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Abstract

Environmental and technical aspects of four supe@a (SC) pulverised-coal
processes with post-combustion carbon capture tanaige (CCS) are evaluated in the present
work. The post-combustion CCS technologies (e.g.BMDagueous ammonia and Calcium
Looping (CaL) are compared to the benchmark cageesented by the SC pulverized coal
without CCS. Some important key performance indicate.g. net electrical power, energy
conversion efficiency, carbon capture rate, specfd, emissions, SPECCA) are calculated
based on process modelling and simulation data.fdtwes of the present work lies in the
environmental evaluation, using the Life Cycle Amsed (LCA) methodology, of the
processes considered. The system boundaries in¢jyamver production from coal coupled
to energy efficient CCS technologies based on postbustion captureji) upstream

processes such as extraction and processing qflicoastone, solvents used post-combustion
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CCS, as well as power plant, coal mine,,(Qipelines construction and commissioning and
i) downstream processes: £€dmpression, transport and storage (for the CG8)as well
as power plant, CCS units, coal mine and, @@{elines decommissioning. GaBi6 software
was used to perform a "cradle-to-grave"” LCA stutty,calculate and compare different
impact categories, according to CML 2001 impacesssient method. All results are reported
to one MWh of net energy produced in the power tpléiscussions about the most
significant environmental impact categories areorsul leading to the conclusions that the
introduction of the CCS technologies decreases dglubal warming potential (GWP)
indicator, but all the other environmental categerincrease with respect to the benchmark
case. There is also a competition between the agummmonia adsorption and CalL for some
impact categories (other than GWP). The implemantaif these new CCS technologies is
more favorable than the traditional amine-based €pture.

Keywords:. Life Cycle Assessment (LCA); Supercritical coawer plant; Post-combustion

CO, capture; Aqueous ammonia process; Calcium Loofiad; ).

1. Introduction

Energy is an essential need of the modern sodieting used for various purposes
(slighting, communications, heating, air conditiogi transportation). Industry, in all its
forms, produces goods for our welfare, and it isignificant energy consumer (Ghoniem,
2011). When evaluating various energy productiahrelogies relevant aspects such as:
energy and raw-materials consumptions, energyiefifty, environmental issues, have to be
considered. In the last period, the environmemtglact has become an important factor when
evaluating energy conversion technologies (ZhaoGimeh, 2015).

In many countries, coal is a convenient raw makéor power generation because it is

cheap, and the technologies based on coal arederedlloped (Zhao and Chen, 2015). The



utilization of coal is foreseen to rise by 30% I hext two decades. As a consequence, the
capacity of the coal-fired power plants will incseaby approximately 40%, and the carbon
dioxide emissions derived from those plants areiiably expected to rise ¢HGCC, 2010).

For almost 100 years, pulverised coal firing hasrbthe dominant technology for
generating power in utility boilers (Barnes, 201A&¢cording to Buchan and Cao, pulverized
coal technologies can be classified as follows:idiaed-bed combustion, advanced
combustion and integrated gasification combinedesy¢lGCC) (Buchan and Cao, 2004).
The main advantages of pulverised coal combustren l@gh reliability, full automation,
adaptation to a wide range of coal ranks and operaequirements, excellent capacity for
increasing unit size, and cost-effective power gatien. High energy consumption and high
SO, and NQ emissions are some disadvantages of this techy¢laporov, 2014).

Depending on the maxium pressure reached in thierpahe power plants are
distiguished as subcritical plants or supercritfdahts. It depends if this pressure is below or
above the critical pressure of the water (220.69.b& more detailed classification and
typical values of maxiumum temperature and pressdiréhe steam are) conventional
subcritical power plan{steam temperature approximately 820 K, pressuvanar 16 - 17
MPa, plant fuel to electricity conversion efficignaf ca. 38%;ii) supercritical power plant
(steam temperature approximately 870 K, pressuvanar 22 - 24 MPa, efficiency of ca.
45%; andiii) ultra-supercritical power planfsteam temperature approximately 975 K,
pressure higher than 26 MPa, efficiency around §Bang, 2013). The focus of this study is
put on the supercritical pulverised coal power plan

Conventional coal-fired plants are significant tdiutors to air pollution. The
pollution is due to the release of the hot flue pasduced from the combustion of coal into
the atmosphere. The combustion pollutants includées of sulphur, nitrogen, and carbon as

well as fine organic and inorganic particulatesy (8sh, dust, etc.). Today, there is a



continuing and increasing requirement to burn cearldwide in an environmentally
acceptable manner (Barnes, 2015). There are mamgyssleffects of various emissions from
power plants. For instance dust has been linkedatmers, S®and NQ have a great
influence on acid rains or photochemical smog fdioma Significant progress was recorded,
in the last period, in the field of pollutant caritsystems and those systems are still under
development. The control of emissions of parti@datNQ and SQ but also of trace
elements, polycyclic aromatic hydrocarbons and,artgmtly, CQ has been implemented or
is going to be implemented (Barnes, 2015). Thedroy is to develop technologies that are
more environmentally friendly, technologies thavéw or cut down the pollutant emissions,
those technologies being called clean coal teclynedqToporov, 2014).

The reduction of C®emissions from coal can be done in two ways. Tisedne is by
improving the efficiency of the coal-fired powempts. This improvement will lead to lower
emissions per unit of energy output. The secondtewvagduce the C£Oemissions from coal is
by applying CCS technologies. This method will @éase the C® emissions to the
atmosphere by 80 - 90% (Toporov, 2014). CCS is etcas a kind of arrangement between
the further use of fossil fuels to satisfy incregsienergy demand and @@missions
reduction (Sathre et al., 2012). Carbon capturaoisa single technology, but a suite of
technologies. Some of these technologies can bieedfp existing coal-fired power stations,
and other involve new technologies for transfornangl into energy (Falcke et al., 2011).

Different techniques have been developed to captive CQ released by the coal
plants and to sequester it in storage sites (Sathed., 2012). Three alternative approaches
can integrate C&capture technologies with power generation syst@ost-combustion, pre-
combustion and oxy-fuel combustion. These CCS optidiffer in terms of economic cost,

the level of maturity, energy penalty, material @mch and emission intensity (Singh et al.,



2011). Choosing one or other CCS technology isngtyodependent on the power plant
conditions (Korre et al., 2010).

Post-combustion CQcapture was used in the present study. In the-quyabustion
technology CQ@is removed after combustion of the fossil fuel (Waet al., 2011). The main
advantage offered by the post-combustion technoisgthat it can be implemented as a
retrofit option for the existing power plants (Dsen, 2007). Wang and co-authors classified
the technologies that could be employed with postaustion CCS. Adsorption, physical
absorption, chemical absorption, cryogenics sejperaind membranes are some technologies
mentioned by the authors (Wang et al., 2011).

