “Carbon Capture”; GCCSI, “Strategic

Analysis.”
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Table 3 : Planned demonstration projects at povestp with full-scale post-combustion

capture [35]

Approx. Capture Current
Plant Capture System Annual CO;  Status
Project Name and Fuel Year of Plant Type Captured (March
and Location Type Startup Capacity (Vendor) (10% tonnes) 2010)
United States
Basin Electric Antelope  Coal-fired 2012 120 MW Amine 1.0 Site
Valley Sation (Beulah, power (HTC) Selection
ND) plant
Tenaska Trailblazer Coal-fired 2014 600 MW Amine 4.3 Permitting
Energy Center power (Fluor)
{Sweetwater, TX) plant
American Electric Coal-fired 2015 235 MW Chilled 1.5 Scoping
Power Mountaineer power Ammonia
Plant (Mew Haven, plant (Alstom)
WV)
Outside the United States
SaskPower Coal-fired 2014 115 MW Amine 1.0 Flant Design
Cansol
Boundary Dam Polygon p;::::r ( o)
(Estevan, Canada) o
E.OM Kingsnorth Coal-fired 2014 300 MW Amine (Fluor 1.9 Plane Design
Ruhrgas UK Post- power & MHI)
Combustion Project plant
(Kent, United Kingdom)
TransAlca Project Coal-fired 2015 200 Mw Chilled 1.0 Plant Design
Picneer Keephills 3 power Ammonia
Power Plant plant (Alstom)
(Wabamun, Canada)
Vattenfall Janschwalde Coal-fired 2015 125 MW Amine (TBD) — Permitting
(Janschwalde, Germany) power
plant
Porto Tolle (Rovigo, Coal-fired 2015 200 MWW Amine (TED) 1.0 Scoping
Izaly) power
plant

1.4.3 Post-combustion CO , capture based on solid CaO-based
sorbents

The ‘Calcium Looping Cycle’ or ‘Ca-looping’ (CaL}ia process in which calcium-
based sorbents are used in sorption/desorptioesyclorder to capture GQ86]. The
Cal process is not a new technology, hence it a8 in industry for syngas G@e-
moval since 1960s [37] while in 1994, Heesink armnimink [38] proposed calcium
looping to be also one of the zero emission cadirtelogies.

In ‘Calcium Looping Cycle’ the CaO-based sorbenwjally derived from limestone,
undergo a reversible reaction: the exothermic g#id-seaction which is called car-
bonation (reaction 3) and the endothermic deconipasieaction which is called calci-

nation (reaction 4) in a dual fluidized bed system.
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CaQg) +CO, () «>CaCQ) (3)
CaCQy«> CaQs+COy (5 (4)

CO; in the flue gases stream reacts with CaO in aovetor, forming CaCe¢) which is
then decomposed into CaO and {d@a calciner. A simplified process scheme is pre-
sented in Figure 19. The temperature for the-C&pture in the carbonator is around
650°C, while the temperature in the calciner is abd@8. The calcination reaction is
an endothermic one and requires heat input, whigh lbe obtained from oxy-
combustion of coal or natural gas [39]. The heaiegated from the exothermic reaction

of carbonation can be utilized to genersteam for extra power generation.

Decarbonized

flue gas CO, to compression
[ ~,  CaCO, , N
CARBONATION CALCINATION Make-up
650 °C « 900 °C CaCO,
CaO
. . / . )

Ash T Fuel
= CaO _
Flue gas from CaCo, Oxygen

power plant

Figure 19 : Simplified process scheme for Calciooping cycle (CalL) C@capture/40]

Calcium looping process, until now, is providedyomi pilot scale as it is tested in pilot
plant test facilities. During the last years, résuf some experiment tests have been
published in small fluidized bed pilot plants widifferent configurations [41]. Aba-
nades et al [42] indicated the gC€apture from flue gases with the proper qualitpof
tive CaO in a fluidized bed reactor. Charitos ef4d], after having experimented in a
dual 10kWth pilot plant, with a FB carbonator an@€BB calciner, displayed a report
providing the proper operation variables of theboaator in order to obtain, to some
extent, the expected operation conditions in th8 @Factors. In addition, Alonso et al
[39], performed tests in a 30kWth pilot plant catoséd of a CFB carbonator and a
CFB calciner. They reported capture £&ficiencies about 70%-97%, while the CFB
carbonator was working with realistic operationditions. Lu eta al [44], experimented

in a semi-continuous 75 kW pilot plant, with a blibd fluidized carbonator and an
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oxy-fired CFB calciner, showing that the regenematf CaO in the calciner does not
influence the activity of the sorbent. After marmgsts in pilot plant facilities, results
show that Calcium looping technology has a low gngrenalty compared with other
CO, capture technologies [45], [40].

Among the pilot-test facilities, at the scale of K&, are one at the Instituto Nacional
del Carbdn (INCAR) in Spain [46], at University 8futtgart in Germany [47], [48] and
at Cranfield University in UK [49].

Lots of programs are running, aiming calcium logpprocess testing. Foster Wheeler,
Fundacién Ciudad de la Energia (CIUDEN) and ENDE®#) the support of the Eu-
ropean Energy Program for Recovery (EEPR), arealgothting to a program with
R&D tests at 0.8 MWth oxyfuel CFB pilot plant of GIMET Energy and at 30 MWth
Oxy-CFB boiler of CIUDEN [44], which is under designd construction mode, in El
Bierzo in Spain. The results of these tests, iftaeeappropriate, are going to be utilized
in 300 MWe commercial plant in ENDESA’s Compoatihower plant, which is
planned to begin at the end of 2015.

Calcium looping in order to be used in industrizdle needs to be tested not only in pi-
lot small scale but also in large scale, beforeD2@2 this prospect, ENDESA a Europe-
an utility, Foster Wheeler a world manufactureffloidized bed combustion technolo-
gy, HUNOSA the biggest coal mining company and CSi@ich is the Spanish Re-
search Council, signed in 2009 the project ‘CaQ]imdnich is a development of post-
combustion CQcapture with CaO in a large testing facility [5S0he main goal of this
project is the design and the construction of atgalant of 1,7MWth which is going to
perform tests of calcium looping technology at éasgale, operating in realistic condi-
tions for solid materials, temperature, superfigas velocities, solid circulation rates,
real flue gases and oxy-combustion conditions éenclciner in a continuous mode. The
pilot plant will be built and integrated with ‘LeeReda’ power plant.

Likewise the ‘CaOling’ project a test pilot plart tMWth in TU Darmstadt in Germa-
ny [40], was funded by German industries and Gergmarernment for the same pur-
pose. Also, demonstration of calcium looping precatsindustrial scale was performed
by Ohio State University but the outcome of thggxbis not available yet [51].
Furthermore, the tests on carbonate looping tecigyoare also performed in cement
industry as well. Cemex, one of the largest cemaantufacturers in the world, owns a
pilot plant in Monterray in Mexico. Carbonate longican be utilized in cement indus-

try, as the exhausted sorbent of CaO can be usega@dstock in cement industry instead
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using fresh limestone. In that way the direct gatezt CQ emissions could be reduced,
until 50% [52].

1.5 Life Cycle Assessment (LCA)

1.5.1 General

Life Cycle Assessment (LCA) is a tool, as definedSO 14040 series, which evaluates
the possible environmental impacts of a process oduct, including all phases dur-
ing its lifetime from “cradle to grave”. The lifgycle stages include the extraction of the
raw material and its processing to the transpanrtaéind its use and maintenance and
finally, at the end of its life, its disposal ortpntial recycling and reuse. Throughout
these stages, the material and energy input andeaherated emissions to soil, water
and air are quantified in order to estimate envirental impacts and assess possible
mitigations of the problem or evaluate technologgestems. LCA is defined in envi-
ronmental management international standards |iK&O | 14040 series. In
1ISO14040:2006 and ISO 14044:2006 the frameworkeflife cycle principle and all
the environmental guidelines or requirements [38]specified.

Life Cycle Assessment (LCA), which Figure 20 iliaes, can be divided in four basic

stages:

>

% Goal and Scope Definition

L)

>

% Inventory Analysis

L)

>

L)

» Impact Assessment

L)

< Interpretation

L)
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Figure 20 : LCA Framewor|s3]

Goal and Scope definition

At this stage the aim and the method of the LCAd8ned. Moreover, the boundaries
of the system and the functional unit, accordingvtoch all the comparisons are per-
formed, are determined, as well as the procedatevilil be followed. The level of life

cycle analysis is also determined, whether it ingdo be a full or partial analysis.

Life Cycle Inventory

The aim of life cycle inventory (LCI) is to colleahd analyze the input data, such as the
energy or the material use and the output date, dikissions of the system so as to
build the model and quantify the input/output datiationship to the chosen functional

unit.

Life Cycle Impact Assessment

At the stage of impact assessment (LCIA), the L&thdare converted into the environ-
mental impacts via characterization. Here, the irigmd of the data is being evaluated,
via the use of different characterization factansdach material/emission. The ecologi-
cal and human health effects are defined in impatggories such as global warming
potential, acidification, human toxicity, land us&. and are based on the specified

functional unit.
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Interpretation

The last phase of the LCA is the interpretationtted life cycle impact assessment
(LCIA) results derived from the life cycle invenyo(LCI). This analysis should be in

accordance with the goal and scope definition st @gve recommendations wherever

is needed.

1.5.2 LCA studies for CO2 capture

CO, capture and storage (CCS) is considered to bdfarest technology for the re-
duction of global greenhouse gas emissions. StuatiesCA of CCS have shown that
the CCS technologies can be applied to power phaiits net power output from 115
MW to 832 MW. In addition the COcapture efficiencies are in the range of 78% to
95%, while the most of them have capture efficieabgut 90% [54]. There are differ-
ent kinds of technologies for the g8eparation from flue gases which are based either
on absorption and adsorption process or membranegving other separation method.
Among the different post-combustion capture tecbgiels the baseline and the most
applicable capture technology is chemical absonppi@cess, using as a sorbent, MEA
or other amines or chilled ammonia.

There is a range of studies dealing on MEA absompgirocess [55] [56] [57] which
most of them conclude to the fact that MEA prodeas high thermal energy require-
ment, increasing the overall process cost. Accgrdon Chapel et al. [56], the major
amount of energy need, this of 4.2 GJ/ton,Cedvers the 36% of the operation costs
for the overall process. In addition Singh et 8b][ after having modelled the MEA
process for a coal-fired power plant with a capgacft400 MWe, found that MEA pro-
cess is an energy-intensive process as it has engyerequirement of 3.8GJ/ton GO
There are a lot of papers dealing with the lifeleyassessment of coal-fired power plant
with post-combustion Ccapture like Koornneef et al. [58] in which theluetion of
CO, emissions at a subcritical and supercritical dwat electricity generation power
plant using post-combustion G@apture with monoethanolamine is shown.

As described in the previous sections, an alteregibst-combustion chemical absorp-
tion capture technology is calcium looping or aafailooping (CalL), (CaO/CaCry-
cle) which can be also integrated in power plaBtamizu et al. [59] were the first to

introduce calcium looping cycle and its integratieith a coal-fired power plant with a
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CO, capture rate of 90.4%, showing that the two preegsesponsible for the increased
energy consumption are firstly, the &ream, produced by the Air Separation Unit with
100% purity, used for the coal oxy-combustion ie ttalciner and secondly the €O
stream compression after the calciner. Howevelpitkethese energy-intensity process-
es the net efficiency when using CaL process ikdrigompared to other capture tech-
nologies like oxy-fuel combustion. Abanades et{@] studied five different types of
fuels such as coal, biomass and pet coke in clecinih different operation tempera-
tures range such as 850, 950 and 208énd different pressures. They found that the
net power efficiency, on the basis of low heatiadue (LHV) was ranging from 37.7%
to 40.0% with capture carbon rate of 90%. Many ostedies are dealing with the inte-
gration of CaL with existing coal-fired power plarghowing that CalL process is mar-
ginally well-performed compared to oxy-fuel and aeniscrubbing, having higher net
efficiency. Nevertheless, Romeo et al. [61] atrtls¢iidy emphasize the importance of
heat integration with the secondary steam cyclethadptimum make-up flow rate of
fresh limestone in COcapture systems [62]. Most of the studies in difiere discuss
about coal-fired power plants. Romeo et al. [4bP&d a lignite-fired power plant but
the calciner is fed with coal and not lignite. Mag et al. [63] investigate the implemen-
tation of CaL technology in an existing ligniteeitt power plant, victualing the calciner

also with lignite.

1.6 Objectives and structure of thesis

This dissertation aims to examine via life cyclalggsis (LCA) the post-combustion
CO, capture from a Greek lignite power plant with teehnology of CaO/CaC{oop-
ing (CaL). The chosen technology of CaL is goindp¢ocompared, first with a baseline
case of a power plant without CCS and then witbesario of chemical absorption €O
capture using monoethanolamine (MEA). The enviramaa@mpacts of the two scenar-
ios with CQ capture are going to be compared with the powantpleference case.
This LCA is undertaken in order to evaluate theeekbf the contribution of each sce-
nario to the different environmental impact catég®rand reach some conclusions in

terms of possible improvements that can be made.
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Chapter 1, which has already been presented, giveserview of the current situation
in energy and related environmental issues, emphgson the global and regional @O
emissions in the atmosphere. In this chapter, 88 @chnologies are also presented,
with a main focus on the CaL capture technology.

In Chapter 2, the goal and scope of the LCA is iiey. A brief description of the three
investigated scenarios is also given, presentisg édach stage of the power plant with-
out the capture technology and then the power pidht the two post-combustion car-
bon capture technologies. In addition, a generasgmtation of the methodology that
was followed for conducting the study is given.

The input and output data for the three casesasgmted in Chapter 3 and a full de-
scription of the two alternative carbon capturentextogies, the carbonate looping and
the amine process, is provided.

Chapter 4 contains the impact of the lignite-figgaver plant to the different impact
categories. These results are then compared vathegults from the additional process-
es of the capture technologies, calcium looping_jGad amine capture by monoeth-
anolamine (MEA).

Chapter 5 provides an interpretation of the residisved from the Life Cycle Impact
Assessment stage. The results are analyzed andeapretation is attempted, with the

general conclusions derived from the LCA resultslie three different cases.
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2. Goal and Scope Definition

2.1 Goal

The purpose of this thesis is to compare via thé& b@&thod the environmental impacts
of three scenarios for electricity production fr@nignite-fired power plant, with and
without post-combustion CQrapture. The lignite- fired power plant without £€ap-
ture technology is used as reference case, in todessess the additional impacts asso-
ciated with the use of the G@apture technology. Through this study, it is assto
create and estimate a greenhouse gas profile éothtlee scenarios and determine the
environmental advantages or the possible negatnaigations of using C®capture
technologies. In that way, the energy use and Ghi{S®ons over the whole life cycle
can be defined and conclusions for the environnhémi@acts can be reached, in order
for the power generation with G@apture technology to have the most effectiveiappl
cation.

The three cases that are going to be addresshi ithésis are:

«» Case 1: The reference case which is an averagergigal lignite-fired power
plant operating in the area of Northern Greecéheytear of 2014 without GO
capture technology.

% Case 2: The lignite-fired power plant of the refex@ case, equipped with chem-
ical absorption with monoethanolamine (MEA).

« Case 3. The same lignite-fired power plant of #fenence case, equipped with

calcium looping (CaO/CaC{xycle).

2.2 Geographical framework

The reference power plant is assumed to be locat&teece. Therefore, the life cycle
inventory data are for the area of Greece and areatl from literature and the Eco-
invent v2.0 (2007) database [64]. For the data wilaie not possible to find, average
data for Europe or global average data are usexh, Allata for supercritical lignite-fired
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power plant were taken from literature [58], [6B]oreover, it was assumed that the
power plant is built at a distance of 16.5 km frarlignite mine, which is called “Notio
Pedio”. The lignite is excavated from the nearbgrepit mine and then is transported

via conveyors to the power plant for the electyigitoduction.

2.3 Functional Unit

The functional unit which is used as reference tmi¢ompare the three cases is defined
as the production of 1 kWh of net electricity deled to the grid. This means that all

results of the study are expressed per kWh.

