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ABSTRACT

For a sustainable energy system, the industrial carbon emission should-berzelase toPartial capture

of CQ,, i.e. capturing only a share of the £@ discussed as an optitminitiate the transitiomowards
decarboniation ofindustryby reduéng the CO, mitigation cost at industrial site This work models two
approaches to achieymrtial capture based on amine absorptidl) capturing 90 % C©from a split
stream of thdlue gas or 2) capturing le€0, (<< 90%) from the total flugas flow. A techneeconomic
analysis is carried out that considers scale, €@hcentrationand process configurations (absorber
intercooling, rich solvent splitting) when comparing cost atiphcapture to full capture.e. capturing
close to all C@from the entire gaBesides lowering absolute costs, the study shows that partial capture
from CQy-rich gasesnay lower alsospecificc o s t ( € peapturedicampaeed GUD capture,
despite economy of scalduring certain market condition®perating expendituresspeciallythe cost of
steam, are found as dominating cost factor for partial capture even for capture dow0@0 2per year.
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INTRODUCTION

Anthropogenic carbon dioxide emissions will have to be reduced drastically in order to limit global
warming. To reach vast reductions and meet the Paris Agreements, emission intelusiveegnsuch as
steel, cemet or oil refineriestypically will require to apply carbon capture and storage (CESAlso,
most integrated assessment models constrainefGald not converge without CCSCCS is associated
with high energy requirement and investment costs. Hence;daade and crossector deployment of CCS
is behind inexpectationof an estimatedt,000 plants ¥ 2030required to meet emission scenartdf
compaed to the approximately 20 plants currently in operatfom.early implementation at large high
concentration point sources in process industry can be a way to lower specific investméft andthus
facilitatetherampup in CCS deploymenihe capture cogexcl. transport & ®rage)per tonne avoided
CO; for full captureata short to mieterm deployment of CCS in process industry has been estimated to be
between 50-90€ f or i r on —3l0€Ed fsotre-pobadycted, Gl 156 190€ f or petrol e
refineries and chemical sectdrén this work,we definefull captureas carbon capture applied to the entire
flue-gas flow with an as high as possible capture efficiencyapture rate, provided that a minimum in
specific capture cost is reached. We suggestl#finition of full capture to be focused on specific CAPEX
( $dr tonne COcapturel) sinceCAPEX is aglobal cost, and less platbcation and policy depena
than OPEX. In practice, the most cestective capture rate for full capture (including both CAPEX and
OPEX) s found to range between 8®6% for coal power planfs Most stidies in academia on CCS in
process industry commonly apply a capture efficiency of 90% for full capture.

An option tofacilitatethe implementation of C&rapturetowards decarbonization of process induiry
so calledpartial capture We definepartial capture as CCS concept where only a share of the accessible
CO: from a flue gas or process gas is capturedtfmage with the extent of this share being governed by
economic factors, such as energy pricasy policy-driven requirementsin all cases,partial capture
reduces the absolute energy penalty and the required investimefdllowing examples illustraia which
scenarios partial capture may be feasible, i.e. preferable over full capture:

1) for plants that have access to {owst enggy (excesseat) or that can vary their product portfolio to
meet timevarying market condition%!® Capturing an amount of G@qual to the available heat or when
conditiors are favorable may lead to a more eeffective(CAPEX & OPEX)solution than full capture.

2) for plants or industrgectors that require to reagifinedEmission Performance Standards (ER®)
example is the Clean Power Act in the Uwghich requires newly constructed superitical pulverized
coal power plants to capture approx-183 % of their CQemissions?, depending on coal type, to meet
an ERS of 1,400 Ib C@MWh-g;

3) in order to reduce investment risks in CCS deployment for power generation from coal (PC &
IGCC) 9120r from process ingstry;

4) for plants with multiple stackstargeting the most suitable stack(s) instead of capturing froevaih
diluted or remote stacks, which are less feasile

5) for sites where t hetyiaidsuficiersto storesall @endttgdefronithec i | i t y
site during its lifetimé?,



6) for sites where partial capture can be used cost effectively in combination with other mitigation
measures, such as fuel change, improvements in energy efficiency, and the use of biomass.