According to Korre and co-authors, chemical absonp for CQO, capture is
conveniently applicable to post-combustion systefss fact is due to the low G(partial
pressure in the flue gas obtained in the coal-freder plants (Korre et al., 2010). The amine
technology suites well and is dedicated for rettiofy of existing power plants. The major
challenge, however, is minimizing the operating aneéstment costs (Pellegrini et al., 2010;
Oyenekan and Rochelle, 2007).

In the recent years, the alternative chemical igbem in agueous ammonia solutions
has been proposed. The process is considered asprgrtechnology that still needs further
numerical modeling and pilot testing to prove itability (Valenti et al., 2012). In order to
selectively capture the GGrom the flue gases, an ammonia-based solutiomsesl. The
process takes place at a reduced temperature absorption column (Hilton, 2009). The
ammonia solution is subsequently regenerated iresorgtion column, and the cycle is
resumed. According to Versteeg and Rubin the adgast offered by the ammonia-based
technology are: high CCrarrying capacity, low reboiler regeneration egetgw power for

CO, compression and low cost for ammonia (VersteegRartaln, 2011).



The Ca-looping (Cal) technology is consideredasitde process for post-combustion
CO, capture (Valverde et al., 2014). This technologsuitable for integration not only in
power plants but also in other large £€nission industrial plants, e.g. cement industtgel
plants (Fan, 2010). The process is based on the-ayalic carbonation / calcination of CaO
at high temperatures. G&om flue gases reacts with the solid sorbent (Ca@00 - 650°C
leading to calcium carbonate formation. The carboriarmed is furthermore decomposed
into CaO and a Cf{stream which is sent to the drying and compressemtion of the plant,
being ready for storage. The carbonation procdesstalace at 800 - 950°C. The CaO is
recycled back in the carbonator in order to abseobe CQ, and the cycle process is repeated
(Cormos, 2014).

From technical point of view some key performamnudicators such as: net power
produced, net electrical efficiencies, carbon captate, specific COemissions, Specific
Primary Energy Consumption for GQ@voided (SPECCA) were calculated in the present
work. Environmental indicators such as: Global WiagnPotential (GWP), Acidification
Potential (AP), Eutrophication Potential (EP), Ozoepletion Potential (ODP), Abiotic
Depletion Potential (ADP), Freshwater Aquatic Eeatidy Potential (FAETP), Human
Toxicity Potential (HTP), Photochemical Oxidatioaténtial (PCOP), Terrestrial Ecotoxicity
Potential (TEP), Marine Aquatic Ecotoxicity Potah{{MAETP) can be also evaluated.

The aim of this paper is to compare, from a tecddrand environmental point of view,
three SC pulverized coal power plants coupled ditferent post-combustion carbon capture
technologies. The conventional SC pulverized coatlgy plant without CCS is also evaluated
for comparison reasons.

The following case studies were evaluated in tet#nin this paper:

Case 1. SC pulverized coal power plant without CCS;



Case 2. SC pulverized coal power plant with amine-based®B) post-combustion

CCs;

Case 3. SC pulverized coal power plant with aqueus ammpagi-combustion CCS;

Case 4. SC pulverized coal power plant with CaL post-costlmn CCS.

There are some LCA studies in the literature rdiggrthe SC pulverized coal power
plant and amine based post-combustion for SC puabkercoal power plant, but the
comparison between traditional technologies usimgna with more advanced technologies
(such as agueous ammonia and Cal) was not perfanmealthis moment.

Odeh and Cockerill focused their attention on eéhtygpes of fossil-fuel-based power
plants: a supercritical pulverized coal, a natugas combined cycle (NGCC) and an
integrated gasification combined cycle (IGCC), wahd without CCS. Their main results
show thati) For a 90% C@capture efficiency, life cycle GHG emissions aduced by 75 -
84% depending on what technology is used ign@&WP is reduced when MEA-based £0
capture is employed, the increase in other aiupmits such as NGand NH leads to higher
eutrophication and acidification potentials (Odeld &ockerill, 2008).

Koornneef and co-authors made a detailed "cradigrave" LCA study of three
pulverized coal power plants with/without post-carstion CCS. Two reference chains were
considered in their study: subcritical and ultrgpearitical pulverized coal fired electricity
generation. They observed a reduction of more #@¥ in the global warming potential
indicator when CCS is used, but notable environalerade-offs are the increase in human
toxicity, ozone layer depletion and fresh water texwity potential. The state-of-the-art
power plant without CCS also shows a better scordghfe eutrophication, acidification and
photochemical oxidation potential despite the deepduction of SQand NQ in the CCS

power plant (Koornneef et al., 2008).



An interesting comparison between different fueghinologies (e.g. IGCC, NGCC,
oxy-fuel and Pulverised Coal - PC ) coupled withS®was performed by Corsten and co-
authors (Corsten et al., 2013). The conclusionsidraack from their study was thatCCS
results in a net reduction of the GWP of power ddahrough their life cycle in the order of
65 - 84% (PC-CCS), 68 - 87% (IGCC-CCS), 47 - 80%(C-CCS), and 76 - 97%
(Oxyfuel), i) eploying CCS in PC, IGCC and NGCC results in redatincreases in
eutrophication and acidification when comparingotwer plants without CCS. The authors
stress also the highly relative importance of eiarss occurring upstream (e.g. coal mining,
coal transport, MEA production) and downstream.(eQf transport, CQ storage) when
assessing the environmental performance of poveatelith CCS (Corsten et al., 2013).

Post-combustion CO capture combined with C&enhanced oil recovery was
investigated in Canada, under a demonstration grajeSaskatchewan, by Manuilova and
co-authors (Manuilova et al., 2014). The fuel usetheir case was lignite coal and the post-
combustion CCS is based on monotehanolamine (MERBg. results of the study showed a
reduction in global warming and air impact categeriAnother important conculsion of the
study was that even though increases in some a&sgassociated with soil and water were
observed, the broad distribution associated wittmoapheric release was significantly
reduced. LCA studyes for coal fired power plantsenaso performed in Brazil (Rostrepo et
al, 2015) and in Japan (Tang et al., 2014).

The present paper is organised as follows: Sedtigrirepresented by the Introduction,
Section 2, called Methods, presents the proces&limggland simulation assumptions, a brief
description of the technical key performance intice as well as a detailed LCA
methodology. Results and discussions are presémtgdction 3. Finally, the conclusions are

reported in Section 4.