2.4 Software

The three LCA models were built with the LCA soft@grogram of SimaPro 7.3.3
Multiuser [65], which contains European and U.Stadases and impact assessment
methodologies such as the CML 2 baseline 2000 & p6]. SimaPro 7 is a well-
known Life Cycle Assessment (LCA) software, whidvers a variety of business and
educational needs as is used by industry, considimrand institutes for research in
many countries around the world. SimaPro is a lisefd professional tool in order to
collect, analyze and model products or systems tr@rsustainable and life-cycle point
of view. Also, complex life cycles can be analyzme@ transparent way so as to give the
environmental impact of the product or system Inifal cycle stages, from the time that
the raw material is first extracted, then is maotufeed and distributed or used to its fi-
nal disposal [67].

SimaPro is used at many kinds of LCA applicatiomd eontains a variety of databases,
like Eco-invent database and many impact assessmetitods while users can also

built complex models using the Monte Carlo analysis
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2.5. System boundaries

The system boundaries show the life steps thataltem into account for the analysis of
each of the investigated scenario. As an exampgyr& 21 shows in a conceptual
drawing the boundaries for the reference scen&o.the power plant operation, the
necessary energy and materials for fuel combustiamh power plant infrastructure are
included, thus creating an electricity generatibaie from fossil fuel extraction to final

electricity generation as is going to be descrilzger on in detail. The environmental
results of those operations are also included teragne the total environmental im-

pact.

Electrical
‘energy out

| Upstream I
processes Waste
| disposal |
. & \
|
|

Resources
in

Power 1

generation | Emissions
out

System Boundary |

Figure 21 : Conceptual Drawing: Coal LCA System]| [68

Concerning the two cases with €€apture, not only fuel extraction and transpoit bu
also materials and energy consumption for the tifferént CQ, capture processes are
included to the life cycle and are considered oteotto calculate the reduction in the net
power plant output and also the power plant efficie The detailed system boundaries
for each of the investigated scenarios are predeintedetail in the following para-

graphs.

2.5.1 Case 1: Power plant without CO , capture technology — refer-

ence scenario
The system boundaries for the reference power ptahtde all necessary processes for

the production of electricity of 1 kWh.
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Figure 22 : System boundary of the reference pqlaart

As shown in Figure 22, the process of producingtetgty from lignite combustion can
be divided into three major subsystems which are:

¢ lignite mining
¢ lignite transportation

e electricity generation

Each subsystem includes all the used materialstla@denergy which are needed.
Throughout the process, from lignite mining to &iedy generation, the resources, the
energy use and the generated emissions are qadniiine materials of the equipments
manufacturing are not included to the above categoAll the data are provided from
the Eco-invent database or reliable literature.data

The impacts of lignite mining include the affecea@a and occupation during the opera-
tion and restoration of the mine, the natural resesinecessary for its construction, as
well as the materials and fuels like consumed tliese electricity as shown at Table 4.
The generated emissions to air, water are alsaded.
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Table 4 : Inputs from nature (resources) and tespinere (materials/fuels) for mining subsys-

tem

Transformation from mineral extraction site

Occupation, mineral extraction site

Transformation to mineral extraction site

Transformation to arable

Water, well in ground

Coal, brown, in ground

Diesel, burned in building machine

Electricity, high voltage, production UCTE, at grid

The input data for the transportation are the foelignite transportation and the gener-
ated emissions from the transportation of ligngecbnveyors and rails, from the min-
ing area to the power plant area. The use of tricksly for the disposal of the waste
products, so it was not taken into account. As ioaetl, the distance between the mine
and the power plant was assumed to be very snab f@m), so only the conveyor us-
age was taken into account.

For the generation of electricity at the power pldn@ necessary fuel, the required heat
and raw materials used for the operation of thehimacy and the overall combustion
cycle of lignite are included to the input datagntory. Moreover, the generated emis-
sions from the operation of the power plant andaitwning of lignite are also included
in the data inventory.

Table 5 presents the raw materials, fuels and psasewhich are participating at elec-

tricity generation subsystem.
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Table 5 : Inputs from nature (resources) and tegpimere (materials/fuels) for the electricity

generation subsystem

Lignite, at mine

Water, cooling, unspecified natural origin

Chlorine, liquid, production mix, at plant

Water, completely softened, at plant

Water, decarbonized, at plant

SOx retained, in lignite flue gas desulphurization

Transport, freight, rail

The general procedure for producing electricityrfrthe combustion of lignite includes
as Figure 23 displays, the following steps:

> At first, lignite is pulverized into a lignite puvizing system and then is ready
to be fed into the furnace boiler. In the boilez tignite is burnt at high tempera-
ture. From the combustion of lignite flue gassefigh CQ concentration and
heat are produced.

» The next step is to utilize the produced heat, stoaheat the water, which is
flowing in tubes lining the boiler, and produceasteat high pressure and tem-
perature. Afterwards, the steam is fed into a hehwvhich consists of many sets
of blades where it expands, causing the rotatigh@turbine at high speed.

» Finally, the turbine is mounted with a generatenom the rotation of the tur-
bine the generator rotor starts rotating, causiegdiectricity production based
on Faraday’s Principle.

The low pressure steam after the expansion is doitige condenser, to be con-

densed and return back to the boiler to restartybke.
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Figure 23 : Coal fired power plaf@9]

2.5.2 Case 2: Power plant with chemical absorption CO, capture
technology

Chemical absorption by monoethanolamine (MEA) oingnscrubbing is used com-
mercially for CQ separation from flue gasses. Having already bepheabin the past
for CO, scrubbing at chemical process plants, this tecgyotan also be used in the
power sector. It is the most mature post-combustagpture technology [70]. The sol-
vent of MEA is a chemical compound which belongamoines and absorbs low con-
centration CQ (15-20%) from flue gas.

The system boundary for the overall process toywed. kWh of electricity at the base
case power plant retrofitted with the amine G@pture technology is shown in Figure
24. The major processes, which can be considersdlas/stems, are still lignite min-
ing, lignite transportation and electricity prodoat In addition, one more process is
added, the process of post-capturing,@@h chemical absorption using amine-based
solvents.

The overall process of producing electricity candbeéded now into the following four

subsystems:
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¢ lignite mining
¢ lignite transportation
e chemical absorption

e electricity generation

Material- Fossil Power 1 kWh
Fossil fuel fuel plant E>

electricity
production transport operation

Figure 24 : System boundary of the reference pglet with CQ capture by MEA

For the scenario of the post-combustion,@@pture with amine scrubbing, the energy
and materials for the subsystem of lignite minimgl ahe generated emissions by this
subsystem are the same as the base case. The [galiee for the subsystem of trans-
portation. The raw materials, the energy and heatfar the transportation section are
also the same. In addition, the generated emisstmas and water and the used energy
and heat for the power plant operation are alstudetl before the final generation of
electricity. Finally, for the new subsystem, thistile CQ capture, as Table 6 shows,
the raw materials and chemicals used for the pimluof monoethanolamine and for
its transportation to manufacturing plant, as vasllenergy use and emissions for oper-
ating the amine chemical absorption unit are takemaccount.

Table 6 : Extra inputs from nature (resources)tantinosphere (materials/fuels) for £gap-

ture by MEA capture unit

Monoethanolamine

Sodium hydroxide (concentrated)

Ammonia

Limestone

Electricity, medium voltage

Heat from lignite
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2.5.3 Case 3: Power plant with carbonate looping CO , capture

The system boundaries of power generation withh €&pture by carbonate looping is
presented in Figure 25. Similarly to the systemnuaauy for CQ capture by MEA, the
system boundary for the alternative capture tedgybf carbonate looping consists of

the same four subsystems with the only differetica, of the capture subsystem.

Material- Fossil fuel Power CQO, cap- 1 kWh

Fossil fL.|eI e pIanfc ture by electricity
production operation Calcium

Figure 25 : System boundary of the reference pghat with CQ capture by calcium looping (Cal)

For the subsystem of G@apture, the energy and the necessary heat, agasvitle spe-
cific materials such as the limestone for the,@@pture from the flue gases are also
included. At Table 7, the input data for the propperation of calcium looping capture

unit are presented.

Table 7 : Extra inputs from nature (resources)tantinosphere (materials/fuels) for £gap-

ture by CalL capture unit

Limestone, milled ,loose, at pant

Electricity, medium voltage for auxiliaries

Heat from lignite

2.6 Data collection

Data for main impact categories were mainly obtifrem Eco-invent database [64].

SimaPro LCA software program come with the Eco-mwatabase which was devel-

oped by the Swiss Centre for Life Cycle Inventariese Eco-invent database covers
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about 4000 datasets for processes, services addgisowvhich are used in LCA studies
[71]. Eco-invent is the product of well-known olde€! databases and is considered to
be a well updated database having for its coniafiissmation about a lot of production
processes, waste treatment scenarios and enviréalnassessment methods. Most of
Eco-invent datasets can give background data toesb@A studies. The LCI data
which contains are from the area of energy withaaety of fuels like natural gas, oill,
hard coal and lignite, renewable energy sourcestridity mixes and biofuels, electrici-
ty and heat production, transports, chemicals, Isietalectronics, plastics, paper,
woods, agricultural products, building materialsl d&rom the area of mechanical engi-

neering and more.

2.7 Impact assessment methodology

In order to evaluate the environmental impactshefinvestigated systems, the LCI re-
sults have to be classified to relevant impactgmies. Each impact category has its
own characterization factor in order to classifyl amaracterize the different emissions
which contribute to the same impact effect.
It is possible that the same pollutant is clasdifie only one or many different impact
categories as it can cause different environmemphcts. For example, the main con-
tributor for global warming is CONOXx emissions however have a share to many im-
pact categories such as acidification, eutroplocathuman toxicity and photochemical
oxidation. The impact of each pollutant can be ssfeexi by two possible ways. Either
by recording the direct and indirect environmemmabacts or by using specific charac-
terization factors so as to have more clear refoitsach category.
After the classification of each pollutant to th@esific impact category, there is the
characterization part. At this step the pollutahick has be classified in one or more
impact categories is now characterized with spedafiaracterization factors using a
common unit for each impact category. This wayltf# results can be compared for
each impact category by their degree of contrilbutior instance, the emissions related
to the acidification impact category are multiplieg the specific factor, which is not
the same for each pollutant. In this way, it isyeasunderstand the degree of contribu-
tion of each pollutant to the impact category ahttha same time the different inventory
inputs are converted into impact indicators ablbeaaompared. This can be done if the
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inventory data is multiplied with the characteriaatfactor, using the following equa-

tion:

» Inventory data x Characterization factor = Impact indicator

For the needs of the present LCA, the CML bas&ld@) Method was used as an envi-
ronmental impact assessment method. CLM is a metleveloped by the Centre for
Environmental Studies (CML) of the University ofidlen in Netherlands in 1992 [66].
This method has a midpoint approach and is a pmoldaentated method before the
final potential environmental damage to resoureessystems and human health show-
ing the importance of the over-consumption of cesource or the generated emission
to the ecosystem.

The impact categories that were considered in dineist LCA were the following:

> Abiotic depletion
The abiotic depletion category refers to the eximacof raw materials and minerals

such as iron and copper and extraction of fosslsfult is expressed in a ratio of kg
equivalents of each extraction of minerals andifdgsl used to kg of resource left in
the reservoir, for example kg antimony equivaldgs#xtraction and is performed at a

global, regional and local scale.

> Acidification
This impact category is related to the potentigbacts on groundwater, soil, surface

water, biologic organisms, ecosystems and mateusasl for building. The accumula-
tion of large amounts of sulfates and nitrateshie water cause phenomena like acid
rain, which affect the acidity of wetlands and a@atise degradation of forests. All the
ecosystems do not have the same ability to abserlsame deposition that is why the
affecting amount may be different for each counftgidification potential is expressed

as kg SQequivalent and is implemented at a regional antajlscale.

» Eutrophication
The impact category of eutrophication refers togkeessively large levels of macronu-

trients from nutrients emitted to air, water and sothe environment. Also, the use of
fertilizers in agriculture affects the quality dfet groundwater. The macronutrients can
result to the alteration of the number of specied #heir composition, while can in-

crease biomass production in terrestrial and age&iosystems such as aquatic photo-
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synthetic plants which cause further oxygen congiompn the water. In addition, the
presence of plants like reeds and algae in thervgat#ace, result in limiting the solar
radiation to the lower levels of the water affegtthe photosynthesis and the production
of oxygen. It is expressed as kg €guivalents and has local and regional geograph-

ical scale.

» Global Warming (GWP 100)
The impact category of global warming is associatétl the harmful effects of GHG

emissions to human health and the ecosystem cdnysadthropogenic activities. The
generated GHG emissions in the atmosphere causedtease of temperature, which
results to global warming and finally climate chan@lobal warming with a time hori-

zon of 100 years (GWP 100) was considered. Glolaming is expressed in kg carbon

dioxide equivalents in a global geographical scale.

» Ozone layer depletion
The ozone layer depletion refers to the environalantpacts due to the thinner ozone

layer. The anthropogenic emissions cause the dexahe ozone layer which in turn
results to pass a larger fraction, than it is sspdao, of UV-B radiation and reach the

earth’s surface. Eventually, this UV-B radiatiorstedverse effects on human and ani

mal health, on aquatic and terrestrial ecosysterdsoa biochemical cycles and materi-
als. The main contributor of about 80% for the déph of ozone in the stratosphere is
chlorofluorocarbons (CFC). It is expressed in kgOEH equivalent for the ozone de-

pletion potential of different gasses in a glolzlls.

» Human toxicity
This impact category refers to the effects of tsubstances released to air, water and

soil on human health. The unit for expressing thean toxicity potential factors is kg

1,4-dichlorobenzene equivalents and has a regitwtall and global scale.

» Fresh water aquatic eco-toxicity
The impact category of fresh water aquatic ecoeibxrefers to the impact of the dis-

posal of toxic substances on aquatic, sedimenttemestrial ecosystems. Eco-toxicity
potential is expressed as kg 1,4-dichlorobenzeneagnts and the geographical scope
is at local scale.
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» Marine aquatic eco-toxicity
The impact category of marine aquatic eco-toxicéiers to the impact of toxic sub-

stances and their emissions on marine ecosystdnis. dlso expressed as kg 1,4-
dichlorobenzene equivalents and the geographicglests at local scale.

> Terrestrial eco-toxicity
The impact category of terrestrial eco-toxicityersf to the impact of toxic substances

and their emissions on terrestrial ecosystemsamipact factor is expressed as kg 1,4-
dichlorobenzene equivalents and the geographicglests at local scale.

» Photochemical oxidation
Photochemical oxidation refers to the adverse tffen human health and ecosystems

by the formation of reactive chemical substanaks,dzone, caused by the sunlight im-
pact on specific air pollutants. It depends on atenconditions such as average irradia-
tion, temperature and humidity and temperaturergiga in addition to the co- presence
of nitrogen oxides in the troposphere. The phototbal ozone creation potential fac-
tors are expressed in kg ethylene equivalents, tantle span of 5 days and in local
scale.

The characterization factors for the most imporfasitutants and the units for each im-
pact category, used in CML 2000 baseline, are ptedeanalytically in Table 8.