Figurelillustrates how partial capture could be a pathway towards fulf€@fiction in process industry.
From a systems p&pective, partial capture could-eaist next to full capture CCS sitdso-energy CCS
sitesand carbotfree/new technology sites. However, these mitigation options will not be deployed at the
same time- new carborree technologies are often lotgrm technologies that are still in eaphase
development (e.g. hydrogen basgdtem}, whereas a sheterm deployment of partial capture is possible
today by applying ofthe-shelf technology such as pagimbustion capture using amine absorption, e.g.
using monoethanolamine (MEA). Also, partial capturay evolve towards full gature on site via
technology advancement such as solvent developments dudtidmeckingf unforeseen flaws in design
and operation over time (site specific learning curve) ge @ firstof-a-kind plant.
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Figure 1. Contextualization of partial capture on industrial system level. Dotted arrows in
possible development paths of partial capture.

This work focuses on partial capture motivated bgn®mic considerations and cost of eyees
explained in point 1) above. The work evaluates desigsiderationfor a partial capture amine absorption
cycle with respect to size and nature of the industriai &drce with focus on continuously operated
capture units with constant load. A geic studyon two principle designs for partial captiseconducted
in Aspen Plus that quantifies specific energy demand and capture costs in relation to the capture rate, which
is varied between 3097 %.The stug considerghe impact of C@concentraons, flow rate of the CO



source as well athe effect of process configuration on the partial capture de<igis$.resultshbasedon
Aspen Cost Estimator and an individual detail factor methoel compared to a&ference design for full
capture (assunae90% capture rate) from the entire flow of a£{0h industrial flue gas (single stack site).
Finally, an analysis on the balance of CAPEX and OPEX in dependence of scale asau@se is carried
out to map and daeonstrate the viability of partial cap&ias cosefficient mitigation measure for process
industries.

FULL AND PARTIAL CAPTURE

Reflections on full capture

Most studies on amirkeased CCS follow the approach of full capture, as defined above. In ttiigsec
an example on full capture is given for a coal fired power pdaitiustratet he use of speci fic
CO, captured}o determining a cosbptimd capture ratef-igure2 showsanestimation ospecificCAPEX
dependingn capture rate for Nordjyllandsverket, a coal power plant (41Q)NfWWhorthkern Denmark. For
a singletrain absorption cycle, the minimum specific CAPEX is reached at around 90% capture rate and
90% capture rate is, thus, defined as dalbture for this specific plant.

In their study on CCS from pulverized coal (PC) power, RadRarbin® argue for optimizing the capture
rate towards costffectiveness measured é¢ost of CQ avoided and find capture rates of 81% and 87%
representing minimum cost for muttain absorption units for PC plants with 1000 Msivid 650 MW,
respectively. They stress plant design, choice of solvent, maximum absorber train size, tasidepkmn
mod influential parameters. For industrial sites in particular, the cost eb@@)ded, especially OPEX, is
industry and site specifftand depends on raw material flows, such as crude oil, limestone or iron ore, and
energy flows, mainly governed by fossil fuel type and electric energy system. These flows alsohienpact
carbon balance in dependence ofvithe battery limits are definéd. As suggested in the introduction,
defining the capture rate for full cape by the minimum specifiCAPEX only makes the result less
dependenbn market, policysite and industry specific variations.
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Figure 2. Specific CAPEX per tonne G@aptured in single train absorption cyitlstandard configation
(no process modificationgjependent orcapture rate- illustrates the definition of full captureéCost
estimatiorbased on the method in this work, battery limit around MEA capturecapiture from gas flow
of Nordjylland coal powr station 870kg/s with13% CGQ,). Note that the ordinate does not start fldm