2. Methods

2.1. Process modeling and simulation

Processes description

The coal, transported pneumatically using pre-taat is fed to a boiler. Coal
combustion occures here and hot flue gases areetbimthe combustion process. The hot
flue gases are used to pre-heat the primary amahdacy air streams and to generate steam
which is furthemore expanded in the steam turbarepbwer generation. The N@mission
control is done by Selective Catalytic Removal ($CRing ammonia. In the study was
considered that SCR unit will decrease theNit to below 20 ppm as required for

downstream C@capture plant. The SCR chemical reactions areritbescby R1-R4:

4NO + 4NH + O, — 4N, + 6H,0 (R1)
NO + NO, + 2NHz; — 2N, + 3H,0 (R2)
6NO, + 8NH; — 7N, + 12H,0 (R3)
2NQ, + 4NH; + O, — 3N, + 6H0 (R4)

Reactions R1 and R2 are the predominant with ooke wf ammonia consumed per
each mole of NQconverted. Reactions R3 and R4 occur in gasedichwarge fractions of
the NQ is present as NO A catalyst is used, for favouring the reactioogake place at
lower temperatures (around 250-450°C) The mostcypBCR catalyst is a vanadium

pentoxide (\405) catalyst on a titanium dioxide (Tp)carrier (Hatton and Bulionis, 2008).

The cooled flue gases are sent to the Flue Gaslesisation (FGD) in order to remove
sulphur. Limestone is used as raw-material for iéswization, and gypsum is formed in the

process according to R5:

SO + CaCOs + 1/20, — CaSQ + CO, (R5)



The process simplified schema for the SC pulvrieeal power plant without CCS is
presented in Fig.1.

Fig. 1. Block diagram for SC pulverized coal power plarthaut CCS Case 1)

For SC pulverized coal case studies with carbgtuce, the flue gases at the back end
of the FGD unit are feed to a capture unit as feloMDEA absorption process f@ase 2,
agueous ammonia f@ase 3 and Cal foriCase 4.

The MDEA carbon dioxide capture procesSage 2) is based on absorption —
desorption cycle using the following reversible i@l reaction (where R is an alkanol

radical R = (HO-CHCHy),-N-CHj):

RsN + CO; + HyO «+» RNH' + HCOs' (R6)

The amine regeneration, following carbon dioxidptare and stripping, is thermally
performed using heat (steam extracted from the Rardycle). The captured carbon dioxide
stream is dehydrated using tri-ethylene-glycol (JEGa standard absorption — desorption
cycle and then compressed to 120 bar. The compressidone in four stages with inter-
cooling. The process simplified schema for SC pugeel coal power plant with amine-based

(MDEA) post-combustion CCS is presented in Fig 2.

Fig. 2. Block diagram for SC pulverized coal power plant

with amine-based (MDEA) post-combustion CC&s¢ 2)

The design forCase 3 is also based on absorption-desorption cycle, douteous
ammonia is used in this case. The chemical reactiorolved in this process are described by

Darde and co-authors (Darde et al. 2012). The me&iction taking place is (R7):
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(NH,),CO; + CO, + H,0 « 2NHHCO; (R7)

The original process, proposed by Alstom, operates temperature of about 5°C in
the absorber. This conditons promote the precipiiabf salts. This work is based on the
scheme that operarates at a temperature of abd@ti@3he absorber avoiding the formation

of salts. The simplified schema fGase 3 is presented in Fig.3.

Fig. 3. Block diagram for SC pulverized coal power plant

with aqueous ammonia post-combustion CC&4 3)

In Case 4 the flue gases at the end of FGD are sent to #ieudit. The CQ from the
flue gases reacts, in the carbonation reactor, itgh oxygen carrier (CaO) according to

reaction R8, leading to the formation of calciumbcmate:

CaO + CQ — CaCQ (R8)

In the calcination reactor, Ca@@ decomposed (see R9) regenerating in this way th
sorbent.

CaCQ;— CaO + CQ (R9)

An extra fuel must be burned to provide the retptesheat of the endothermic
calcination process. To avoid the contaminatiorthef CQ stream formed with nitrogen,
oxygen is used for combustion rather than air. J&®phase is dried and compressed, and the
CO, stream is sent to the storage sites. A signifibamiefit offered by the Cal process is that
calcium compounds are inexpensive materials, theyan-toxic, and they are easy to handle
being stable at ambient conditions (Cormos andeBetr, 2014). The block diagram foase

4 is depicted in Fig. 4.

Fig. 4. Block diagram for SC pulverized coal power plant

11



with CaL post-combustion CCE&dse 4)

Process modeling and simulation assumptions

Details regarding the composition and thermal erips of the coal used in all four
cases are given in the next part. Coal proximatdyais are (% wt.): moisture 8.10% and
volatile matter 28.51%. The values correspondintipéoultimate analysis, expressed as % wit.
dry, are: carbon 72.04%, hydrogen 4.08%, nitrog€&7%, oxygen 7.36%, sulphur 0.65%,
chlorine 0.01% and ash 14.19%. The coal lower hgatalue is 25.35 MJ/kg. SC pulverized
coal power plant with / without post-combustion C€apture were modeled and simulated
using ChemCAD, Aspen Plus and GS software packddes mathematical models involve
mass, energy and momentum balances, as well astiiaconstraints. The main design
assumptions for all cases are reported@able 1. The thermodynamics packages used in the
simulations are: Partial Pressures of Aqueous MegiiPPAQ) for SC pulverized coal, Ideal
Vapour Pressure for MDEA post-combustion unit, Beed UNIQUAC thermodynamic
model implemented in Aspen Plus for aqueous ammanihSoave Redlich Kwong (SRK)
for CaL. The main parameters (temperature, pressumss flow and weight composition) of

the input and output streams, for all cases, aadable as supplimentary information.

Technical evaluation

The technical key performance indicators (KPI)regorted inT able 2. The definition
and calculation of those indicators are describgdPbtrescu and Cormos (Petrescu and
Cormos, 2015).

The formula used for SPECCA indicator calculaimn

3s00| = ——2
HR—HRREF _ ( ¢ TeRE }
ERgr—E ERpr—E

SPECCAZE
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where all parameters refer to the either powertpguoipped with the carbon capture or the

reference power plant without CCER is the heat rate [MJMWh¢], E the specific CQ
emission [kgo/MWh¢], 17, [nondimensional] the net electrical efficiency aREF stays for

reference (Romano et al., 2010).

2.2. Life Cycle Assessment (LCA)

Goal and scope of the study, system boundariegations

The primary goal of this study is to quantify aadalyze the total environmental
aspects of power production usiiBC pulverized coal power plant with / without post-
combustion CCS technologies. For this purpose taildd assessment of each pathway step,
from raw materials extraction to power productiowgluding CQ transport and storage, is
presented. The present LCA study is based on teeygrand material consumption of each
unit process. Several assumptions have to be amesidn the LCA. A requirement of the
study is that the plant is self-sufficient in &l utilities, which mean that electricity must also
be produced to drive the machinery.