In addition to characterization, the normalizatwinthe impact categories can be ob-
tained, when dividing the scores from a specifipact category with the corresponding
category of a reference region like NetherlandsstWurope or World in a specific
time region, such as 1990, 1995 and 1997.
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Table 8 : Environmental impact categories [72]

Converts LClI data to

Global,
Abiotic deple- . N . ) a ratio of resource
] regional | Quantities of minerals and fossil fuels used
tion used to resource left,
Jlocal
(kg Sb eq)
) Sulfur dioxide(SQ), Nitrogen oxides
o Regional, ) ) )
Acidification oeal (NO,), Hydrochloric acid (HCI), Hydroflu-| kg SQ, equivalents
ocal
oric acid (HF), Ammonia (Ng)
] Phosphate (P£), Nitrogen Oxide (NO)
o Regional, ) o . 3 .
Eutrophication ocal Nitrogen dioxide (N@), Nitrates, Ammo- | kg PQ, ™ equivalents
ocal
nia (NH)
Carbon dioxide (C¢), Nitrogen dioxide
Global war m- (NO2), Methane (NH4), Chlorofluorocar .
) Global kg CG, equivalents
ing bons(CFCs), Hydroclorofluorocar-
bons(HCFCs)
Clorofluorocarbons(CFCs), Hydrocloro- )
Ozone layer kg CFC -11 equiva-
) Global fluorocarbons(HCFCs), Halons,
depletion ] lents
Methylbromide (CHBr)
Global, . )
o . Arsenic, Chromium VI, Benzene, Hexa- )
Human toxicity regional kg 1,4-DB equivalents
chlorobenzene
Jlocal
Fresh water
aquatic eco- Local Vanadium, Nickel, Beryllium kg 1,4-DB equiedlts
toxicity
Marine aquatic ) ) ) )
o Local Nickel, Beryllium, Cobalt, Vanadium kg 1,4-DRRjuivalents
eco-toxicity
Terrestrial eco- Arsenium, Chromium VI, Vanadium, Mer- )
o Local kg 1,4-DB equivalentg
toxicity cury
Non-methane volatile organic compounds
Photochemical ) )
Local (NMVOC), Alkanes, Alkenes, Aromatic| kg GH, equivalents

oxidation

hydrocarbons
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3. Life Cycle Inventory (LCI)

3.1 Case 1: Reference power plant

3.1.1 Lignite mining

For mining 1 kg of lignite, the necessary inputd #me generated emissions to air, wa-
ter and soil are shown in Table 9 and Table 10eesgely. The data was derived from
the Eco-invent database in SimaPro software progwerich quantifies the directly af-
fected area and occupation during operation andreggon of the mine. Electricity re-
guirements and some diesel for mining operationrerieded, as well as the groundwa-
ter pumped out of the mine. The re-cultivation tabde area is taken into account. In
addition, electricity and diesel use are includekkctricity supply is modeled with the
Union for the Co-ordination of Transmission of Etexty (UCTE) mix.

Heat requirements are not accounted for because:use is only mentioned in a few
cases; heat is also used for briquette productidnita allocation to different uses is not
given; heat is usually produced as co-product byermhouth cogenerating plants for
which no module has been developed.

Particle emissions are calculated on the basidgre€tdmeasurements of total particles
made in Germany between mining areas and nearpstgted areas. Radon emissions
are extrapolated from data for hard coal miningtiMee emissions are directly taken
from literature. Emissions to water are only roygbastimated on the basis of limited
information from Germany and Spain and may noewfspecific conditions. They are
assumed to be released to rivers. Possible emsstiogroundwater have not been ac-
counted for. Solid wastes are deposited in the sgyea pit and therefore not taken into
account in the module. The data are for averagef&an conditions around the begin-
ning of the 1990s.
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Table 9 : Inputs from nature (resources) and tegpimere (materials/fuels) need, for mining 1kg

of lignite
Transformation from mineral extrat0.000074 rh
tion site
Occupation, mineral extraction site 0.0011%m
Transformation to mineral extractigord.000037
site
Transformation to arable 0.000037 m
Water, well in ground 0.0035"m
Coal, brown, in ground 1 kg
Diesel, burned in building machine 0.015 MJ
Electricity, high voltage 0.02 kWh

Table 10 : Emissions to air, water and soil from thining of 1kg of lignite

=

Emissions to air 1 Emissions to water

Calcium, ion 36.0g

Chloride 499¢
Carbon dioxide, 11.73 g Heat, waste 14.4 kJ
fossil Hydrogen-3, Tritium 118.25 Bq
Heat, waste 228.56 kJ Magnesium 19.8¢g

Phosphate 7.01g
Hydrogen-3, Triti- 1.58 Bq . .

Potassium, ion 1131g
um .

Silicon 15.8¢g
Noble gases, ra- 2.65 kBq . .

Sodium, ion 19.76 g
dioactive, unspec-

Sulfate 164.62 g
ified IL
Radon-222 4.94 kBq

| Emissions to soill

Heat, waste

Oils
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However, for the generation 1 kWh by the lignitentmstion at the power plant, the
necessary amount of fossil fuel is 1.99 kg of lignas calculated by SimaPro program.

Figure 26 shows a schematic representation of Kg9#&ynite mining also by SimaPro

program.
1.99kg
Lignite, at
7.8E-12
[ Im— _
0.0324 MJ 0.147 M] 1.99E-11p
Y
Diesel, burned in Electricity, high Open cast mine,
LI a L 0 L
0.000812kg || 0,149 MJ 0.00202M1 ]
i
Diesel, at regional Electricity, Heat, heavy fuel
o L o L o L
0.000818kg [ 0.034M1 ] 0.0158 M) ] 0.017M1 ] 0.00825M) ] 0.00251M1 ]
in Zn n Zn
Diesel, at Electricity, Electricity, Electricity, Electridity, Heavy fuel ail,
3.66E-25 L o L o L o || o L o L

Figure 26 : Schematic representation of mininglf@® kg lignite, by SimaPro program

3.1.2 Lignite transportation

For the purposes of this study, it was assumedlitirate is transported to the mine by
rail with a capacity of 2.315E-5 ton, which is ngsa&ry for the generation of 1kWh of
electricity. The distance between the mine andpthwer plant was assumed equal to
16.5 km. Based on these assumptions, the tranipardemands for lignite from the

mine to the power plant were calculated equal @@382 tkm. The input data used for
transportation of 1 tkm and the final emissionshi@ environment are shown at the Ta-
ble 11 and Table 12. The data were obtained frarEitp-invent database by SimaPro
software program. The module from the program dhksmodules ‘operation of vehi-

cle’; ‘production, maintenance and disposal of ¢kd®’; ‘construction and maintenance

and disposal of railway tracks’.
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Inventory refers to the entire transport life cydt®r rail infrastructure, expenditures
and environmental interventions due to constructienewal and disposal of roads have
been allocated based on the Gross tone kilometérpgnce. Expenditures due to op-
eration of the rail infrastructure, as well as larse have been allocated based on the
yearly train kilometer performance.

Data refers to average transport conditions in geifEU 15: Austria, Belgium, Den-
mark, Finland, France, Germany, Greece, Irelamadl, It uxembourg, Netherlands, Por-
tugal, Spain, Sweden and the UK). The data forindiastructure reflect Swiss condi-
tions. Data for vehicle manufacturing and mainteearepresents generic European da-
ta. Data for the vehicle disposal reflect Swisgatibn.

For vehicle operation all technologies are inclugtethe average data. Rail construction
addresses conventional gravel track beddings. k@mianufacturing of vehicles, the
data reflects a current modern locomotive.

Figure 27 shows a schematic representation oftégnansportation, necessary for the

generation of 1 kWh of electricity, provided by SiRro program.

rEnSportathom |:|
o

D.DDOIET thm
7 'E—i Iﬁ"
Transport, ;'el;ht
o
OL.O003E2 thom [ | 3.55E-8 nuyr [ ]
FEIE
Crperation, freight Rzilwrans
(] o ||
__ — __
S.4E-7 kg E.S5E-5 MJ 2.07E-5 kg
T
Cies=l, a2t regions| Electricity. high Grawel, onsshed,
o o o | |
S.97E-7 kg [ ] &.12E-5 MJ ] 7. F5E-11 m2
iem = !
Cries=l, =t El=ctricity, Building. hall, sve=l
4.45E-28 | | o L o | |

Figure 27 : Schematic representation of the coastnuand operation of transportation, by

SimaPro program
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For the transportation of 1tkm of lignite, the implata of the raw material used and the
generated output emissions to air, water and alshown at Tablell and Table 12 as

calculated by SimaPro program.

Table 11 : Inputs from nature (resources) and tespimere (materials/fuels) need, for 1tkm of

lignite transportation

Input raw material/fuels
Coal, brown, in ground 8,329
Coal, hard, in ground 6,38 g
Energy 39 kJ
Natural gas, in ground 2,60 |
Gravel, in ground 66,05 g
Qil, crude, in ground 4,28 ¢
Water, turbine use 222 |

Table 12 : Emissions to air, water and soil fomiix lignite transportation

- Emissions to water
Emissions to air
o ) Heat, waste 33,05 kJ
Carbon dioxide, fossil 37,549
Carbon monoxide, fossil 110,27 mg Hydrogen-3, Tritium 279,47 Bq
Dinitrogen monoxide 1,01 mg Radium-226 1,07 Bq
Heat, waste 680,61 kJ Sulfate 1,85 g
Methane, fossil 56,85 .
ethane, Tossi mg Chloride 258,17 mg
Nitrogen oxides 188,57 mg o
Noble gases, radioactive 6,26 kBq Aluminium 42,72 mg
Particulates, < 2.5 um 12,67 mg
Particulates, > 10 um 42,05 mg
Particulates, >2.5um,and < 10um 16,08 mg
Radon-222 12,09 kBq Emissions to soil
Sulfur dioxide 97,69 mg ]
. Chloride 2,19 mg
Hydrogen chloride 1,66 mg
Hydrogen-3, Tritium 3,69 Bq Heat, waste 263,297

Iron 60,79 mg

Qils 18,67 mg
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3.1.3 Electricity generation from lignite fired pow  er plant

The module in SimaPro software program uses theageenet efficiency of Greek lig-

nite power plants (35.2%). The module describesetaetricity production of an aver-

age plant for the country. The plant is used foddte load with 6,000 hours of opera-
tion at full capacity per year. The plant is assdrteeoperate 200,000 hours during its
lifetime.

The reference power plant is a typical lignitedirgower plant in Greece with a typical
capacity of 300 MWe, located in Northern Greecd.[83 already mentioned, the fossil
fuel which is mostly used for power generation ire€e is lignite. Lignite is a fuel

with low heating value, about 5-6.3 MJ/kg. The Haymite analysis is shown in Table

13 and is in accordance with European Benchmark Fasce (EBTF) definitions [73].

Table 13 : Raw lignite analysis

C H S O N H.O Ash LHV
(Wiw %)  (wiw %) (W/iw %) (wiw %) (wiw %) (wiw%) (wiw%) (kJ/kg)
22.58 2.07 0.94 9.88 0.37 36.8 27.36 7831

Due to the fact that lignite is a high moisturelfuedrying system is considered. The
pre-drying system comprises a bubbling fluidized teyer at which the fluidized agent
is part of the moisture removed from the ligniteietthis then mixed with the re-
circulating steam [74]. The necessary heat fordtlyeng process is provided by the oth-
er part of the moisture which is condensed in &ermal heat exchanger. For the com-
pression of the fluidized steam and the compressfahe stream which is fed to the
heat exchanger, two blowers are needed. The iastallof the drying system contrib-
utes to increase of the power plant’s efficiency.

A subcritical Sulzer-type boiler is installed inetlplant. The combustion technology
used for the generation of electricity is the “Rulzed Coal Combustion” (PPC) tech-
nology. PPC is a mature technology and can beeppd many kinds of coal, like lig-
nite. The efficiencies of the steam cycle and thiéeb are those which mostly determine

the efficiency of a PPC power plant. The refergooeer plant has an average efficien-
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cy of 35.2%. The sub-critical power plants usuaperate at conditions with steam
pressures below 220 bar and temperatures belo#C54®]. The thermal power plants
usually are constructed near the mining area ofdksil fuel. The thermal plants with
high power generation consist of many power prdadactinits. Each unit has its own
boiler, circulation piping system, electric pumgenerator, turbine and chimney, which
may be shared with another unit.

The steam cycle consists of, firstly the boiler,iskhproduces high pressure steam at
171.4 bar and 54C. The boiler has an efficiency of 87%.

The produced steam from the boiler is being su@gedeand then is expanded at the
high pressure (HP) steam turbine. After being redtkat enters the intermediate pres-
sure steam turbine (IP) then the low pressure @i®gm turbine and finally goes to the
condenser.

At the end of the turbine, which turns with 300Qumds per second, a generator is
mounted which transforms kinetic energy to electmergy. The generator through a
transformer raises the voltage from 21 kV to 400d0d then the high voltage goes to
the national high voltage grid.

The extracted steam from the steam turbines goesletctrically driven feedwater
pumps. The water coolant flow is cooled by a wetire draught cooling tower so as
the heat at the condenser to be dissipated. Tlssymeeof the condenser is 0.05 bar and
the inlet temperature of the cooling water is ath@8C. From the condenser the con-
densed steam goes through the circulator to theepters so as to raise the water tem-
perature from 3% to 250C. There are also preheaters at the end of therboil

Based on the above, for the generation of 1 k\Wiledftricity, with an average efficien-
cy of the power plant at 35.2%, around 1.99 kggfite with 5.44 MJ/kg heating value
and 2.5 lit of cooling water are needed. The texdintharacteristics of the plant are

presented in Table 14.

Table 14 : Main characteristics of the referenceqrglant

Power output MW g 300
Electrical efficiency % 35.2
Coal consumption kg/kWh 1.99
Specific CQ emissions kgo/KWhe 1.28
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For the generation of 1kWh of electricity from lighcombustion, the necessary inputs
of the raw material used and the generated emss$mair, water and soil are shown in
Table 15 while Table 16 shows the generated enmmissm air, water and soil. The data

was derived from the Eco-invent database by SimpRygram.

Table 15 : Inputs from nature (resources) and tegpimere (materials/fuels) for the generation

of 1kwWh of electricity, by lignite combustion

Lignite, at mine 1.99 kg

Water, cooling, unspecified naturad.035 n

origin/m®

Chlorine, liquid, production mix, at0.0001 kg
plant

Water, completely softened, at plant 0.062 kg

Water, decarbonized, at plant 1.54 kg

SOx retained, in lignite flue gas de6.002 kg
sulphurization
Transport, freight, rail 0.00038 tkm
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Table 16 : Emissions to air, water and solil forgkeeeration of 1 kWh of electricity by the lig-

nite combustion of 10.2 MJ, with 35.2% efficiency

Emissions to air

Boron

Carbon dioxide, biogenic

Carbon dioxide, fossil

Heat, waste

Hydrogen-3, Tritium

Nitrogen oxides

NMVOC, non-methane volatile
organic compounds

Noble gases, radioactive

Particulates, < 2.5 um

Particulates, > 10 um

Particulates, > 2.5 um, and <
10um

Pentane

Radon-220

Radon-222

Sulfur dioxide

85.06 mg
711.03
mg

1.28 kg
7.16 MJ
3.21 Bq
1449
9.18 mg

5.40 kBq
911.70
mg
914.05
mg
110.62
mg

1.72 mg
2.40 Bq
10.07 kBq
6.04 g

Emissions to water

Aluminium
Calcium, ion
Chloride

Heat, waste

Hydrogen-3, Tritium

Iron, ion
Magnesium
Manganese
Nitrate
Phosphate
Potassium, ion
Silicon

Sodium, ion
Solids, inorganic

Strontium

Sulfate

6.01g
90.28 g
9.96 g
1.78
MJ
240.74
Bq
11.81¢g
42219
3.16 g
417 g
14.01¢g
23.08¢g
63.82 g
40.17 g
6.95¢
143¢
352.72

Emissions to soil

Heat, waste 133.653 J

Qils 7.874 mg
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35.2% efficiency by SimaPro program.

Figure 28 shows a schematic representation of reiggtproduction of 1 kWh with
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Figure 28 : Schematic representation of electrigégeration of 1 kwWh, with 35.2% efficiency

Since the life stages up to the gfpture step are common for all three scenaridg, on
the CQ capture technology will be discussed for each, C&pture case in the follow-

ing paragraphs.