Design paths for partial capture

For a singlestack, there are twalesign pathso implement partial capture: Tiséip stream patl{SSP)
- separation of C&from aslip stream with a higi€O. separation in the absorber (e.g. 90%eparation
rate path(SRP)- separation of a lower fraction of GCsignificantly less tha®0%) from thefull stream.
To give an exampldsigure3 illustrates the twalesign paths with capture of 4o of the stack emissiors
which is half the amount of GQaptured in the reference fakpture (9®6 of the CQfrom the full stream)
shown inFigure 3b. For the SSP, sdagure 3a, 50% of the stream is fed to the capture unit. The SSP
design is, thus, merely dovataled from full capture and has the same specific heat demand 43/%g
same liquidto-gas ratio andameseparation ratei.e. fraction of CQremoved from the feed gas entering
the absorber. The change in investment relative full capture is, thus merely determined by the economy of
scale. The SRP design path for partial capturel-gpee3c, resembles that of an oversized absorber since
the entire stream of CAich gas has to pass the column. The ligoigas ratio and the absorber are
designedn such a way that only a fraction of the i©separated in the example theepardion rate of
the absorber is 45 % in order to capture the same amount.@dfe SSP design. The reduced liegoid
gas ratio reduces the size of the remaining equipmrith contributes to lower CAPEX. Similarly to
SSP, the SRP is expected to havehhigr s peci f i c.) tGah RUE captufe€ The oveized
absorbegives ahigher rich loading and reduced temperature difference in the-ftmoesheat exchanger,
which reduces the reboiler heat duty and lowers the specific heat demand (MJ#dabve full capture
15 Since the heat demand is a key drivingcéoin operating costs, the SRP potentially lowers operating
costs and total cost as shown in a recent partial capture studydtyal.®. In scenarios where OPEX
dominates the capture cagbartial capture may lower the specifipcaur e cogpts (€/t CO
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Figure 3. Design paths for partial captueg and c)from a designated CGsource compared to fu
capture b); simplified process scheme (ocabhsorber shown; dimensions of remaining equipmaa!
adapted as well). Indices ‘0’ refer to full
design dimensions.

" These design paths are also valid for a rstéick facility (not shown for simplicity)



PROCESS CONFIGURATIONS FOR PARTIAL CAPTURE

In literature, various coigurations of the amine capture process to redue@&mnergy penalty caused by
thetemperature swing faregeneration of the solvent halween proposed for full captu¢eredominantly
based on modellingy?2 To match the scope of this work, namely resdre deployment of partial
capture, ather simple, easy to operate, feapital intensie, fourwell-known modifications of the original
process are consideréor each of theéwo partial capture design paths SRP and SSP described above.
Figure 4 shows flow diagrams of a) th&mple absorption cycleb) intercooled absorbeICA) or
intercooling/interstage cooling, and cjch solvent splitting (RS rich split and d)the combination of
thelCA and RSS configurations. In the following paragraphs, a short literature review on ICA and RSS for
full capture is given.
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Figure 4. Process flow diagrams for amine €€apture evaluated for partial capture: Stanc
configuration (a), Rich solvent splitting configuration (b), Intercooled absorber configuratio
Rich solvent splitting and intercooled absorber configuration (d)



Coding the liquid phase in the absorber (IGAgure4c) reduces the solvent temperature and causes a
shift in gasliquid equilibrium (the CQ partid pressureat equilibrium is loweredeading to a larger CO
partial pressure difference betwegas bulk phase and local equilibritdn For gases with high CO
content, his is in general beneficial for the absorber oui€k loading capacity in the solventdespite
slightly reduced mass transfer rates at lower temperatures. The increased loading capacity means less
solvent recirculation, which reduces the reboiler duty. ififlaence of ICA on reboiler duty for MEA
regeneration from power plants (approx. 424 vol.% @ in the flue gashave been investigated:
Knudsen et al. could not find any obvious advantage of intercooling in experithemtereas modelling
studies found reductions in reboiler duty of 2.8% &nd 6.4%°. A model by Li et aF’, validated against
pilot plant data, calculated savings of 1.8 %. Gardarsdoéttir@ssdte the importance of G@oncentration
in the feed gas and reported 4.2 % and 9.3 % savings in reboiler duty when applying intercooling for feed
gas CQ concentrations of 30 mol.% and 40 mol.%, respely. Intercooling is used in commercial
processes i ke Fl uor’ s ?HmsedonMBAD FSh @Il lu'ss  TApNIR Pracess. C O
The implementation of ICA requires an additional heat exchanger, an extra pump, and piping and
instrumentation. In terms of operability, the intercooling modification can fmabyed’ in case of failure
causé by a trip in the pump or heat exchanger.