The functions considered in this study (gros eleg@ower output) are: the production
of 502.32 MW of electricity forCase 1, 541.3 MW, for Case 2, 412.03 MW for Case 3 and
649.6 MW for Case 4. From these quantities 27.45 MWf electricity are used to run the
machinery forCase 1, 65.68 MW, of electricity are used to run the machinery @ase 2,
27.45 MW, of electricity are used to run the machinery @ase 3 and 105.38 MW of
electricity are used to run the machinery @ase 4. The functional unit proposed is one
MWh of net power produced. The net power producecdbtained, for each case, by
subtracting the ancillary power consumption frora glnoss electric power. The material and
energy balance are available from the modeling @indilation phase. A "cradle-to-grave"

LCA approach is desired for the present study. d@rdo-grave" starts with the extraction of
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raw materials used in the analysis and ends wiéh disposal of the final product. The

boundary conditions for the casses under studdepected in Fig. 5.

Fig. 5. Boundary conditions fa8C pulverized coal power plar@dse 1-4)

The following items are excluded from the systegurmlaries:i) construction of
infrastructure (e.g. pipelines, roads, railwaysWed#l as construction of trains and trucks for
transportationji) the transmitting of electricity to the transmigsiand distribution (T&D)
network, and the delivery of the electricity to tlastomer;iii) installation of railcar
unloading facilitiesjv) indirect land usey) human activities as well as labor costs associated
with the number of employees at each energy coirefscility; vi) low-frequency, high-
magnitude, non-predictable environmental eventgy.,(enon-routine/fugitive/accidental
releases). However, more frequent or predictabdmisy such as material loss during transport

or scheduled maintenance shut down, were includeshwapplicable.

LCA main assumptions and Life Cycle Inventory (LCI)

The most significat assumptions used in the LGA,the upstream and downstream
processes are presentedTiable 3. For the core processes, the assumptions useith@se
reported in the process modelling and simulatiatice (se€T able 1).

The following issues have been considered regaridfie@ construction: construction of
the coal mine; construction of the SC pulverizedl gmwer plant; construction of the MDEA
absorption unit; construction of the agueous ammamiit; construction of the CaL unit and
construction of the CEOpipelines. The LCI for coal mine and power plaohstruction, as
well as data for commissioning/decommissioning led previously mentioned plants were
found in the literature (NETL, 2010). The emissionslated to the construction,

commissioning/decommissioning of the MDEA unit, agqus ammonia plant and CaL unit

14



represents 25% of the emissions correspondent o thle power plant construction,
commissioning/decommissioning. The commissioningddamnissioning of the C{pipelines
have been also included in the analysis (NETL, 2010

A summary of the most relevant inputs and outgats for Life cycle inventory (LCI)
phase is summarized iMable 4. It should be specified thdtable 4 shows a selection of
emissions, waste and used energy. Along the vddaa dor producing electricity, there are

emissions and waste, and energy is used in sesbl facilities and equipment also.

Impact Assessment

The CML 2001 method assessment implemented in GaBware version 6 (PE
International, 2015) was used for the present LCAML 2001 is one of the most broadly
applied method on the European context. Accordingérnandez and co-aouthors problem-
oriented methods such as CML 2001 model problemenagarly stage in the cause-effect
chain, allowing a more transparent assessmentiamtihy the uncertainties (Hernandez et
al., 2016).The midoint impact categories considered in CMLR6@@ethod are:GWP, AP, EP,
ODP, ADP, FAETP, HTP, PCOP, TEP, MAETP. These iattics are widley described in the

literature (Korre et al., 2010).

3. Results and discussions

3.1 Results and discussions regarding the techmicaluation

The results of the technical evaluation are preeseim Table 2. FromTable 2 it can
be noticed that, in terms of fuel consumption, ¢bal flow rate varies in the range 156 - 217
t/h. The coal flow rate is particularly high ®@ase 4: SC pulverized coal power plant with
CalL post-combustion CCS. In this case, supplemgntanl is necessary in the CalL to

provide the heat for calcium carbonate decompasitio
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The ancillary power consumption of various planb-systems varies in the range
27.45 - 105.38 MW The highest power consumption isGase 4 due to increase coal flow
rate and to post-combustion capture configurati@ptured C@stream has to be compressed
from atmospheric pressure to 120 bar). All planiaaptsevaluated generate about 385 - 545
MW, net power, with a net plant electrical efficiermfyabout 43.33 % for the case without
CCS and about 34 - 36% for CCS cas€asgs 2-4). The CCS cases investigated in the
present work are designed to capture more than &b#e feedstock carbon. The highest
carbon capture rate is obtained when CalL is used @ capture Case 4). Specific CQ
emissions of the evaluated concepts with CCS areanrange of 70 - 140 kg/MWh. For
comparison, the case without CCS has specifig €fissions about 800 kg/MWh.

Taking into account the SPECCA indicator, the Istiwealue was obtained for CalL

post-combustion CCS@ase 4), this case representing the most attractive gardition.

3.2 Results and discussions regarding the enviromahevaluation
The results of the environmental evaluation @ases 1 - 4 are reported imTable 5.

Details regarding each indicator are presentedgn@-

Fig. 6. Significant environmental indicators for

SC pulverized coal power plant with / without CC&ses 1-4)

There are significant differences, in terms of GWetween the cases with CCS
(Cases 2, 3 and4) and the benchmark proce€aée 1) which has the highest GWP caused by
the uncaptured C{emissions.

The GWP value foCase 1 is 970.37 kg C@Equiv./MWh. Looking deeper into the

details of this impact from the total GWP valuegy(€70.37 kg C@Equiv./MWh), a quantity
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of 801 kg CQ-Equiv./MWh is coming from the SC pulverized coawer plant operation,
154 kg CQ-Equiv./MWhis coming from coal mine operation, a small impacyg. 12 kg
CO,-Equiv./MWHh, is provided by ammonia involved in tBER and the rest of 3.25 kg €O
Equiv./MWh is coming from the limestone requested FGD (see Fig. 6a). F@ase 2 the
total GWP value is 495.93 kg G&quiv./MWh. The SC power plant with MDEA capture
represents 91 kg C&Equiv. /MWh of the total value. The GWP correspondent to power
plant operation was decreased by 88.66% compardtietdoenchmark case power plant
operation Coal mine operation has a contributighér that in the benchmark case (e.g. 195
kg CO-Equiv./MWh vs. 154 kg C®@Equiv./MWh) due to the fact that a higher quantty
coal is extracted and transported in this caseniffignt contribution to the total GWP value
is also brought, in the present case, by othersstep. CQ transport and storage (71.4 kg
CO,-Equiv./MWh), MDEA production (e.g. 65 kg G&quiv./MWh) and CQ pipelines
commissioning (e.g. 52 kg G&quiv./MWh), steps that are not present in thecherark
study (see Fig. 6a). When G©apture is performed using ammonia soluti®ase 3) the
total GWP value is slightly higher than in the ca$&DEA adsorbtion (e.g. 500.33 kg GO
Equiv./MWh vs. 495.93 kg CLEquiv./MWh) but lower than the benchmark case.(e.g
500.33 kg C@Equiv./MWh vs. 970.37 kg C&Equiv./MWh). The distribution of the total
GWP, forCase 3, is as follows: 152 kg C£Equiv./MWh is due to the SC power plant
operation, 190 kg C&Equiv./MWh is coming from coal mine operation, 66 kg £0
Equiv./MWh is due to the CQransport and storage operation while 52 kg-EQuiv./MWh