3.2 Case 2: Power plant with CO , capture by mo-
noethanolamine (MEA)

The technology which is commercially available tbe post-combustion capture of

CO, is amine scrubbing, using an amine based liquidest, usually monoethanola-
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mine (MEA) [29]. At the absorption process the ampgealkaline solvent of amine re-
acts reversibly with an acid or sour gas. The amsgrebbing process flow diagram is

presented in Figure 29.
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Figure 29 : Flow diagram of amine scrubbing pro¢&6k

The flue gas from the lignite power plant entews absorption column, called absorber,
where it is cooled to a temperature of 40@&0From the top of the absorber a mixture
comprised of water and MEA solution, usually 15-30%40%, enters the absorber.
The mixture is brought into contact with the fluasgand from the reaction of MEA
with CO; a carbonate salt is formed. A blower increasegpthssure drop to 1.124 bar.
The flue gas, clean of GDexits the absorber from the top while the carbersalt
leaves the absorber from the bottom and is thenppdnto the top of a stripper (regen-
eration vessel). In the stripper, the rich.0rbent is heated at temperatures of 100-
140°C in order to strip off the COThe generated amine is then transferred to the re-
boiler where is heated so as to be transferred bmat¢ke stripper. This extra heat re-
quirement for the maintenance of the regeneratanditions leads to a thermal energy
penalty of 4 MJ/kg C@ The CQ stream before being compressed and transportad to
storage site, it is cooled for any solvent droptetsolvent vapor. In addition to thermal
energy, electrical energy is also required fordperation of the liquid pumps, used for
pumping the amine solution and for the operatiothef flue gas blowers used for the
pressure drop [74].

Finally, extra energy is used by the cooling purapd a multistage compression unit
for the CQ compression at the necessary pressure of 11Gheelhas for its cooling at
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the temperature of 2G for the final transportation and storage. Foetids understand-
ing of such installations, Figure 30 shows the ednbent of the post-combustion cap-

ture system by MEA in a power plant.
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Figure 30 : Schematic of a post-combustion, €4pture system in a power pl4iAt]

The input data and the generated emissions fronmeascrubbing post- combustion
CO, capture process are shown in the Table 17. Treevdate obtained frordoornneef
J. et al, 2008 [58]. The data were adjusted forctgure of 1 kg C@emission by lig-
nite combustion, at a Greek lignite-fired subcatipower plant.

Table 17 : Inputs from nature (resources) and tegpimere (materials/fuels) for capturing 1 kg
CO, by the amine scrubbing process

Monoethanolamine 3.28 gr
Sodium hydroxide (concentrated) 0.6 gr
Ammonia 3.4 gr
Limestone 12.1 gr
Electricity, medium voltage 0.136 MJ
Heat 6.4 MJ
CO, emission from electricity pro- | 1 kg
duction flue gases
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The output emissions in air, water and soil for ¢hpture of 1 kg C¢) are shown at
Table 18. The data were calculated for all the usses, the raw materials and fuels

which were used by MEA capture unit by SimaProvgafe program.

Table 18 : Emissions to air, water and soil fortaepg 1 kg CQ by the amine scrubbing pro-

cess

Emissions to air Emissions to water

Carbon-14 1.31 Aluminium 5.61 g
Bq Calcium, ion 77289
Carbon dioxide 8.22¢ Chloride 12719
o ) Heat, waste 1.5MJ
Carbon dioxide, fossil 355.97
Hydrogen-3 568.5 Bq
g
) Iron, ion 10.07 g
Carbon monoxide, fos- 1.09¢ )
" Magnesium 36.54 g
Si
Manganese 2.74 g
Heat, waste 15.24 )
Nitrate 3.64¢g
MJ
. Phosphate 12.13 ¢
Hydrogen-3, Tritium 7.58
B Potassium, ion 20.40g
q
) Radioactive spe- 1.28 Bq
Methane, fossil 2.68¢ ) )
cies, Nuclides
Nitrogen oxides 3.14¢9 Radium-226 2.11 Bq
Noble gases, radioac- 12.765 Silicon 56.14 g
tive, k Bq Sodium, ion 35.28 g
Particulates, < 2.5 um 091g¢ Solids, inorganic 5.64 g
Particulates, > 10 um 1.55¢g Strontium 125¢g
Polonium-210 1.12 Strontium-90 1.84 Bq
Bq Sulfate 304.07 g
Radon-220 1.98 Emissions to soil
Bq
Radon-222 23.86 Calcium
kBq Carbon
Sulfur dioxide 9.21¢g Chloride
Xenon-133 1.46 Heat’ waste

Bq

Iron
Oils
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Figure 31 shows a schematic representation ofripet idata in MEA capture unit by
SimaPro program for the G@apture from 1 kWh of electricity.
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Figure 31 : Schematic representation of MEA captunie by SimaPro program

3.3 Case 3: Power plant with CO , capture by Car-
bonate looping (Cal)

An alternative technology for post-combustion G@pture is the process called “Cal-
cium Looping”. Calcium looping is a promising tedhomgy for CQ capture from power
plants and it was firstly proposed by Heesink archimink, in 1994 [38]. Its difference
to conventional amine scrubbing is that it utilizesolid sorbent material like CaO in a
system comprised of two fluidized bed reactors. $eparation of C@from the flue
gas stream is performed through a reversible @acthe exothermic reaction of CaO
and CQ in the carbonator to form calcium carbonate amdeahdothermic reaction of
CaCQ in the calciner, so as to regenerate the sorksefigure 32 presents and it was
initially proposed by Shimizu et al. [59].

The flue gas stream that exits the boiler of theigrgplant is transferred to the carbona-
tor. There, at temperature around &@he CQ from the flue gas is absorbed by CaO
and from the exothermic reaction, Ca£3® formed. The solids exiting the carbonator
are sent to the calciner, where through the enduibereaction at around 980, Ca-
CO;s produced by the carbonation reactimmdecomposed back to CaO while at the

same time, a COstream is released.
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Figure 32 : Capture cycle general laypifl]

The CQ stream is then led for possible compression anéirfal storage, while CaO is
recycled back to the carbonator for a continuousratmn of the cycle. The extra heat
requirement for the calcination is obtained by¢hmbustion of the extra fuel fired with
oxygen-rich stream in order to produce a,G@eam with high purity. Nevertheless, the
gas streams exiting the two reactors generateiadaitheat which can be utilized by
the power plant for power generation. After a numisecarbonation and calcination
cycles the concentration of CaO in the calcinageing lower and this affects the €O
absorptivity. To make up this CaO loss, fresh CaiS@upplied in the calciner. In addi-
tion, even though the coal burned has low sulfurteat, as there is a desulfurization
unit at the power plant, still a small amount of ,S®acts with the CaO and forms
CaSQ (gypsum) contributing to this extra demand of CgCO

However, despite the fact that there is an enevgy tlue to the oxygen supply in the
calciner, the overall energy penalty using the &iteth Looping’ process is less than
using the alternative post- combustion technoldg@©, capture by ‘amine scrubbing’.
According to I. Vorrias et al. [63] for a supera@l power plant with net power output
of 304.15 MWel and net efficiency of 39.05%, theeigy penalty for the ‘Calcium

Looping’ process is 4.95% while for the processigsamine scrubbing’ is 7.8%.
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3.3.1 Air Separation Unit (ASU)

The Air Separation Unit (ASU), as Figure 33 shosswhere a large amount of pure
oxygen is produced with the cryogenic method. Ia timit the stream of air is separated
into two streams, the one which is pure in oxygea the one which is pure in nitrogen.
This separation occurred due to the different dewmtmf oxygen and nitrogen in condi-
tions with high pressure. The general processsswith the entrance of the air stream
into the inter-cooled compressor so as to be cosspreafter passing its four stages.
Then, in order for the moisture to be removed,dinés cooled to 1 and this can be
obtained at the two-staged Direct Contact Air Co¢Il2CAC). For further cooling at
9°C, the air enters in the evaporative coolers. Thie air is cooled down due to the
presence of a nitrogen stream.

Moreover, the air stream passes through the ma@eaiéver absorbers so as to be
cleaned from water or impurities, before enterimg main heat exchanger. Afterwards,
the separation of air is performed, firstly by lgenooled to dew point and then by en-
tering in two distillation columns, which have @fént operating pressures. The 34% of
the separation is occurred in the column with thgh lpressure conditions. The final
separation of @concludes, when the streams after exiting the Ipigissure column
(HP) and passing through the throttle valves, entére low pressure column (LP).

nitragen
12 [11)

(7

(3) \I
A
i HFT
- H
(3 R
I —
(1} — Nitrogen -
. I

j — Oy

Figure 33 : Typical flow diagram of the Air SepapatUnit (ASU)[63]
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There is no use of any external heat or coolingabge for the condensation in the high
pressure column the necessary cooling load ismddarom the generated heat from the
evaporation in the re-boiler in the low pressurkiem. For the overall process to be
concluded, the streams after exiting the low pmessalumn are then heated in the main
heat exchanger to a temperature ofClas the air comes from the molecular sieves.
Table 19 presents the process parameters accaiBBTF in order to be produced
95% pure oxygen stream [73]. Finally, the tempeestwf the streams from the reboiler
and the condenser are the one which specify thespres in the two columns, the LP

and HP column.

Table 19 : Process parameters of the ASU modeling

HPC and LPC pressure 5.50/1.92 ba
Oxygen pressure outlet 1.35 bar
Air compressor isentropic efficiency 86.5|%
O, recovery efficiency 99.1 %
N recovery efficiency 99.7 %
Oxygen purity 95.0 % viv
Nitrogen purity 99.6 % viv
Specific Q production 222.36 KWh/ tnG

3.3.2 Heat Exchanger

Chemical absorption systems are characterized @ydtt that the absorption reactor
has lower temperature than the higher temperatiteeogeneration reactor. For the
elimination of the energy penalty between the ntaia streams, a heat exchanger is
added. In carbonate looping, there is a major teatpee difference between the car-
bonator and the calciner and by exchanging the lbetateen the solid streams, with the
use of a heat exchanger, has an advantageous iop#ut total efficiency [62]. A unit

of a heat exchanger as Figure 34 shows could benthef two concentric L-valves.
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Figure 34 : Concentric L-valves for heat excharGfg [

The L-valves of the two fluidized bed reactors pleced concentrically and act as heat
exchanger while the two solid streams pass thrdabgm, having as a result the same
output temperature. The heat exchange increases thib vertical parts of the L-valves
are fixed beds, while the dimension of the uniteiduced. Even though there are many
uncertainties about the coupled operation, stél tbncentric L-valves operation con-
duces to a heat exchange between the solid sti@aangreat extent.

3.3.3 Secondary steam cycle - Heat utilization

Calcium looping capture process, is a process wbjparates in high temperatures and
generates a great amount of heat energy. Thisemeagy, with a superheated steam at
650°C, can be recovered in order to generate additipoaler in a secondary steam
cycle, increasing in that way the electrical powesduction of the power plant. The
produced electrical power can be utilized in dryithe CQ compression unit and
especially the air separation unit, which consuembgh amount of energy. In that case,
the energy penalty, caused by the capture procasde reduced while the overall
efficiency of the power plant is increased [62B]ig78].

The secondary steam cycle as Figure 35 shows,deslinigh , medium and low
pressure turbines, heat recovery, steam genemtonomizer, superheater, reheater,
high and low pressure feedwater reheaters andateaer
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Supercritical Steam
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Figure 35 : Integration of heat from calcium loapio a steam cycle [62]

The energy sources for possible integration are:

» The recovered heat from calciner, as the concedtr&Q stream exits the
calciner with a temperature of St which first it can be cooled down to £60
and then can be splitted.

» The recovery heat from carbonator’s flue gasesjywed by the reaction of GO
with CaO at 65C.

> The flue gas stream with low G@missions that exits the carbonator at°650
which can be cooled down to 100-?€hefore being stacked.

» The CQ stream which is going to be purified and then carsged, before its
condensation can be cooled down t8G0

> The heated solid purge at 900 leaving the calciner, before being disposed or
sent to a cement plant, can be cooled down wheeréitovered heat can be
utilized.

In addition, the cooling water leaving the heathatgers can be used for district
heating, as it has high mass flow rate and a temtyer of 88C. This utilization can
increase further the efficiency of the power plant.

Finally, an efficiency increase can be obtainedenvthe recovered heat from the purge
stream cooling is used for preheating the oxygehthe CQ stream in the fluidized
calciner.
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3.3.4. Advantages

In general, calcium looping technology offers pétEnbenefits which make it an

alternative capture process with good operatingazteristics, such as [79], [50], [80],
[81] [82] [83]:

Vi.

Vii.

Lower energy penalties for GQcapture. The energy penalties for calcium
looping are 6-8% points while the energy penaloésamine scrubbing post-
combustion process are 10-12% points [28].

With the intergration of calcium looping with cheral looping, which is still in
research condition, the high energy requirement the CQ capture it is
possible to be reduced. At this process composte/CuO-based materials are
used, with the CuO having the role of oxygen carmpviding the necessary
amount of oxygen for the regeneration of the sarlierCalL. In that way the
ASU consumes less power and the overall energyltyeofapost-combustion
CO, capture is reduced further more.

Providing an additional steam cycle. The energyafigncaused by the air
separation can be reduced by the utilization of frean the hot sorbent material
and the hot C@stream to generate additional steam.

In calcium looping, the technical scale-up risks eeduced due to the use of
mature large-scale equipment, like the circulafinglized bed (CFB) boiler.

The use of natural limestone as a sorbent in galéaoping, is a low cost raw
material. Despite the fact that after multiple egcbf CQ capture the sorbent is
losing its capacity and high amount of fresh limast needs to be supplement,
so as the C@capture efficiency to be kept to a proper levek tb its low price
Is not a drawback for the integration of calciuragong to power industry.
Provides the possibility of collaboration for povaerd cement industry, as both
are heavy-emitting industries, when the exhaustedesit of CaO (lime), after
having used by power industry is used by cemenidtrgl as feedstock.

The high energy consumption of Air Separation WJABU) in oxy-combustion,
is reduced in calcium looping combustion, as thesomed power is reduced to
1/3.
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3.3.5 Inventory data for “Carbonate looping”

For the Calcium Looping (CalL) process, the invenioput and output data were ob-
tained by Vorrias I. et al, 2013 [63].Table 20 pms the main characteristics for the

calcium looping process.

Table 20 : The input data of the main charactesdor the CalL process

IN
CO, from the main boiler 49.83 kgls
Electricity for air separation 0.78 MJ/kgGCapt.
Heat for combustion 3.65 MJ/kgG@Capt.
Fresh limestone 17.7 kg/s

Table 21 shows the input G@missions in kgC@s from the different sources which
entering the carbon capture system and the €fiissions in kgC&s which are cap-

tured, as well as the emitted €émissions in kgCgs.

Table 21 : C@balance at the carbon capture system

IN (kg CQy/s) OUT (kg CQOy/s)
From the mair] 49.83 Captured 80.48
boiler flue
gases
From lignite| 30.87 Emitted 5.20

combustion a

the calciner

From make-up 4.98
limestone degt
radation
Total 85.68
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The input data with the amount of the make-up limes (CaC@), the electricity and
the heat used, for capturing 1 kg £0By calcium looping C® capture process are

shown in Table 22.

Table 22 : Inputs from nature (resources) and tegpimere (materials/fuels) for capturing 1 kg

CGO, via carbonate looping

Limestone, milled ,loose, at pant 0.25]kg
Electricity, medium voltage for 0.89 MJ
auxiliaries

Heat 4.2 MJ
CO, emission from electricity 1 kg
production flue gases

Figure 36,displays a schematic representation of the inpta meaCal capture unit, by
SimaPro program, for capturing the £€émissions by generating 1 kWh of electricity.