is due to the C@pipelines commissioning, 15 kg G&quiv./MWh represents the impact of
the SCR process. Compari@gse 3 andCase 2 it can be noticed a decerease of greenhouse
gases emissions in the g@ansport and storage step (66 kg Equiv./MWh vs. 71 kg
CO,-Equiv./MWNh). This decerease was due to a lowentityaof CO; transported from the

power plant to the storage site (326.74 t/h vs.987h, sed able5). The values for the CO
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pipelines commissioning is the sameCase 3 andCase 2 (e.g. 52 kg C@Equiv./MWh) (see
Fig. 6a). In the case of using a solid sorbentCioy capture Case 4) the total GWP impact is
402.2 kg C@-Equiv./MWh_A quantity of 71 kg C@Equiv./MWh is coming from the power
plant operation, 186 kg CLEquiv./MWh is due to the coal mine operation, 69 kg,CO
Equiv./MWh is represented by G@ransport and storage, 52 kg £Bquiv./MWh is due to
the CQ pipelines commissioning, and 15 kg £Bquiv./MWh is due to the SCR process (see
Fig. 6a).

AP indicator is due to the sulfur dioxide, nitrogexides, hydrochloric acid,
hydrofluoric acid and ammonia. Taking into accothis evironmental indicator, it can be
said that the highest value for acidification paig{AP) indicator is obtained iGase 2 (e.g.
4.57 kg SG-Equiv./MWh) (seeTable 5). A significant percentage of this value is prodde
by MDEA production process. Another possible exataom of the high value obtained in this
case is a higher quantity of hydrochloric acid emoiss compared to the basecase (0.018 t/h
in Case 2vs. 0.015 t/h irCase 1). The values of this environmental indicator aeeywclose in
the cases of using ammonia and Cal for,C@ptureCase 3 andCase 4, e.g. 1.61 kg S©
Equiv./MWh vs. 1.66 kg S&Equiv./MWh. Those values are five times higherntlae
benchmark case (e.g. 0.49 kg S&yuiv./MWh). The quantity of hydrochloric acid alted
in those case are the same as in the benchmarkKecgs®.015 t/h) (se€able 4), but there
are additional downstream phases of the CCS sucPQOadransport and storage operation,
commissioning / decommissioning of the £@pelines, which bring contribution on the AP
indicator (see Fig. 6b).

EP environmental impact category is related to sphorous compunds (e.qg.
phosphate) or nitrogen compounds (e.g. nitrogedesxinitrogen, nitrates, ammonia). EP has
the highest value in the ammonia proceSasé 3) 1753.7 kg Phosphate-Equiv./MWh. The

entire impact is due to the power plant operatidre impact to eutrophication was increased
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compeared to the base case (1753.7 kg Phosphaie/BtWh vs. 1285.4 kg Phosphate-
Equiv./MWh) due to ammonia and nitrogen emissighpording to mass balance derived
from simulation a quantity of 1.94 t/h of ammoniad&al603.98 t/h of nitrogen are released
into the atmosphere (s@able 4) leading to a increase by 26.7% of EP indicatovehy
close value 1739.76 kg Phosphate-Equiv./MWh isinobthin theCase 2 when MDEA s
used for CQ capture. From the total 1739.76 kg kg PhosphatevHylWh a quantity of
1623.89 kg Phosphate-Equiv./MWh is due to the pgu@nt operation while the rest (e.g.
115.75 kg Phosphate-Equiv./MWh) is due to the ethngl oxide emissions from MDEA
production and to the high value of nitrogen re¢ebmto the atmosphere (e.g. 1838.82 t/h —
seeTable 4). The lowest value for this impact indicator cepends taCase 4, 1121.86 kg
Phosphate-Equiv./MWh (see Fig. 6¢).

ADPsussii has the lowest impact @ase 1: 9829.29 MJ/MWh. .Almost all the impact,
more exactely 9645.38 MJ/MWh is due to the powanpbperation and 156 MJ/MWh is due
to the SCR process. (see Fig. 6d). Al?has the highest value Base 2 e.g. 15231.63
MJ/MWh (seeT able 5). The impact of the power plant in this case is8825 MJ/MWh, the
contribution of the SCR process being the samenaka benchmark case. The source of
additional ADRyssii impact is: 991 MJ/MWh from MDEA production proce§$6 MJ/MWh
is coming from the C@transport and storage operation , 991 MJ/MWh af@iMJ/MWh are
represented by other processes. When ammonia dsfas€CS,Case 3, the distribution of
ADPyssi Is at follows: 11912 MJ/MWh is coming from powdampt operation, 186 MJ/MWh
is coming from ammonia production, 192 MJ/MWh frdine SCR process, 706 MJ/MWh is
coming from the C@ transport and storage operation, 991 MJ/MWh fro®, @Qipelines
commissionig and 150 MJ/MWh are represented byrgihecesses. I€ase 4, the value of
the ADRyssil is 13752.06 MJ/MWh, which is the lowest from thE&case studies. From this

value 11640.5 MJ/MWh is due to the power plant apen, 137 MJ/MWh from the SCR
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process, 742 MJ/MWh is coming from the £@nsport and storage operation, 991 MJ/MWh
from CGQO, pipelines commissionig and 242 MJ/MWh are represkby other processes (see
Fig. 6d).

Other impact categories, such as ODP and ADP elesnleave low values in all three
cases (se€ableb).