Cal captura Sfﬂ»e“\H
i)

0.325 kg
Lrsestane, milled,
[

|

1.15 M) 5.38 M) aeM
]E- EE i i
i
Elédriaty, médium Hest, at hard coal Electricity, lignits, a
L] 2.71E-12 7.B8E-12

Figure 36 : Schematic representation of CalL capinie by SimaPro

The output emissions in air, water and soil, fggtaang 1 kg CQ, are calculated for all
the resources, the raw materials and fuels enténmgapture unit, by SimaPro software

program as Table 23 shows.
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Table 23 : Emissions to air, water and soil fortaepg 1 kg CQ by carbonate looping process

Carbon-14

Carbon diox-
ide, fossil
Carbon
monoxide,
fossil

Heat, waste
Hydrogen-3

Methane,
fossil
Nitrogen ox-
ides

Noble gases,
radioactive
Particulates,
<2.5um
Particulates,
> 10 um
Polonium-
210
Radon-220

Radon-222

Sulfur diox-
ide
Xenon-133

Emissions to air

1.17 Bq

328.05 g

0.85g

13.36 MJ
6.57 Bq

1.95g

2749

11.13 kBq

0.97 g

1.43g

0.96 Bq

2.28 Bq
21.25 kBq

8.71g

1.89 Bq

=l

Emissions to water

Aluminium
Calcium, ion
Chloride

Heat, waste
Hydrogen-3, Tritium
Iron, ion
Magnesium
Manganese

Nitrate

Phosphate
Potassium, ion
Radioactive species,
Nuclides.
Radium-226

Silicon

Sodium, ion

Solids, inorganic

Strontium
Strontium-90
Sulfate

Emissions to soil

Calcium 2.47 mg
Carbon 1.64 mg
Chloride 2.67 mg
Heat, waste 6.83 kJ
Iron 8.04 mg
Oils 6.28 mg
Sodium 1.02 mg
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4. Life Cycle Impact Assess-
ment (LCIA)

At this chapter, the performance of the three foitm scenarios is analyzed: Case 1
‘Electricity production’ without having any captutechnology, Case 2, ‘Electricity
production with MEA’ which is ‘Electricity produatn’ case, with C@ capture tech-
nology with MEA and Case 3, ‘Electricity productianth Calcium looping’ which is
‘Electricity production’ case, with C{capture technology with Calcium looping.

At first, the efficiency and the GQrapture rate for the three cases are going tade p
sented. Afterwards, the environmental impact categmf this LCA, are going to be
analyzed with tables and figures, showing the mees and the raw materials which
participate in the operation of the three casaselectricity production of 1 kWh, with
or without capture technology, as well as with ¢aldnd figures, which present the pol-
lutant substances which are responsible for theease of each environmental impact
category. For each of the ten different environrakempact categories, one table with
one figure are presented, in order to illustrate fghocesses or the raw materials which
contribute the most and calculate the value ofaittarization factor of each impact cat-
egory. One table with one figure, are also presentéh the pollutants which are emit-
ted from the processes for each case and are a@bjmofor the increase of the value of

characterization factor, of the corresponding eminental impact category.

4.1 Efficiency

Case 1, ‘Electricity production’, is a subcritidagnite-fired power plant with an aver-
age efficiency of 35.2%. Case 2, ‘Electricity protdan with MEA’, has an efficiency
of 19.38% (energy penalty of 15.8%) and Case Fcfekity production with Calcium
looping’, has an efficiency of 21.5% with an eneppnalty of 13.7% as Table 24 pre-
sents. The requirement of high amount of heatHerttvo CQ capture systems makes
them to be energy-intensive processes and is regperior the high energy penalty. In
addition, the fact that the power plant of Caseés B subcritical and not a supercritical

power plant, also contribute to the high energyaftgrscore as the two capture process-
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es have better performance at supercritical powaart Moreover, the energy penalty
for a lignite-fired power plant with capture teclhogy is higher compared to a coal-
fired power plant, also with capture technologye da the fact that lignite has lower
calorific value and higher moisture than coal [84s we can see Case 2, ‘Electricity
production with MEA’, has higher energy penaltyrth@ase 3, ‘Electricity production
with Calcium looping’. The fact that the efficienof Case 3 is higher than Case 2,
apart from its better CQOcapture performance, is also because ‘Electrimibduction
with Calcium looping utilizes the 40% of the heangrated by the capture process to a

secondary steam cycle and produces extra elegtricit

Table 24 : Efficiencies for the three investigasednarios

Electricity pro- Electricity Electricity pro-
duction production duction with
(Case 1) with MEA Calcium looping
(Case 2) (Case 3)
Efficiency 35.2% 19.38% 21.5%

4.2 CO, capture rate

The CQ emissions for Casel, ‘Electricity production’ dr@8 kg CQ per kWh while
the CQ emissions for Case 2, ‘Electricity production wNtEA', are 0.39kg CQ@per
kWh electricity generation with MEA process andhss capable of capturing 90.73%
of the generated CCemissions from lignite combustion. The total £€nissions for
‘Electricity production with MEA’, containing the @ emissions from all processes,
from lignite mining to electricity generation, aghvas the C@equiv. emissions from
the other substances which are also emitted duh@gperational phase of the power
plant, like methane, nitrous monoxide and carboman@e are 0.55 kg COequiv.
emissions. The overall amount of €&voided in ‘Electricity production with MEA', is
calculated to be 87.1%. For Case 3, ‘Electricitgduction with Calcium looping’ to-
gether with 40% utilization of heat from this presgthe generated G@quiv. emis-
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sions from lignite combustion are 0.095 kg O&er kWh electricity generation, with
carbonate looping technology being capable of cag7.3% of the generated €O
equiv. emissions. However, the total £€quiv. emissions for ‘Electricity production
with Calcium looping’, containing the GQequiv. emissions from all processes, from
lignite mining to electricity generation, and thiner substances which are also emitted
during the operational phase of the power plakg hethane, nitrous monoxide and
carbon monoxide are 0.49 kg €@missions. So, the overall amount of GWoided in
‘Electricity production with Calcium looping’ is taulated to be 86.5%.

Table 25 presents the G€apture rates for the two capture processes, \Eigctricity
production with Calcium looping’ process having thigher score for capturing the
generated C@equiv. emissions from lignite combustion, while gtore of the avoided
CO; equiv. emissions from overall power plant beingp@dt the same for the two cap-
ture processes. The LCA for electricity productwith the two capture processes sug-
gest almost equivalent lifecycle performance. Hosvefor ‘Electricity production with
Calcium looping’ by improving the operating condits, such as, the maximum power
output, the maximum efficiency and the minimum lresrbent input, will contribute to
a revenue increase, whereas for ‘Electricity préidacwith MEA’, the only possibility
for the increase the power output and the effigiesfdhe system, would be to use more
power from the power plant performing the capturecpss, which have as a result the

reduction of capture efficiency and simultaneonsrease of the life cycle emissions.

Table 25 : CQcapture rates for the 2 Cases with,@@pture technology

Electricity production | Electricity produc-
with MEA (Case 2) tion with Calcium
looping (Case 3)

% CO, captured from lignite 90.73% 97.3%
combustion
% CO, captured from overall 87.1% 86.5%
power plant
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4.3 Global warming potential (GWP 100)

As we can see from the results for the impact categf global warming, there is a
great reduction of COequiv. in the two cases with the post-combusti@y Capture
technology compared to ‘Electricity production’ wiho CQ capture technology. The
emissions produced by the lignite combustion atpiwer plant for electricity genera-
tion, cover the major percent of the direct Q#issions. Table 26, presents the overall
processes and raw materials, which participateéenoperation of the three Cases, from
‘cradle to grave’ and produce the higher amount€®©f equiv. emissions, when com-
paring ‘Electricity production’ and ‘Electricity pduction with Calcium looping’, with
Electricity production with MEA. For all cases th®in source of C@equiv. emissions

is the lignite supply chain and especially the ilgrcombustion. The generated emis-
sions by the mining and transport chain as welbyashe MEA and limestone produc-
tion chain are lower in relation to lignite chamddignite combustion.

As we can see at Table 26, for ‘Electricity produrct case, the generated emissions
only by lignite combustion process, for electricggneration, are 1.26 kg G@quiv.
For the two cases with the capture technologyatheunt of kg C@ equiv. generated
by lignite combustion, are referred to the extrectlcity used, by lignite combustion,
for the operation of the capture processes. Théearkg CQ equiv., after the flue gas-
es have passed through the capture units, areshtsen for each of the two capture
technologies, which are 0.39 kg €€quiv. for ‘Electricity production with MEA’ and
0.095 kg CQ equiv. for ‘Electricity production with Calcium dping’. For that reason
by increasing the CQseparation rates at the power plant, we can aehaefurther re-
duction of CQ emissions in the atmosphere.

If we want to calculate the amount of kg £&¥oided from lignite combustion, we have
to subtract the direct emissions from the powentpigith the capture unit from the
power plant without the capture unit and calcutateavoidance efficiency. As we have
already calculated above, the avoidance efficienfcCase 2, ‘Electricity production
with MEA’ process is 90.73% and for Case 3, ‘Elietty production with Calcium
looping’, is 97.3%.

However for both cases with capture technologyassumed that there is no leakage of
CO; from the reservoir. Whether there is af3€akage, the avoidance efficiency would
be reduced. Still, in that case the £#nissions in the atmosphere would occur with a
low rate and in a long-term time horizon. As a leshe CQ concentration in the at-
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mosphere would be performed in slower rates, gitinthe animals and plants the op-
portunity to be adjusted, so the overall damageldvba less. Moreover, even though in
absolute levels may create the same environmeatahde by delaying the G@mis-
sions in the atmosphere, they are also offeringeseconomic benefits. First of all, by
postponing the climate change, for a positive distoate when C@is sequestered, the
net present value of damage costs is reduced. iAddily, the net present value of
damage costs is also reduced in case that theudiscate increases faster than the
abatement cost. Also, by postponing the climatengbait offers the necessary time for

the development of new mitigation process for tkd» €missions.

Table 26 : Global warming potential pollutant preses per kWh electricity, for the whole
power plant

Electricity

Electricity production

Electricity production  with Calcium

Process/Raw material producton ~ With MEA looping

Sodium hydroxide kg CO; eq 0.00E+00 1.11E-03 0.00E+00
Natural gas, burned in

power plant kg CO, eq 1.99E-04 4.06E-03 2.66E-02
CO, emissions after

MEA capture unit kg CO, eq 0.00E+00 3.94E-01 0.00E+00
Lignite combustion kg CO, eq 1.26E+00 5.12E-02 2.60E-01
CO, emissions after

CaL capture unit kg CO, eq 0.00E+00 0.00E+00 9.50E-02
Heat, lignite, extra for

capture process kg CO; eq 0.00E+00 7.14E-02 4.69E-02
Ethylene kg CO; eq 7.65E-07 3.49E-03 2.21E-06
Ammonia kg CO; eq 3.05E-05 1.65E-02 6.42E-05
Heavy fuel oil, burned

in power plant kg CO; eq 1.00E-04 5.47E-03 3.60E-02
Remaining processes kg CO; eq 3.75E-02 7.99E-03 2.40E-02
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For the three cases, the values of the total kg €fDiv. produced by the emitting pro-
cesses are shown at Figure 37. As we can seetfriigcproduction’ without capture
unit generates the higher amount of kg,@Quiv. in the atmosphere, followed by ‘Elec-
tricity production with MEA’ and finally ‘Electridly production with Calcium looping’,

generates the lower amount of kg £%quiv.

1,4E+00
B Sodium hydroxide
1,2E+00 -
Ethylene
1,0E+00 - M Natural gas, burned in power
plant
Heavy fuel oil, burned in
= 8,0E-01 - power plant
8 = Ammonia
O
[oT1]
= 6,0E-01 - - .
H Lignite combustion
T
4,0E-01 - M Heat, lignite,extra for capture
process
B CO2 emissions afer MEA
2,0E-01 - capture system
B CO2 emissions afer CalL
capture system
0,0E+00 - B Remaining processes
Electricity MEA CaL
Global warming

Figure 37 : Global warming potential pollutant peeses per kWh electricity, for the whole

power plant

In Table 27 and Figure 38, we can see that besad®n dioxide, there are also other
substances like methane, carbon monoxide and atjeitr monoxide, with global warm-
ing potential, which also produce some kg,@Quiv. emissions during the operation of
the power plant. For the two capture processessdbee for the substance of methane is
higher due to the fact that for the operation esthcapture processes extra electricity is

required and this means extra lignite mining, whiehesponsible for methane emis-
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sions. Other contributors to the increase of mettame also the MEA production chain

and the disposal chain of reclaimer bottoms.

Table 27 : Global Warming Potential impact categawentory characterization per kwh elec-

tricity, for the whole power plant

Electricity
Pollutant Electricity production Electricity production
substance producton ~ With MEA  with Calcium looping
Carbon
dioxide, fossil | kg CO, eq 1.28E+00 4.56E-01 4.20E-01
Methane,
fossil kg CO; eq 1.17E-02 8.01E-02 5.94E-02
Dinitrogen
monoxide kg CO; eq 1.74E-03 5.97E-03 6.63E-03
Carbon
monoxide,
fossil kg CO; eq 3.81E-04 2.21E-03 1.72E-03
Total kg CO; eq 1.30E+00 5.44E-01 4.88E-01
1,4E+00
1,2E+00
1,0E+00
E’- 8,0E-01 B Carbon monoxide, fossil
% 6,0E-01 = Dinitrogen monoxide
= 4,06-01 B Methane, fossil
B Carbon dioxide, fossil
2,0E-01

0,0E+00

Electricity MEA CaL
Global warming

Figure 38 : Global warming potential impact catggawentory characterization per kwh elec-

tricity, for the whole power plant
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For the following environmental impact categoriasthe tables and figures correspond-
ing to the participating processes or raw matef@ishe three Cases, the process ‘heat,
lignite, extra for capture system’ is referringthe extra heat used by Case 2 and Case
3, which utilize the capture technology, while thecess ‘electricity production’ is
Case 1 with its whole life cycle for electricitygauction of 1 kWh, by lignite combus-
tion, which is also utilized in Case 2 and Case 3.

4.4 Abiotic depletion

The extraction of fossil resources is expressedhgaabiotic depletion category. At Ta-
ble 28, derived from SimaPro software program, a&e see all the processes and the
raw materials which contribute to the increaselbtic depletion impact category. Es-
pecially, there is an increase of this categorythar two capture processes due to the
fact that, for the operation of the capture unitrenmaterials are required. The use of
extra amount of raw materials like, lignite, natigas and limestone for the generation
of the specific amount of electricity or heat u$edthe operation of the capture units,
have as a result the production of more fly asktoboash and solid wastes which also
result to the overall increase of this impact catgg

As we can see at Table 28, the high amount ofretggtand heat used by ‘Electricity
production with MEA’ capture system and the uséigh amount of electricity, heat
and lignite by ‘Electricity production with Calciutmoping’, are responsible for the

high value of abiotic depletion for both capturehteologies.
Table 28 : Abiotic depletion pollutant processeskWh electricity

Electricity
Electricity | production

production | with Calcium

Electricity

Process/Raw material Unit production | With MEA looping
Crude oil kg Sb eq 3.38E-05 5.97E-05 2.53E-04
Natural Gas kg Sb eq 3.10E-05 7.48E-05 2.35E-04
Lignite, at mine kg Sb eq 1.33E-02 4.02E-04 2.62E-03
Heat, lignite, extra for capture

process kgSbeq 0.00E+00 7.06E-03 4.63E-03
Electricity production kgSbeq 0.00E+00 1.35E-02 1.35E-02
Remaining processes kg Sb eq 7.66E-05 2.04E-04 9.05E-05
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Figure 39, shows the overall value of the abiog&pldtion impact category for the three

cases. For ‘Electricity production’ case, the vabfi@biotic depletion is lower than the

value of ‘Electricity production with MEA’ and ‘Etgricity production with Calcium

looping’.
2,0E-02 ——
Electricity production
1,5E-02 —] W Heat, lignite, extra for capture
o process
o
g M Lignite, at mine
oo 1,0E-02 - ——
~
® Natural Gas
5,0E-03 -
M Crude oil
0,0E+00 - B Remaining processes
Electricity MEA CaL
Abiotic depletion

Figure 39 : Abiotic depletion impact category pregeontribution per kWh electricity

Table 29 and Figure 40 present the substances wbitibute to the increase of abiot-

ic depletion impact category. The increase of rstugsources use, like natural gas,

crude oil and especially lignite, for the two captprocesses, which are necessary for

the proper operation and construction of thoseuwraptnits are responsible for the in-

crease of abiotic depletion category.
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Table 29 : Abiotic depletion impact category invagtcharacterization per kWh electricity

Electricity  Electricity pro-

production duction with

Pollutant Electricity produc-
substance tion with MEA  Calcium looping
Lignite kg Sb eq 1.34E-02 2.06E-02 2.04E-02
Natural gas kg Sb eq 4.04E-05 4.11E-04 4.42E-04
Oil, crude kg Sb eq 3.53E-05 2.87E-04 3.92E-04
Remaining
substances kg Sb eq 5.10E-08 1.04E-05 1.70E-07
Total kg Sb eq 1.35E-02 2.13E-02 2.12E-02
2,5E-02
2,0E-02
g 1,58-02 B Remaining substances
Q2
?o ™ QOil, crude
= 1,0E-02
B Natural gas
5,0E-03 H Lignite
0,0E+00

Electricity MEA CaL
Abiotic depletion

Figure 40 : Abiotic depletion impact category int@gy characterization per kWh electricity

4.5 Acidification

The values of acid gases like 5s®IO,, HCI and HF are increasing mainly due to the
extra need of lignite, for the two capture unitsorbver, the power plant emits more
NOy per kWh due to the efficiency penalty, as Figuteadd Table 30 show.

For ‘Electricity production with MEA', the valued the impact category of acidifica-
tion are higher not only by the high use of heat alectricity but also by the fact that
the amount of NElemissions get higher, from the degradation of M, fuel supply
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chain and from the production process of MEA. Hogrewt is possible to get a further
reduction of the Nklemissions, by installing a water wash sectiorhattop of the ab-
sorber of the ‘Electricity production with MEA’ uni

At ‘Electricity production with Calcium looping’ #hhigh value of consumption of elec-
tricity for the air separation unit, as well as théra use of heat, for the operation of the
process, are responsible for the high value ofifécation impact category.

Table 30 presents with more details the processtseaaw materials which contribute
to the increase of the value of acidification impeategory for the three cases, showing
the higher value for ‘Electricity production withBA’, due to the higher consumption
of heat and electricity.

Table 30 : Acidification impact category pollutgmbcesses per kWh electricity

Electricity | Electricity produc-

Process/Raw ma- Electricity production tion with Calcium

terial production with MEA looping

Electricity produc-

tion kg SO, eq 0.00E+00 7.97E-03 7.97E-03
Heat, lignite, extra

for capture process kg SO, eq 0.00E+00 7.87E-03 5.16E-03
Heavy fuel oil,

burned in power

plant kg SO, eq 9.37E-07 5.10E-05 3.36E-04
Lignite, burned in

power plant kg SO, eq 7.84E-03 2.33E-04 1.54E-03
Natural gas kg SO, eq 4.38E-06 7.86E-06 3.29E-05
Remaining

processes kg SO, eq 1.25E-04 8.70E-05 1.13E-04

Figure 41 shows the acidification values for thee¢hcases, showing that ‘Electricity

production with MEA’ has the higher value.
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Acidification
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Figure 41 : Acidification impact category pollutarbcesses per kWh electricity

As Table 31 and Figure 42 presents the producticuléur dioxide and nitrogen oxides
emissions from the extra use of electricity and la¢ghe two capture systems, influence
the values of acidification. In addition due to theergy penalty, more fuel will be

needed, increasing in that way the amount of néinogxides produced.

Table 31 : Acidification impact category inventaryaracterization per kWh electricity

Electricity produc-

Electricity produc-
tion with Calcium

Pollutant Electricity

substance production tion with MEA looping
Sulfur

dioxide kg SO, eq 7.26E-03 1.42E-02 1.34E-02
Nitrogen kg SO, eq

oxides 7.17E-04 2.01E-03 1.73E-03
Ammonia kg SO, eq 8.44E-07 4.50E-05 2.56E-05
Total kg SO, eq 7.97E-03 1.62E-02 1.52E-02

-75-



1,8E-02

1,6E-02

1,4E-02

1,2E-02

=3
@ 1,0E-02

o~

2
2 8,0E-03

3

Ammonia

B Nitrogen oxides

6,0E-03
M Sulfur dioxide

4,0E-03

2,0E-03

0,0E+00

Unit Electricity MEA Cal

Acidification

Figure 42 : Acidification impact category inventaryaracterization per kWh electricity

4.6 Eutrophication

Likewise to the acidification impact category, tiel; emissions are responsible for the
higher values of eutrophication impact categorytfer cases with capture units, com-
pared to those of Casel, ‘Electricity productidkgain, for ‘Electricity production with
MEA’, the extra NH emissions are caused by MEA production and itsadkgion as
well as by the reduction of the net efficiency loé power plant, having as a result the
extra usage of fossil fuel. This increase of eutrogtion is caused firstly by the higher
NHs; emissions from MEA production and its degradatesd secondly by the NO
emissions generated from the operation of the p@hat. For ‘Electricity production
with Calcium looping’, as Figure 43 shows, the legkalues of eutrophication is main-
ly due to the higher electricity consumption usedapture process and the disposal of

lignite from mining subsystem.

Table 32 presents the three cases, showing thim afigeutrophication values for each
process, while Figure 43 shows the total valuegédrophication impact category, with
the value of ‘Electricity production with Calciurndping’ being the higher one of the
three cases.
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Table 32 : Eutrophication impact category pollutartcesses per kWh electricity

Electricity | Electricity pro-

Process/Raw ma- Electricity production | duction with Cal-

terial Unit production | With MEA cium looping

Disposal, spoil from

lignite mining kg PO,--- eq 1.4E-02 4.3E-04 2.8E-03
Electricity produc-
tion kg PO,--- eq 0.0E+00 1.5E-02 1.5E-02
Heat, lignite, extra
for capture process kg PO,--- eq 0.0E+00 1.5E-03 9.6E-04
Lignite, burned in
power plant kg PO,4--- eq 1.8E-04 5.2E-06 3.5E-05
Remaining
processes kg PO,--- eq 9.1E-05 2.7E-05 4.5E-05
2,0E-02
1,5E-02 Electricity production

M Disposal, spoil from lignite
mining

1,0E-02

kg PO4--

M Heat, lignite,extra for capture
process

5,0E-03

H Lignite, burned in power plant

M Remaining processes

0,0E+00

Electricity MEA CaL
Eutrophication

Figure 43 : Eutrophication impact category pollagarmcesses per kWh electricity

The production of high amount of phosphate emissioom the above processes and
the used raw materials is the major contributorefotrophication impact category. As

we can see at Table 33 and Figure 44 nitrogen exdd nitrate are also responsible for
the increase of this impact category.

-77 -



Table 33 : Eutrophication impact category inventcmgracterization per kWh electricity

Pollutant Electricity pro-  Electricity pro- Electricity
ST STy duction with production
MEA with Calcium
looping
Phosphate kg PO, eq 1.40E-02 1.55E-02 1.75E-02
Nitrogen kg PO4-- eq 1.86E-04 5.23E-04 4.51E-04
oxides
Nitrate kg PO4--- eq 4.18E-04 4.66E-04 5.21E-04
Total kg PO, eq 1.46E-02 1.65E-02 1.85E-02
2,0E-02
1,8E-02
1,6E-02
1,4E-02
g 1,2E-02
c'S' 1,0E-02 M Nitrate
o

w 8,0E-03
6,0E-03
4,0E-03
2,0E-03
0,0E+00

= Nitrogen oxides

B Phosphate

Electricity MEA CaL
Eutrophication

Figure 44 : Eutrophication impact category inventcharacterization per kWh electricity

4.7 Ozone layer depletion

The impact category of ozone depletion shows thenpal destruction of ozone in
stratosphere zone by chemicals which contain aidoor bromine, trifluorobromo-
methane and halocarbon. The main processes whicde cazone depletion are those

associated with the production of crude oil, tlgmie supply chain and the fuel trans-
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portation. The additional processes for the consittn and operation of the two capture
systems increase the amount of lignite and fuelginiy as a result a further production
of harmful emissions. For ‘Electricity productiontkv Calcium looping’ as Figure 45
shows, the major process contributor for the higlues of ozone layer depletion cate-
gory is the use of crude oil.

Table 34 and Figure 45 show analytically the scamiethe emissions for this impact
category, which the major percent is from fosseél$uused for the generation of heat
and electricity, while other processes which geieeemnissions are the transportation
and the use of the raw materials of chlorine andieroil, with crude oil having the
highest share.

Table 34 : Ozone layer depletion impact categothutanmt processes per kWh electricity

Electricity

Electricity production
Process/Raw mate- Electricity production with Calcium
rial Unit production with MEA looping
Chlorine kg CFC-11 eq 2.86E-10 1.36E-11 6.75E-11
Crude oil kg CFC-11 eq 7.30E-10 1.27E-09 5.46E-09
Electricity production kg CFC-11 eq 0.00E+00 1.75E-09 1.75E-09
Heat, lignite, extra
for capture process kg CFC-11 eq 0.00E+00 4.34E-09 2.85E-09
Transport, natural
gas kg CFC-11 eq 5.28E-10 1.28E-09 4.02E-09
Remaining
processes kg CFC-11 eq 1.43E-11 4.82E-11 6.10E-11
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Figure 45 : Ozone layer depletion impact categatjupant processes per kWh electricity

For ‘Electricity production with Calcium looping'saFigure 46 and Table 35 show, the
major contributors for the high values of ozoneelagiepletion category are methane,
ethane and halon emissions which result for ‘Eleityrproduction with Calcium loop-

ing’ Case, to have the highest value of the three.

Table 35 : Ozone layer depletion impact categovgmtory characterization per kWh electricity

Pollutant Electricity  Electricity  Electricity pro-

substance production  production duction with
with MEA  Calcium looping

Methane, kg CFC-11 eq 7.32E-10 5.00E-09 8.16E-09

bromotrifluoro-,

Halon 1301

Methane, kg CFC-11 eq 5.22E-10 2.74E-09 5.12E-09

bromochlorodifluoro-

, Halon 1211

Ethane, 1,2-dichloro- | kg CFC-11 eq 1.90E-10 5.80E-10 5.29E-10

1,1,2,2-tetrafluoro-,

CFC-114

Methane, kg CFC-11 eq 2.87E-10 3.19E-10 3.67E-10

tetrachloro-, CFC-10

Methane, kg CFC-11 eq 1.70E-11 7.81E-11 1.29E-10

chlorodifluoro-,

HCFC-22

Total kg CFC-11 eq 1.75E-09 8.73E-09 1.43E-08
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Figure 46 : Ozone layer depl. impact category itmsncharacterization per kWh electricity

4.8 Human toxicity

The high level of HF in the atmosphere causesrbrease of the human toxicity poten-
tial category. The material production for the fert infrastructure which emits heavy
metals in the atmosphere is the main contributottife increase of human toxicity. In
the case of ‘Electricity production with MEA’ thengssion of ethylene oxide in the air
during MEA consumption and in the water during Mfoduction are also the main
causes for human toxicity. In ‘Electricity prodwsti with Calcium looping’, the main
source of human toxicity is the extra energy amdhigher electricity usage for the cap-
ture system along with the lignite disposal frognite combustion chain. Figure 47
shows the major emissions for ‘Electricity prodaoatiwith Calcium looping’, such as
Selenium, Molybdenum, Nickel, Barium and Cadmium.

However, the capture process can reduce the flgastained in the flue gases by pass-
ing through the flue gas desulphurization (FGB)t amd this result to lower the emis-
sions at the power plant level. Nevertheless, i EiC] data it is not taken into account
the removal efficiency of SOx and NOx from the captsystems. Also, some studies
like IEA GHG (2006) [76] and Chapel et al. (1998%] use lower values for the MEA

consumption and this may alter the total scordneftuman toxicity impact category.
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The processes which contribute the most to therggae of human toxically emissions
as Table 36 shows, are the disposal of spoil fignité mining and lignite ash, as well
as the electricity and heat generation. The twauwaprocesses have higher values due

to the extra lignite consumption.

Table 36 : Human toxicity impact category pollutpricesses per kWh electricity

Electricity

Electricity production
ProcessRaw ma- Electricity production | with Calcium
terial Unit production with MEA looping
Copper kg 1,4-DB eq 1.53E-03 8.56E-04 2.07E-03
Natural gas kg 1,4-DB eq 1.64E-05 3.34E-04 2.19E-03
Well for exploration kg 1,4-DB eq 3.06E-04 6.77E-04 2.49E-03
Lignite, burned in
power plant kg 1,4-DB eq 9.31E-02 2.76E-03 1.82E-02
Heavy fuel oil,

burned in power

plant kg 1,4-DB eq 6.49E-05 3.53E-03 2.33E-02
Disposal, lignite ash kg 1,4-DB eq 2.86E-01 8.50E-03 5.60E-02
Heat, lignite, extra for

capture process kg 1,4-DB eq 0.00E+00 4.00E-01 2.63E-01
Electricity production kg 1,4-DB eq 0.00E+00 1.47E+00 1.47E+00
Remaining

processes kg 1,4-DB eq 1.13E-02 1.75E-01 1.08E-02

As Figure 47 presents the higher value of humaitityxhas ‘Electricity production
with MEA’, followed by ‘Electricity production withCalcium looping’ and finally

Electricity production.
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Figure 47 : Human toxicity impact category pollutprocesseper kWh electricity

For all Cases, as Figure 48 and Table 37 showntger contributors for the high val-
ues of human toxicity category aBelenium, Molybdenum, Nickel, Arsenic, Chromi-
um, Vanadium and Barium with ‘Electricity productiavith MEA’ and ‘Electricity

production with Calcium looping’ having almost tb&me value.
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Table 37 : Human toxicity impact category inventoharacterization per kWh electricity

Pollutant substance

Selenium
Molybdenum
Nickel, ion
Arsenic
Chromium VI
Vanadium, ion
Barium

Ethylene oxide
Beryllium
Thallium
Antimony

PAH, polycyclic
aromatic hydrocarbons
Benzene

Cobalt

Hydrogen fluoride
Cadmium
Nitrogen oxides
Total

kg 1,4-DB eq
kg 1,4-DB eq
kg 1,4-DB eq
kg 1,4-DB eq
kg 1,4-DB eq
kg 1,4-DB eq
kg 1,4-DB eq
kg 1,4-DB eq
kg 1,4-DB eq
kg 1,4-DB eq
kg 1,4-DB eq

kg 1,4-DB eq
kg 1,4-DB eq
kg 1,4-DB eq
kg 1,4-DB eq
kg 1,4-DB eq
kg 1,4-DB eq
kg 1,4-DB eq

Electricity

production
7.19E-01
1.22E-01
1.22E-01
3.61E-02
1.68E-02
9.76E-02
1.02E-01
9.02E-08
8.10E-02
6.76E-02
2.53E-02

8.52E-03
4.40E-03
8.81E-03
5.79E-03
1.93E-03
1.72E-03
1.42E+00

Electricity

production

with MEA
8.12E-01
1.37E-01
1.36E-01
1.32E-01
1.20E-01
1.16E-01
1.13E-01
9.74E-02
9.19E-02
8.58E-02
2.78E-02

1.85E-02
1.53E-02
9.72E-03
7.73E-03
4.98E-03
4.83E-03
1.93E+00

Electricity pro-
duction with
Calcium loop-

ing
9.07E-01
1.54E-01
1.53E-01
1.09E-01
8.86E-02
1.27E-01
1.27E-01
4.81E-07
1.02E-01
9.21E-02
3.14E-02

1.97E-02
1.24E-02
1.10E-02
8.09E-03
4.81E-03
4.16E-03
1.95E+00
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Figure 48 : Human toxicity impact category invegtoharacterization per kWh electricity
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4.9 Fresh water aquatic eco-toxicity

The emissions of metals in the water and in thecaintribute to the high score of the
impact category of fresh water aquatic eco-toxicitiie disposal wastes are not only
from the power plant but are also from the captumé. The land filled wastes occurred
from the coal combustion, the flue gas desulphtioraand from the production of steel
which at first are disposed in the environment kEtdr on are drained, producing the
harmful emissions. In addition, from the productiohsteel, which is used for the
transport infrastructure and during the transpdrthe fossil fuel, indirect and direct
emissions are released in the atmosphere.

The processes which contribute the most to thergéae of human toxically emissions
and affect the fresh water aquatic eco-toxicity actpcategory as Table 38 shows, are
the disposal of spoil from lignite mining and ligmiash as well as the additional gener-

ated heat for the two capture systems.