The best values of the three impact indicatorselihto the lethal concentration k-
FAETP, HTP, MAETP, TE) is obtained also @ase 1. The highest values for those impact
categories are obtained @Gase 2, when MDEA is used for CCS (sé&able5). If we take into
discussion the HTP indicator for the benchmark cHs® HTP value is 3.67 DCB-
Equiv./MWh. Highest value are obtained in the CGSes (57.11 DCB-Equiv./MWh for
Case 2, 19.55 forCase 3 respectively 19.84 DCB-Equiv./MWh fdCase 4). The biggest
contribution on the HTP is representeddase 2 by the MDEA production and transportation
process (e.g. 35.39 DCB-Equiv./MWh), more exaabhythte ethylene oxide emissions from
MDEA production process. Other contributions fdr@CS cases comes from ¢@ipelines
commissioning (e.g. 10 DCB-Equiv./MWh) and from £2@ansport and storage (e.g. 5 DCB-
Equiv./MWh forCase 2 and 4 DCB-Equiv./MWh foCase 3 and4). The contribution of the
coal mine operation to the total HTP varies inrdrege of 3-4 DCB-Equiv./MWh for all cases
under study (see Fig. 6e). Considering MAETP impadicator the best value is obtained
also in the base case e.g. 6730.54 kg DCB-Equiv.iMpercentage of 92.85% of the total
value is coming from coal mine operation, 25 kg DEguiv./MWh is coming from power
plant operation, 302 kg DCB-Equiv./MWh is due te@ tBCR process and 155 kg DCB-
Equiv./MWh are due to other processes. The higkasie for this impact indicator is
obtained inCase 2. As it can be noticed from Fig. 6f big contribution this impact category
is brought by the MDEA production and transportatiprocess (e.g. 9485.98 kg DCB-

Equiv./MWh) and by the C&transport and storage step (e.g. 6767.46 kg DOQBvVHYI\Wh)
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Smaller contribution is due to the @Q@ipelines commissioning (e.g. 1096.55 kg DCB-
Equiv./MWh), power plant operation (e.g. 33 kg DEBuiv./MWh) and the rest of 356 kg
DCB-Equiv./MWh is due to other processes. Lower MA&Evalues are obtained Dase 3
and Case 4 due to the fact that the impacts of ammonia andoGping process are not so
high compared to the contribution of MDEA produatiand transportation (séegure 6f).
The MAETP impacts of power plants are comparablid Wase 2 (e.g. 7717.74 kg DCB-
Equiv./MWh in Case 3 and 7541.57 kg DCB-Equiv./MWh i@ase 4 vs. 7896.48kg DCB-
Equiv./MWh in Case 2). The CQ pipelines commissioning has the same value ifCalb
cases (e.g. 1097 kg DCB-Equiv./MWh). The contrisutof some processes such as coal
mine operation, power plant operation and congtncare higher inCase 3 compared to
Case 4, while CQ transport and storage is higherGase 4 than inCase 3 (6559 kg DCB-
Equiv./MWh vs. 6421 kg DCB-Equiv./MWh). Limeston&teaction process brings also a
contribution to the MAETP impact indicator equaBB@0 kg DCB-Equiv./MWHh.

The lowest value for PCOP impact category is oletiin the benchmark casgase
1). Ammonia caseCase 3) and CalL caseCase 4) have close value for this impact indicator
e.g. 0.25 kg Ethene-Equiv./MWh respectively 0.26 Epene-Equiv./MWh. A particular
situation occurs in the MDEA capture caSage 2). Analyzing the PCOP values frofrable
5, it can be noticed that, the PCOP @ase 2 is fourteen times higher than in the benchmark
process (e.g. 2.71 kg Ethene-Equiv./MWh vs 0.2 #geie-Equiv./MWh). The big impact of
this impact category is due to the MDEA productmoacess.

There can be noticed a competition between theaeuammonia adsorption and
CaL. Some indicators such as AP, EP or those teleteethal concentration (e.g. HTP,
FAETP, and MAETP) are better in the case of aquenumonia usage for GQrapture.
Other indicators such as ARRj, ADPeements and EP are better in the case of CaL for, CO

capture.
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The results of environmental impacts can be coatp&w the results published in the
literature (Koornneef et al., 2008). Three pulvetdizcoal power plants are presented by
Koornneef and co-authors. Compearing the trendthe@fenvironmental impact categories
obtained in the present study to the supercrificaler plant and super critical power plant
with CCS (MEA) Cases 2 and3 described by Koornneef) it can be said that teeds of the
environemntal results are the same in both stu@®¢P impact indicator gives better values
when CCS is applied, while the other environmaimtglact categories are increasing. The net
values of the environemntal impacts obtained in phesent study are slightly different
compeared to the litterature because in the predady wider boundary conditions for the
upstream/downstream processes are considered NEDEA and NH;, production and
transportation, limestone extraction and transpioriafor CaL case, CCS construction,

commissioning and decomissioning).

4. Conclusions

The paper presents a detailed environmental Yisdecanalysis for SC pulverized coal
for power generation with / without CCS. Three CCGfSes are investigated in the present
paperi) gas-liquid absorption using MDEA as a chemicalent, i) gas-liquid absorption
using aqueous ammonia as a chemical solventiigngdas-solid absorption using calcium
oxide. As benchmark option, a conventional SC pudee power plant without carbon
capture was also considered.

All cases have been modeled and simulated usiogeps flow modelling. All CCS
evaluated power plant concepts generate about 385 MW, net power. The carbon capture
rate is higher than 85% for the CCS cases. SpeCile emissions of the evaluated plant
concepts with CCS are in the range of 70 - 140 Ky

The environmental evaluation is performed usingliGd& methodology. A "cradle-to-

grave" approach was used considering several apste;nd downstream processes. Eleven
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environmental impact categories, according to CMDT2 method assessment were defined,
calculated and compared using GaBi software. Atih da the assessment were normalised to
the functional unit (one MWh). Details regardingle@hase of the LCA are presented.

The CCS are expected to be an important part diutluee for stabilizing atmospheric
CO, concentration and for solving the global warmirsgue. The introduction of CCS
technologies decreases the GWP indicator whileraghgironmental impact indicators are
increasing. Upstream processes such as MDEA prioduciqueous ammonia production,
limestone extraction, as well as downstream pr@sesach as C{pipelines commissioning
and CQ transport and storage are responsible for theeaser on the other environmental
impact indicators.

Amine technologies give good performance for GWR{ bthe results are not
satisfactory for all the other environmental categgp There can be noticed a competition
between the agueous ammonia adsorption and Cale 8walicators such as AP, EP or those
related to lethal concentration (e.g. HTP, FAETRABMP) are better in the case of aqueous
ammonia usage for G@apture. Other indicators such as Al ADPeiements EP are better
in the case of CalL.

Trying to answer to the question: "How can the itesof the present work be used to
advance the concepts of cleaner production witttrebty generation and CSS?", the answer
could be: from the environmental point of view,itakinto account the hole supply chain of
the SC pulverized coal power plants, other than riture amine-based GQrapture
technology (e.g. aqueous ammonia and Cal) are favogable. Those new capture methods

have the potential to become important carbon capgachnologies in the future.
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Nomenclature

AP - Acidification Potential

ADP - Abiotic Depletion Potential

ADPg¢iements- Abiotic Depletion Elements
ADPxqssil - Abiotic Depletion Fossil

CaL - Calcium Looping

CCS - Carbon Capture and Storage

EP - Eutrophication Potential

FGD - Flue Gas Desulphurization

FAETP - Freshwater Aquatic Ecotoxicity Potential
GHG — Greenhouse Gas

GWP - Global Warming Potential

HTP - Human Toxicity Potential

IGCC - Integrated Gasification Combined Cycles
ISO - International Standard Organisation
KPI - Key Performance Indicators

LCA - Life Cycle Assessment

LCI - Life Cycle Inventory

MAETP - Marine Aquatic Ecotoxicity Potential
MDEA - monodiethanolamine

MEA — monoethanolamine

NGCC — natural gas combined cycle
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ODP - Ozone Depletion Potential

PC — pulverised coal

PCOP - Photochemical Oxidation Potential
PPAQ - Partial Pressures of Aqueous Mixtures
RK - Redlich Kwong

SC - Supercritical

SCR - Selective Catalytic Removal

SPECCA - Specific Primary Energy Consumption for,@@oided
SRK - Soave Redlich Kwong

TEG - tri-ethylene-glycol

T&D - Transmission and Distribution

TEP - Terrestrial Ecotoxicity Potential
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Table 1. Main design assumptiqiCases 1-4)

ASSUMPTIONS

UNIT NAME PARAMETER Casesl-4
SC pulverized coal coal moisture (%) 8.1
primary air (% of the total air flow) 30
secondary air (% of the total air flow) 70
boiler heat losses ( % of the total coal thermplth 0.75
FGD SQ capture (%) 98
limestone slurry (% wt.) 15
limestone conversion (%) 98
Rankine (steam) main steam parameters (bar/°C) 290 /582

cycle parameters

MP reheat 1 (bar/°C) 75 /580
MP reheat 2 (bar/°C) 20 /580
BFW pre-heating temperaturicy 250
number of steam extraction for the turbine to peghthe BFW 3
steam pressures from the turbine to preheat BW Boar) 76.4/30/1.1

Heat exchangers AT min.(°C) 10




Pressure drop (% of inlet pressure) 1-3
Casel Case?2 Case3 Case 4
MDEA absorption solvent concentration (%) - 50 - -
(Case2) absorption column temperature (* C) - 50 - -
desorption column temperature (* C) - 125 - -
Aqueous ammonia  solvent concentration (%) - - 7.5 -
absorption absorption column temperature (* C) - - 25 -
(Case 3) desorption column temperature (* C) - - 106 -
Ca-based CL steam/coal ratio (kg/kg) - - - 2.2
(Case4) carbonation reactor temperature (°C) - - 625
calcination reactor temperature (°C) - - - 915
O, pressure to CalL (bar) - - - 2.37
oxygen-carrier removed (%) - - - 1
CO, compression delivery pressure (bar) - 120 120 120
and drying compressor efficiency (%) - 85 85 85
solvent for drying - TEG TEG TEG
Pressure drop (% of inlet pressure) 1-3




Table 2. Results for key performance indicators (Cases 1-4)

MAIN PLANT DATA UNITS CASE STUDIES

Casel Case?2 Case3 Case4
Coal flow-rate t/h 156.74 198.35 156.74 216.74
Coa LHV (as received) MJkg 25.17 25.17 25.17 25.17
Feedstock thermal energy MWy, 1095.87 1386.79  1096.87 1515.37
Steam turbine output MW, 502.32 541.3 449.74 649.6
Total ancillary power consumption MW, 27.45 65.68 65.16 105.38
Net electric power output MW, 474.87 475.62 384.58 544.22
Gross electrical efficiency % 45.83 39.03 37.6 42.86
Net electrical efficiency % 43.33 34.29 35.09 35.91
Carbon capture rate % 0 90.49 85 92.66
CO, specific emissions kg/MWh 800.58 86.75 139.99 69.94
SPECCA MJIKgcoz - 2.80 292 2.74




Table 3. LCA assumptions for SC pulverized coa with / without CCS (Cases 1-4)

PARAMETER/

PROCESS

UNITS Assumption type Literaturevalue Literature

source

Valuesused in the study

Casel

Case 2 Case3 Case4

Fuel type

coal

coal coal coal

CCStype

post-combustion

CCS technology

MDEA NH3 CalL

Upstream processes

Coal”

Coal Extraction

Extraction type

under ground

Coal pre-processing

operations

cutting, drilling, blasting, loading, hauling

Electricity

kWh/t literature based 12-124 Spath et al., 1999

85

Coal preparation & cleaning

Size reduction, removal of ash-forming material, rocks, fine coal; Jig washing

Electricity

MJ/t literature based 0.79 Spath et al., 1999

0.79

Water

me/t literature based 0.17 Spath et al., 1999

0.17

Coal Transportation

Transportation type

rail

Distance

km hypothetical

250

Electricity

kKWh/t/km literature based 0.02 Spath et al., 1999

0.02




Losses during transportation % literature based 0.05-1 Spath et al., 1999 1
Wagon capacity t literature based 60-130 Spath et al., 1999 100
Ammonia for SCR & for CCS (Case 3)

Ammonia production

Process considered Haber-Bosch process from natura gas

Ammonia transportation

Transportation type truck
Truck capacity m 100
Distance km hypothetical 300
Diesel used for transportation I/ km hypothetical 30/100 30
Catalyst for SCR

Catalyst quantity m/MW, literature based 1/1 1/1
Limestone for FGD & for CCS™

Limestone extraction

Diesel kgl t literature based 6.86 Dolley et a., 2006 6.86
Gasoline kgl t literature based 0.76 Dolley et a., 2006 0.76
Electricity MJ t literature based 146 Dolley et a., 2006 146
Natural gas kgl t literature based 10 Dolley et a., 2006 10
Thermal energy MJ t literature based 34.2 Dolley et a., 2006 34.2




Groundwater kgl t literature based 11138 Dolley et a., 2006 11138

Surface water kgl t literature based 35687 Dolley et a., 2006 35687

Public supply kol t literature based 43915 Dolley et a., 2006 43915

Limestone transportation

Transportation type truck
Distance km hypothetical 150
Transportation fuel Diesdl
Losses during transportation % hypothetical 0.01

MDEA for Case2

MDEA production

Ethylene oxide kol kg calculated 0.37
Methyl amine kgl kg calculated 0.13
Water kol kg calculated 0.5
MDEA transportation

Transportation type rail

Transportation distance km hypothetical 100
Tank wagons capacity kg/ wagons calculated 200 200