Table 38 : Fresh water aquatic eco-toxicity impategory pollutant processes

Electricity
Electricity pro- production
Process/Raw Electricity duction with with Calcium

material Unit production MEA looping

Disposal, lignite

ash kg 1,4-DB eq 3.79E-01 1.13E-02 7.43E-02
Heat, lignite, ex-

tra for capture

process kg 1,4-DB eq 0.00E+00 2.40E-01 1.57E-01
Disposal, spoil

from lignite min-

ing kg 1,4-DB eq 2.12E+00 6.38E-02 4.15E-01
Electricity pro-

duction kg 1,4-DB eq 0.00E+00 2.50E+00 2.50E+00
Remaining

processes kg 1,4-DB eq 6.04E-03 2.45E-03 6.23E-03
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As Figure 49 illustrates that the higher valuereth water aquatic eco-toxicity impact
category has ‘Electricity production with Calciumoping’ as the spoil from lignite
mining and its disposal to landfill increase therscof this impact category, followed
by ‘Electricity production with MEA’ and finally wh the lower value is ‘Electricity

production’.

3,5E+00
3,0E+00
2,5E+00 M Electricity production
o
o 2,0E+00 m Disposal, spoil from
a lignite mining
S
= 1,5E+00 W Heat, lignite,extra for
g‘o capture process
1.0E+00 M Disposal, lignite ash
5 0E-01 M Remaining processes
0,0E+00

Electricity MEA CaL
Fresh water aquatic ecotoxicity

Figure 49 : Fresh water aquatic eco-toxicity impaategory pollutant processes

For ‘Electricity production with MEA’, the directneissions of MEA and formaldehyde
contribute to the overall score of this impact gatg, as well as the emissions from

ammonia and ethylene oxide production during tleelpetion of MEA.

As Table 39 and Figure 50 show, for ‘Electricitypg@uction with Calcium looping’ the
major pollutants for this impact category are NicBeryllium, Cobalt and Vanadium.
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Table 39 : Fresh water aquatic eco-toxicity imgaategory inventory characterization per kwh

Pollutant

substance

Unit

electricity

Electricity produc-

tion

Electricity
production

Electricity pro-
duction with

with MEA  Calcium looping

Nickel, ion kg 1,4-DB eq 1.20E+00 1.34E+00 1.50E+00
Beryllium kg 1,4-DB eq 5.28E-01 5.99E-01 6.68E-01
Cobalt kg 1,4-DB eq 3.11E-01 3.43E-01 3.87E-01
Vanadium, kg 1,4-DB eq 2.77E-01 3.28E-01 3.60E-01
ion
Copper, ion kg 1,4-DB eq 5.30E-02 6.03E-02 6.73E-02
Selenium kg 1,4-DB eq 3.75E-02 4.23E-02 4.73E-02
Barium kg 1,4-DB eq 3.67E-02 4.09E-02 4.60E-02
Zinc, ion kg 1,4-DB eq 3.46E-02 3.93E-02 4.39E-02
Molybdenum kg 1,4-DB eq 1.06E-02 1.18E-02 1.33E-02
Cadmium, kg 1,4-DB eq 3.88E-03 4.43E-03 4.94E-03
ion
Arsenic, ion kg 1,4-DB eq 3.37E-03 4.06E-03 4.42E-03
Thallium kg 1,4-DB eq 2.41E-03 3.05E-03 3.28E-03
Total kg 1,4-DB eq 2.50E+00 2.82E+00 3.15E+00
3,5E+00
= Thallium
3,0E+00 .
M Arsenic, ion
2,5E+00 B Cadmium, ion
o
: 2 0E+00 = Molybdenum
=) . .
&\ M Zinc, ion
:‘o 1,5E+00 H Barium
2
1,0E+00 H Selenium
m Copper, ion
5,0E-01 PP
M Vanadium, ion
0,0E+00 M Cobalt
Electricity MEA CaL
. .. H Beryllium
Fresh water aquatic eco-toxicity

Figure 50 : Fresh water aquatic eco-toxicity impaategory inventory characterization per kWh

electricity
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4.10 Marine aquatic eco-toxicity potential

The impact category of marine aquatic eco-toxietydominated by the disposal of
wastes from the power plant and from the captuits.uRor the power plant with the
capture units, the main emissions are from thagtfucture. Furthermore, the ammonia
and MEA production process results for the increafsthe emissions for ‘Electricity
production with MEA'.

However, there is a discussion upon marine aqegtetoxicity impact category made
in literature. There is a doubt for the charactron factors used for HF emissions in
the CML impact assessment method, whether areotathigh or not. Many authors
suggest this fact and highlight that this leadsthe environmental impact of HF emis-
sions to be estimated high enough, resulting in tara high score of marine aquatic
eco-toxicity potential impact category.

As Table 40 and Figure 51 present, the higher vafuearine aquatic eco-toxicity im-
pact category has ‘Electricity production with Gafo looping’ as the spoil from lignite
mining and the use of high amount of heat, incréasescore of this impact category,
followed by ‘Electricity production with MEA’ andirially with the lower value is
‘Electricity production’.

Table 40 : Marine aquatic eco-toxicity impact catggpollutant processes per kWh electricity

Electricity

Electricity production
ProcesssRaw ma- Electricity production | with Calcium
terial Unit production with MEA looping
Heavy fuel oil kg 1,4-DB eq 4.24E-02 2.31E+00 1.52E+01
Disposal, lignite ash kg 1,4-DB eq 8.87E+02 2.63E+01 1.74E+02
Heat, lignite, extra for
capture process kg 1,4-DB eq 0.00E+00 5.37E+02 3.53E+02
Disposal, spoil from
lignite mining kg 1,4-DB eq 4.25E+03 1.28E+02 8.34E+02
Electricity, lignite,
from flue gases kg 1,4-DB eq 0.00E+00 5.18E+03 5.18E+03
Remaining
processes kg 1,4-DB eq 4.51E+01 7.18E+00 1.80E+01
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Figure 51 : Marine aquatic eco-toxicity impact catey pollutant processegeer kWh electricity

Likewise the fresh water aquatic eco-toxicity, aéanarine aquatic eco-toxicity impact
category, for all Cases the major pollutants amekéli Beryllium, Cobalt Selenium and
Vanadium, as Table 41 and Figure 52 present, Vidtlctricity production with Calci-
um looping’ having the higher score.

Table 41 : Marine aqg. eco-tox. impact category mwey characterization per kwWh electricity

Pollutant Electricity Electricity Electricity produc-
substance production  production tion with Calcium
with MEA looping
Beryllium kg 1,4-DB eq 3.12E+03 3.54E+03 3.95E+03
Nickel, ion kg 1,4-DB eq 8.33E+02 9.27E+02 1.04E+03
Cobalt kg 1,4-DB eq 3.99E+02 4.40E+02 4.97E+02
Selenium kg 1,4-DB eq 3.25E+02 3.67E+02 4.10E+02
Vanadium, kg 1,4-DB eq 2.65E+02 3.14E+02 3.44E+02
ion
Barium kg 1,4-DB eq 1.34E+02 1.50E+02 1.69E+02
Molybdenum | kg 1,4-DB eq 4.64E+01 5.19E+01 5.82E+01
Hydrogen kg 1,4-DB eq 2.32E+01 3.09E+01 3.24E+01
fluoride
Copper, ion kg 1,4-DB eq 1.07E+01 1.21E+01 1.35E+01
Thallium kg 1,4-DB eq 8.00E+00 1.01E+01 1.09E+01
Zinc, ion kg 1,4-DB eq 5.21E+00 5.95E+00 6.65E+00
Total kg 1,4-DB eq 5.18E+03 5.88E+03 6.58E+03

-90-



7,0E+03
Zinc, ion
o0Er03 Thallium
>,0E+03 - Copper, ion
g :. Hydrogen fluoride
m 4,0E+03 -
3 Molybdenum
— 3,0E+03 - .
¥ M Barium
3
2,0E+03 1 B Vanadium, ion
1,0E+03 - H Selenium
W Cobalt
0,0E+00 - ikl
Electricity MEA Cal ickel, ion
Marine aquatic eco-toxicity B Beryllium

Figure 52 : Marine aquatic eco-toxicity impact cge inventory characterization per kWh
electricity

4.11 Terrestrial eco-toxicity potential (TEP)

The main contributor for the terrestrial eco-toiigdotential category is the presence of
mercury (Hg) and other heavy metals. The efficiepegalty from the C@capture pro-
cess results to a higher score. Also, to the irsered the score contributes the infra-
structure development and the direct emissionsrgések from the facility of the plant
in addition to the emissions from the MEA productichain. In this LCA is not taken
into account the possibility of capturing the meycand the other heavy metals from
the flue gases during the @@apture process. In the case that this removabeaap-
plied, the score of terrestrial eco-toxicity potahis getting lower.

The processes which have a high contribution tarbesase of the value of terrestrial
eco-toxicity impact category, as Table 42 and Fegt8 present, the heavy fuel oil
which is burned in the power plant, as well asatditional generated heat for the two

capture systems.
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Table 42 : Terrestr. eco-tox. potential impact gatg pollutant processes per kWh electricity

Electricity Electricity pro-

Process/Raw Electricity production duction with
material Unit production with MEA Calcium looping
Copper kg 1,4-DB eq 6.32E-06 3.53E-06 8.51E-06
Steel kg 1,4-DB eq 2.37E-05 3.59E-06 1.27E-05
Disposal, spoil

from lignite

mining kg 1,4-DB eq 9.99E-04 3.01E-05 1.96E-04

Transmission

network, electr.

med., volt. kg 1,4-DB eq 2.05E-06 6.21E-05 3.82E-04
Lignite, burned

in power plant kg 1,4-DB eq 2.75E-03 8.17E-05 5.39E-04
Heavy fuel oil,

burned in pow-

er plant kg 1,4-DB eq 2.20E-06 1.20E-04 7.90E-04
Heat, lignite,

extra for cap-

ture process kg 1,4-DB eq 0.00E+00 1.98E-03 1.30E-03
Electricity pro-

duction kg 1,4-DB eq 0.00E+00 3.85E-03 3.85E-03
Remaining

process kg 1,4-DB eq 6.41E-05 9.62E-05 4.56E-05
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Figure 53 : Terr. eco-tox. potential impact catggmollutant processes per kWh electricity

The pollutants which are dominant to terrestrighbatt category are Mercury, Vanadi-
um, Arsenic, Chromium etc., as Table 43 and Fidgi#eresent. The Case which has
the higher score is ‘Electricity production withI€@am looping’, having a small differ-

ence with the Case of ‘Electricity production WNtEA'.
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Table 43 : Terrestrial eco-toxicity potential impaategory inventory characterization per kwh

electricity
Pollutant Unit Electricity Electricity Electricity produc-
substance production production tion with Calcium
with MEA looping
Mercury kg 1,4-DB eq 2.46E-03 3.44E-03 3.55E-03
Vanadium kg 1,4-DB eq 1.43E-04 6.36E-04 1.11E-03
Arsenic kg 1,4-DB eq 1.67E-04 6.11E-04 5.04E-04
Chromium VI kg 1,4-DB eq 2.94E-06 1.38E-04 4.35E-04
Nickel kg 1,4-DB eq 1.82E-05 6.41E-05 8.27E-05
Selenium kg 1,4-DB eq 1.77E-05 2.39E-05 2.52E-05
Beryllium kg 1,4-DB eq 6.72E-08 2.32E-05 1.53E-05
Lead kg 1,4-DB eq 1.60E-06 1.45E-05 1.10E-05
Cobalt kg 1,4-DB eq 4.66E-06 9.64E-06 1.24E-05
Zinc kg 1,4-DB eq 6.53E-06 7.86E-06 9.16E-06
Barium kg 1,4-DB eq 1.35E-06 7.73E-06 5.78E-06
Total kg 1,4-DB eq 3.85E-03 6.22E-03 7.12E-03
8,0E-03
7 0E-03 = Barium
W Zinc
6,08-03 Cobalt
g 5003 i Lead
§ 4,0E-03 m Beryllium
E; 3,0E-03 m Selenium
H Nickel
2,0E-03
H Chromium VI
1,0-03 B Arsenic
0,0E+00 H Vanadium
Electricity MEA CalL = Mercury
Terrestrial eco-toxicity

Figure 54 : Terrestrial eco-toxicity potential ingpaategory inventory characterization per
kWh electricity
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4.12 Photochemical oxidation

The score of photochemical oxidation potential iotp=ategory depends on the amount
of SO, NO; and methane emissions in the atmosphere. Theesoafdhose emissions
are the plant facility and the fuel combustion whgroduce a high amount of NO
emissions. Furthermore, the infrastructure, theitégtransportation and the nature gas
mining chain also produce methane and 8@issions which are added to the overall
emissions.

However, the score of photochemical oxidation pudéralters between the different
assessment methods. Specifically, Nie (2009) [88§hg the CML baseline method re-
ports a negative characterization factor basethen© TOS-Euros model [87]. In addi-
tion, the software program used for the LCA plalg® @n important role.

As we can see at Table 44 and Figure 55 the higidae for the environmental impact
category of photochemical oxidation is for ‘Elecity production with MEA'’, due to

the use of higher amount of heat.

Table 44 : Photochemical oxidation impact categmiutant processes per kWh electricity

Electricity pr o- Electricity produ c-

Process/Raw Electricity duction with tion with Calcium
material production MEA looping
Natural gas, kg CoH,4

burned in power

plant 6.33E-09 1.29E-07 8.46E-07
Heavy fuel oil, at kg CoH,4

refinery 5.60E-08 2.52E-07 1.02E-06
Lignite, burned kg CoH,4

in power plant 2.95E-04 8.75E-06 5.77E-05

Heat, lignite, ex- kg C,H,4

tra for capture

process 0.00E+00 3.56E-04 2.33E-04
Electricity pro- kg CoH,4

duction 0.00E+00 3.03E-04 3.03E-04
Remaining proc. kg CoH,4 7.86E-06 4.53E-06 5.57E-06
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capture process
T 4,0E-04
N H Lignite, burned in power
X 3,0E-04 plant
B Heavy fuel oil, at refinery
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1,0E-04 M Natural gas, burned in
power plant
0,0E+00 B Remaining processes

Electricity MEA CalL
Photochemical oxidation

Figure 55 : Photochemical oxidation impact categajutant processes per kWh electricity

For the higher values of photochemical oxidation @ase 2 and Case 3, the high
amount of sulfur dioxide (S emissions, which are generated by the lignite mgsn

tion, are mostly responsible, as Table 45 and Eig§ present. The other pollutants
with lower values, for the photochemical oxidatiompact category, are carbon monox-

ide, ethane, methane etc.
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Table 45 : Photochemical oxidation impact cat. im@ey characterization per kWh electricity

Pollutant Unit Electricity  Electricity  Electricity produc-
substance production production  tion with Calcium
with MEA looping
Sulfur dioxide 2.90E-04 5.67E-04 5.36E-04
Carbon kg C,H,4 6.56E-06 3.80E-05 2.96E-05
monoxide,
fossil
Ethene kg C,H,4 2.16E-08 3.17E-05 2.03E-05
Methane, kg CoH,4 3.04E-06 2.06E-05 1.55E-05
fossil
Propene kg CoH,4 1.93E-07 6.02E-06 4.08E-06
Benzene kg CoH,4 5.05E-07 1.75E-06 1.43E-06
Toluene kg CoH,4 7.30E-07 1.56E-06 1.45E-06
Pentane kg CoH,4 6.83E-07 1.14E-06 1.58E-06
Formaldehyde kg CoH,4 3.33E-07 8.46E-07 8.73E-07
Total kg C,H,4 3.03E-04 6.74E-04 6.16E-04
8,0E-04
7,0E-04

Formaldehyde

5,004 1 ® Pentane
g 5,0E-04 1 = Toluene
5: 4,0E-04 - ® Benzene
» ® Propene

3,0E-04 -
B Methane, fossil
2,0E-04 -
B Ethene

1,08-04 1 B Carbon monoxide, fossil

0,0E+00 - M Sulfur dioxide

Electricity MEA CaL
Photochemical oxidation

Figure 56 : Photochemical oxidation impact cateimery characterization per kWh electricity
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4.13 Overall results

4.13.1 Case 1: Electricity production

Table 46 summarizes the ten environmental impatggoaies for Case 1, which is
‘Electricity production’ of 1 kWh, by lignite comlstion with 35.2% average net effi-
ciency. At the table the total value of the cormesing characterization factor of each
impact category is shown, including the emissiomsegated by the subsystems partici-
pating in ‘Electricity production’ case.

Table 46 : Impact categories for Electricity protime per kWh electricity

Impact category Unit Electricity production
Abiotic depletion kg Sb eq 1.35E-02
Acidification kg SO, eq 7.97E-03
Eutrophication kg PO,4--- eq 1.46E-02
Global warming (GWP100) kg CO; eq 1.30E+00
Ozone layer depletion (ODP) kg CFC-11 eq 1.75E-09
Human toxicity kg 1,4-DB eq 1.47E+00
Fresh water aquatic ecotox. kg 1,4-DB eq 2.50E+00
Marine aquatic ecotoxicity kg 1,4-DB eq 5.18E+03
Terrestrial ecotoxicity kg 1,4-DB eq 3.85E-03
Photochemical oxidation kg C,H4 3.03E-04

4.13.2 Case 2: Electricity production with MEA

Table 47 summarizes the ten environmental impaetgoaies for Case 2, ‘Electricity
production with MEA’, which comprises 'Electricifgroduction’ with CQ capture unit
with MEA. For each impact category the participgtprocesses or raw materials for the
operation of Case 2 and the total value of theesponding characterization factor of
each impact category are shown. As we can seegxina processes at MEA capture
unit, which result to the high value of ‘ global mrang ‘ and ‘abiotic depletion’ impact
categories, are the additional heat and the highuamof electricity used during the

CO;, capture process.
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Table 47 : Impact categories for ‘Electricity pratian with MEA’ per kWh electricity

Abiotic depl. kg Sb eq 2.13E-02 0.00E+00 1.64E-04 6.15E-06 8.97E-05 1.35E-06 4.79E-04 7.06E-03 1.35E-02

Acidification kg SO2 eq 1.62E-02 0.00E+00 5.54E-05 5.83E-06 1.44E-05 1.02E-06 3.02E-04 7.87E-03 7.97E-03
kg PO4---

Eutrophication eq 1.65E-02 0.00E+00 2.48E-05 3.21E-07 2.03E-06 2.91E-07 4.37E-04 1.47E-03 1.46E-02

Global warming kg CO2 eq 5.55E-01 3.94E-01 1.44E-02 1.11E-03 1.05E-02 2.04E-04 4.97E-02 7.14E-02 1.38E-02

Ozone layer kg CFC-11

depletion eq 8.73E-09 0.00E+00 1.23E-09 0.00E+00 0.00E+00 2.74E-11 1.38E-09 4.34E-09 1.75E-09

Human eco- kg 1,4-DB

toxicity eq 2.09E+00 0.00E+00 1.75E-01 7.47E-06 1.75E-05 1.07E-04 4.90E-02 4.00E-01 1.47E+00

Fresh water kg 1,4-DB

eco-toxicity eq 2.82E+00 0.00E+00 2.55E-03 4.49E-06 3.03E-06 3.51E-05 7.49E-02 2.40E-01 2.50E+00

Marine eco- kg 1,4-DB

toxicity eq 5.88E+03 0.00E+00 6.57E+00 3.67E-03 4.15E-03 7.33E-02 1.57E+02 5.37E+02 5.18E+03

Terrestrial eco- kg 1,4-DB

toxicity eq 6.22E-03 0.00E+00 9.60E-05 4.00E-06 1.37E-07 7.74E-07 2.96E-04 1.98E-03 3.85E-03

Photochemical

oxidation kg C2H4 6.74E-04 0.00E+00 3.03E-06 2.61E-07 7.03E-07 3.40E-08 1.20E-05 3.56E-04 3.03E-04
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Figure 57 presents the contribution of each proaesdsinput raw material of electricity
production with amine Cfcapture to each environmental impact categorysaaée of
100%. 'MEA capture system’ at ‘global warming’ inqpacategory represents the per-
centage of greenhouse gases released in the atemedphthe C@capture unit. ‘Am-
monia’, Monoethanolamine’, 'Sodium hydroxide’ arldmestone’ are the raw materi-
als used in the CQcapture unit. 'Heat’ and ‘Electricity, medium vadfe’ are the extra
heat and electricity use due to the capture pro¢esally, ‘Electricity, lignite, at power
plant’ is the flue gases from lignite combustion.

As we can see apart from the lignite combustiongémerating the flue gases of 1 kWh
electricity, the other pollutant processes, for thest of the impact categories, are the
extra ‘heat and ‘electricity, medium voltage’, udgdthe capture unit, while monoeth-
anolamine and ammonia influence mostly the ozompdetien and human toxicity im-

pact category.
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Figure 57 : Impact categories for ‘Electricity puotion with MEA’ per kWh electricity, by

SimaPro
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4.13.3 Case 3: Electricity production with Calcium looping

Table 48 summarizes the ten environmental impatggoaies for Case 3, which is
‘Electricity production with Calcium looping’. Theontribution of the participating
processes and raw materials utilized in Case & @esented. The processes which
are responsible for the high value of ‘abiotic @#jpin’ impact category are ‘heat, for
capture unit’ and ‘electricity for auxiliaries’, wa ‘electricity for auxiliaries’ process is
also the major contributor for the high value dbfgal warming’ impact category with
the process of ‘heat for capture unit’ following.

Table 48 : Impact categories for ‘Electricity pratian with Calcium looping’ per kWh elec-

tricity
CO, Heat for
emissions capture Electricity
after CalL Electricity, for unit (at production
Impact capture auxiliaries(elect. industrial by lignite
category Unit Total unit Limestone | medium volt) furnace) combustion
Abiotic deple- kg Sb
tion eq 2.13E-02 | 0.00E+00 2.81E-05 3.17E-03 4.63E-03 1.35E-02
kg SO,
Acidification eq 1.52E-02 | 0.00E+00 2.12E-05 2.00E-03 5.16E-03 7.97E-03
kg
PO,4---
Eutrophication | eq 1.85E-02 | 0.00E+00 6.07E-06 2.89E-03 9.62E-04 1.46E-02
Global kg
warming CO,
(GWP100) eq 4.89E-01 | 9.50E-02 4.26E-03 3.29E-01 4.69E-02 1.38E-02
Ozone layer kg
depletion CFC-
(ODP) 11 eq 1.43E-08 | 0.00E+00 5.73E-10 9.14E-09 2.85E-09 1.75E-09
kg 1,4-
Human toxicity | DB eq | 2.05E+00 | 0.00E+00 2.24E-03 3.24E-01 2.63E-01 1.47E+00
Fresh water kg 1,4-
eco-toxicity DB eq | 3.15E+00 | 0.00E+00 7.32E-04 4.95E-01 1.57E-01 2.50E+00
Marine eco- kg 1,4-
toxicity DB eq 6.58E+03 | 0.00E+00 1.53E+00 1.04E+03 3.53E+02 5.18E+03
Terrestrial kg 1,4-
eco-toxicity DB eq 7.12E-03 | 0.00E+00 1.62E-05 1.96E-03 1.30E-03 3.85E-03
Photochemical | kg
oxidation CoH, 6.16E-04 | 0.00E+00 7.11E-07 7.96E-05 2.33E-04 3.03E-04
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Figure 58 presents the contribution of each proaadsnput raw material, of electricity
production with carbonate looping, in each envirental impact category at a scale of
100%.’CaL capture system’ at ‘global warming’ impaategory represents the green-
house gases released in the atmosphere by thedp@re unit. ‘Limestone’, is the raw
material used in the GQrapture unit. 'Heat’ and ‘Electricity, medium vadfe’ are the
extra heat and electricity use, due to the captuoeess. Likewise to ‘Electricity pro-
duction with MEA’, the most pollutant process fdf the impact categories is mainly
‘electricity, medium voltage’ and then ‘heat’ whibbth of them are used by the capture

unit. The raw material of ‘limestone’ contribut@sthe ozone depletion impact catego-
ry.
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Figure 58 : Impact categories for ‘Electricity puation with Calcium looping’ per kWh elec-

tricity, by SimaPro

4.13.4 Overall comparison of the three investigated scenarios

The total values of each Case, for the ten envietal impact categories, are present-
ed in Table 49. Figure 59 presents the % contapubdf each process and input raw ma-
terial, of each scenario in the different environtaéimpact categories. We can see that
for the impact category of ‘global warming’ the €asith the lower value of kg GO
equiv. is ‘Electricity production with Calcium loow’ while for the impact category
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duction with MEA’ have the same value.

‘abiotic depletion’, ‘Electricity production with &cium looping’ and ‘Electricity pro-

Table 49 : Environmental impact categories forttitree Cases per kWh electricity

Electricity Electricity produc-
Impact Electricity produc- production tion with Calcium
category tion with MEA looping
Abiotic
depletion kg Sb eq 1.35E-02 2.13E-02 2.13E-02
Acidification kg SO, eq 7.97E-03 1.62E-02 1.52E-02
Eutrophication | kg PO4--- eq 1.46E-02 1.65E-02 1.85E-02
Global
warming
(GWP100) kg CO; eq 1.30E+00 5.55E-01 4.89E-01
Ozone layer
depletion kg CFC-11
(ODP) eq 1.75E-09 8.73E-09 1.43E-08
Human toxicity | kg 1,4-DB eq 1.47E+00 2.09E+00 2.05E+00
Fresh water
aquatic
ecotox. kg 1,4-DB eq 2.50E+00 2.82E+00 3.15E+00
Marine aquatic
ecotoxicity kg 1,4-DB eq 5.18E+03 5.88E+03 6.58E+03
Terrestrial
ecotoxicity kg 1,4-DB eq 3.85E-03 6.22E-03 7.12E-03
Photochemical
oxidation kg C,H, 3.03E-04 6.74E-04 6.16E-04
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Abiotic depletion Acidification Eutrophication Global warming Ozone layer Human toxicity Fresh water Marine aquatic Terrestrial Photochemical
(GWP100) depletion {ODP aguatic ecotox ecotoxicity ecotoxicity oxidation

N Electricity, lignite, at power plant/GR U M MEA capture system 1 Cal capture System

Comparing 1 kWh Electricity, lignite, at power plant/GR U', 1kg 'MEA capture system' and 1kg 'Cal capture System';
Method: CML 2 baseline 2000 V2.05 [ the Netherlands, 1997 / Characterization

Figure 59 : Environmental impact categories forttiree Cases per kWh electricity, by SimaPro
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5. Interpretation- Conclusion

The implementation of COcapturing processes evokes a lot of argumentsasds
guestions about the possibility of causing othdlateral impacts to the environment
even though it helps reducing the climate changeetycing the C@emissions in the
atmosphere. The LCA method gives us a wider vieauathe CQ capture processes
with its reverberations to the environment andaswsed to compare Case 1, ‘Electrici-
ty production’ of 1 kWh by lignite combustion, Ca&e‘Electricity production with
MEA', which is ‘Electricity production’ of 1 kWh itegrated with the post-combustion
CO, capture process of amine- scrubbing with monoetdaanine (MEA) and Case 3,
‘Electricity production with Calcium looping’, whittis ‘Electricity production’ of 1
kWh integrated with the post-combustion £€apture process of Calcium looping
(Cal).

The inventory data for Casel, ‘Electricity prodoatiat lignite —fired power plant was
obtained from the Ecoinvent v2.0 (2007) database.tke two post-combustion GO
capture technologies, Case 2, ‘Electricity productvith MEA’' and Case 3 ‘Electricity
production with Calcium looping’, the inventory dawere derived from literature. All
three scenarios were analyzed by SimaPro softwagrgam. The environmental impact
assessment was performed with the CML baseline g@iiod. The ten environmental
midpoint categories which were analyzed were thieviang: abiotic depletion, acidifi-
cation, eutrophication, global warming, ozone lagepletion, human toxicity, fresh wa-
ter aquatic eco-toxicity, marine aquatic eco-tdyicterrestrial eco-toxicity and photo-
chemical oxidation.

Electricity production consists of three subsysteth®se of lignite mining, lignite
transportation and lignite combustion. The two,G@pture technologies comprise of
those three subsystems in addition to the captoitewhich imposes additional fuel
consumption and energy use for its operation.

The different subsystems, lignite mining, transabon and lignite combustion firstly,
and secondly the two different post-combustion, €&pture technologies at the power
plant do not have the same impact to each envirataheategory and contribute differ-
ently to the total score. The results of the pre&€A show that the implementation of

the CQ capture technology on the one hand, has a magtiywimpact in reducing
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the CQ emissions in the atmosphere. However, on the ditied, other impact catego-
ries are burdened a lot in a different way for the CQO, capture technologies. Both
CO, capture technologies decrease as expected tloeerdly of the electricity genera-
tion.

The efficiency drop for ‘Electricity production vitCalcium looping’ is lower than the
efficiency drop of ‘Electricity production with MEAwith a difference of 2.12 % as
‘Electricity production with Calcium looping’ progies higher electric production and
higher efficiency for the retrofitted power plaftis is due to the fact that carbonate
looping operates at higher temperatures than astnébing and the fact that the car-
bonation reaction is exothermic. This heat canxpoged to produce additional elec-
tricity.

Moreover, carbonate looping demonstrates a higl@@r dapture rate of 97.3%, com-
pared to 86.5% capture achieved with amine scrgptbiowever, the Cgrapture rates
for the overall power plant are almost the samethertwo capture processes because
carbonate looping technology acquires higher amotiedectricity, for the air separa-
tion unit and higher amount of lignite, in orderitave the proper conditions in the cal-
ciner, than amine scrubbing technology needs.

Furthermore, as far as the environmental impactews, the two capture technologies
have almost the same or different values for tlffergint environmental impact catego-
ries, but definitely higher than the values of &ieity production without having a cap-
ture technology. For the abiotic depletion impategory, amine scrubbing process has
the same value as carbonate looping process. The ghabiotic depletion impact cat-
egory increases by the additional consumption a@firah resources like natural gas,
crude oil and especially lignite for the two captyorocesses, which are necessary for
the proper operation and construction of thoseuwrapinits. Amine scrubbing has also
higher value for the acidification impact categatlyan carbonate looping process, as
both capture processes produce high amounts afirsdibxide and nitrogen oxides
emissions caused by the energy penalty of using exhount of electricity, higher for
carbonate looping, and heat, higher for amine dungj at the capture systems. For the
eutrophication and ozone depletion impact categpfirem the two capture processes,
carbonate looping has the higher value, due tchihle amount of phosphate, nitrogen
oxides and nitrate emissions produced by the highité consumption and the high
amount of methane, ethane and halon emissions geddoy the high electricity con-

sumption, for the proper capture operation condgjaespectively.
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In addition, for the human toxicity impact categottye two capture technologies have
also almost the same value, higher for carbonatging process, as both processes pro-
duce high amounts of Selenium, Molybdenum, NicRegsenic, Chromium, Vanadium
and Barium emissions due to the extra use of hehebectricity at the capture process-
es. Carbonate looping, for the impact categoriefsesh water aquatic eco-toxicity and
marine aquatic eco-toxicity as having higher valfggsNickel, Beryllium, Cobalt and
Vanadium emissions and the terrestrial eco-toxiaitith higher values for Mercury,
Vanadium, Arsenic, Chromium and etc., has highgirenmental impact caused by the
high amount of lignite consumption and its dispagadil. Finally, for the photochemi-
cal oxidation impact category, amine scrubbing psschas higher environmental im-
pact due to the increased amount of sulfur dioX®B®,) emissions produced by the
higher heat consumption.

In general, even though calcium looping is stillr@search level and has mostly been
studied in pilot-scale, it demonstrates many ach@gag compared to the mature amine
scrubbing post-combustion GQapture technology. Calcium looping demonstrates
lower energy penalties in comparison with amineulsioing process. Moreover, it is
possible for the generated heat produced by thei@process to be utilized in a sec-
ondary steam cycle, reducing in that way the en@ayalty. In addition, CaO (lime)
which is the by-product of calcium looping proceas be used as a raw material in the
cement industry as feedstock, reducing furthep €Qissions. Finally, a further reduc-
tion of the energy penalty is achieved when calciooping is integrated with chemical
looping process, making in this way, calcium logpprocess, one of the most competi-

tive post-combustion C{rapture technology.
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