Downstream processes

CO, transportation & storage”




Transportation type pipelines

Injection pressure bar literature based (Cormos and Petrescu, 2014). 120

Pressure drop bar literature based (Cormos and Petrescu, 2014). 48

Pipeline distance km hypothetical 800

No. of compressor stations - hypothetical 8

Storage type conventional geological storagein

off-shore reservoirs

Storage depth km hypothetical 2
Compression stations distance km hypothetical 100
Time h/year 7500
Emissions pipelines t/ year literature based 2.32 Koornneef et al., 2008

Emissions compressors t/MW/year literature based 232 Koornneef et al., 2008 23.2
Compression energy kWHh/ t literature based 111 Koornneef et al., 2008 111
Fugitive emissions injection % literature based 0.1 Koornneef et al., 2008 0.1
Compression energy kWhHh/ t literature based 7 Koornneef et al., 2008 7

Note: ~ Values for coal are expressed in unitg/ t of coal; ~~ Values for limestone extraction are expressed in units/ t of limestone; ™ Values for MDEA are expressed in kg/ kg MDEA produced;

4 t from CO, transportation & storage represents t of CO,



Table 4. Most relevant LCI inputs and outputs for Cases 1-4

INPUTS UNITS Casel Case?2 Case3 Case4 OUTPUTS UNITS Casel Case?2 Case3 Case4

1. Coa Coal

Coa extracted t/h 158.32 200.35 158.32 2189 Coad to SC power t/h 156.76 198.37 156.76 216.74
plant

Electricity MJ 48570 61465 48570 67156 Coal losses t/h 1.56 1.98 1.56 2.16

(extraction & preparation)

Water t/h 26.9 34.06 26.9 37.21

2. Limestonefor FGD & for CCS Limestonefor FGD & for CCS

Electricity for extraction MJ 371.35 469.44 37112 5692.5 Limestone t/h 255 3.23 2.55 39.13

Water for extraction t/h 231.39 293 231.39 3553.38 Waste water t/h 231.39 293.09 231.39 3550.85

Diesel for extraction t/h 0.017 0.022 0.017 0.268

Gasoline for extraction t/h 0.0019 0.0025 0.0019 0.03

Natural gasfor extraction t/h 0.026 0.033 0.026 0.39

Thermal energy from MJ 87.37 110.34 87.3 1338.78

propane

3. Ammoniafor SCR & for CCS Ammoniafor SCR& for CCS

Natural gas (SCR) MJ 70263 70263 - 70263 Ammoniafor SCR t/h 211 211 - 211

Natural gas (CCS) MJ - - 68265 - Ammoniafor CCS t/h - - 2.05 -




4. MDEA MDEA
Ethylene Oxide t/h - 7.32 - - MDEA to be t/h - 19.83 - -
transported

Mono Methyl Amine t/h - 2.59 - -
Water (MDEA 50% wt.) t/h - 9.92 - -

5. Power Plant Power Plant
Air to SC power plant t/h 1933.52 2446.45 1933.52 1933.52  Electricity MWe  474.87 475.62 384.58 544.22
Ammoniafor SCR t/h 211 211 211 211 Ash t/h 22.15 28.04 22.15 22.15
Water for ammonia t/h 6.32 6.32 6.32 6.32 Gypsum t/h 344 4.35 3.44 344
solution for SCR

Catalyst SCR t/h 0.42 0.42 0.42 0.42 Boiler feed water t/h 925 1198 925 925
Coal to power plant t/h 156.74 198.35 156.74 216.74 Water t/h 44000 31000 44000 64000
Limestone for FGD & for t/h 2.55 3.23 2.55 39.13 Emissionsto air

CCs

Boiler feed water t/h 925 119.8 925 925 CO, t/h 380.17 41.27 55.51 38.09
Water t/h 44000 31000 44000 64000 (6(0) t/h 247 3.13 - 0.18
Water for limestone slurry  t/h 14.45 18.28 14.45 14.45 H, t/h 0.02 0.02 - 0.18
Sulfuric acid t/h - - 0.39 - Ar t/h 24.74 31.29 24.74 24.74
Water for ag. ammonia t/h - - 21.89 - HCl t/h 0.015 0.018 0.015 0.015




Steam (Ip) t/h - - 112.39 468.88 N, t/h 1453.33 1838.82  1603.98 1453.33
Water for ammonia plant t/h - - 3.56 - O, t/h 128.75 162.84 4.07 128.75
Ammonia for cooled t/h - - 2.052 - H,O t/h 92.13 57.19 114.73 94.01
ammonia plant
O, cuCaL t/h - - - 121 NH3; t/h - - 194 -
Ammonium sulphate  t/h - - 0.5 -
Condensate from t/h - - 112.39 -
ammonia process
CO, to transport & t/h - 437.99 326.74 485.78
storage
MDEA recycled t/h - 19.88 - -
COytransport & storage COytransport & storage
CO, from plant t/h - 437.99 326.74 485.78 CO, stored kg/h - 423.65 316.05 469.87
Electricity for compresson  MJh - 169.67 126.57 188.18 CO; losses pipeline t/h - 13.79 10.28 15.29
Electricity for injection MJ/h - 10.68 7.97 11.85 CO, losses t/h - 0.14 0.11 0.16
COMpressors
CO; losses injection t/h - 0.42 0.31 0.46




Table5. LCA results (Cases 1-4) according to CML 2001

KPI Units Casel Case?2 Case3 Case4
GWP kg CO,-Equiv./MWh 970.37 495,93 500.83 402.2
AP kg SO,-Equiv./MWh 0.49 457 1.61 1.66
EP kg Phosphate-Equiv./MWh 128544  1739.76 17537  1121.86
ODP*10° kg R11-Equiv./MWh 0.59 4.07 3.02 2.63
ADPagements *10* kg Sb-Equiv./MWh 4.23 4.8 5.42 3.93
ADP o MJIMWh 9829.28  15231.63 14137.47 13752.06
FAETP kg DCB-Equiv./MWh 0.27 1.66 1.1 11
HTP kg DCB-Equiv./MWh 341 55.27 19.55 19.84
PCOP kg Ethene-Equiv./MWh 0.20 271 0.25 0.26
TEP kg DCB-Equiv./MWh 0.05 0.28 0.15 0.18
MAETP kg DCB-Equiv./MWh 673054  26011.85 1631455 16494.81
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Resear ch highlights

Post-combustion CO, capture using amine, agueous ammonia and calcium looping
technologies of supercritical pulverised coa power plants.

Environmental evaluation of supercritical pulverised coa power plants with & without
CCSusing Life Cycle Analysis (LCA);

Technical evaluations of supercritical pulverised coal power plants with & without

CCs;