Rich sohent splitting (RSSFigure 4 b), improves the efficiency of the strippét In the simple
absorption cyclgthe warm rich solvent enters the stripper column at the top, and the vapour released leaves
the stripper at a higtemperature Applying RSS, the rich solvent is split prior to the heat exchanger,
resulting in a cold and warm stream. The cold stream is introduced at the top, meeting the vapour from the
warm stream, which enters the column a few stages below. In thjgsheavapar leavesthe columnata
lower temperature, leading to increased efficiency atelcaeasedeboiler duty by 7- 10%?!7:26:27:3 The
implementation requires no additional equipment except for a split valve, its instrumentation and additional
piping. Concerning operability, Le Moullec et &l.assessed RSS as ngntical to process performance,

i.e. its installation does not increase tloenplexity of the capture unit. It rather improves operability as the
valve represents an additional control variable which can smabftracess instabilities.



MODELLING

Processmodelling and simulation of partial capture

The amine absorption procassing a 3Gwt.% monoethanolamine (MEA) aqueous solvent is simulated
in Aspen Plus (V 8.8). The process model is based on the work ofr&dtia et al %, It uses the Bravo
et al.*2 correlation from 1985 to predict mass transfer and interfacial area in theasgté modelling of
the structured pking in absorber and stripper. The correlation by Bravo €t filom 1992 is used for
liquid hold-up calculationsAll capture designs in this study were simulated in design mode, i.e. equipment
was sized accordingly for each captureratiso, each capture design was optimized towards minimum
specific heat demand by varyitlge L/G ratio at a targetecapture rate.

In order to benchmark the partial capture concepts, a reference full capture (90 % separation rate at full
feed gas flow) dsign is characterized based on the standard configuratiofigsee4a. A generic CG-
rich gas (called REF) resembling €§burces from process industry is selected as feed. It is specified with
a CQ concentration of 20 vol.% and a flow rate of 200 kg/s at°t5@nd pressure ofdar. Similar CQ
concentrations are reachetlime kilns (Kraft process), in steam methane reformers (refineries), in hot
stoves/ power plants (integrated steel mills) or in combined stacks for cement productioe
specifications of th full capture reference design are shown in

Table 1. The simulated holdup of the liquid phase in the absorber packing (residence time 2.4 min) is in
the range of reported values of pilot plants @28 min;3¥), and in the samerder of magnitude as what
is representative for fulicale plants (4 14 min;35¢),

The partial capture design paths SSP and SRA-{ger3) are rendered from the full capture reference
desgn by either decreasing the flow rate of the feed@as, , (SSP)or the circulation rate of the solvent,
a , (SRP)2. The separation rate of the SSP in déhsorber is held at 90%, whilst for SRP it decreases
with the ®lvent circulation. To allow for a comparison of the partial capture designs in capture performance
and cost, several design parameters are held constant (see lower half of

Table 1). Note that thegasresidence tira in the absorber packinff ; , is set to 13 seconds in all
cases to define the absorber packing dimensions in relatiba fedd gas flow according to ED.

F O O 1
Th —=== D
>——9
with: 0 & Height of absorber packing material
O Absorber diameter; assumed cylindrical geometry
a Mass flow of feed gas into absorber

Density of feed gas into abder

Density of reference feed gas REF

Correction factor to compensate for changes in density in case of var
of feed gas C@concentration



Table 1. Design parameters for 30wt.% MEA partial capture designs: Upper half: valid for full capture
reference design onlizower half: valid for all designs (held consténtot explicitly menioned otherwispe

Design parameter unit value

Liguid-to-gas ratio ka/kg 5.2
c

S 2 absorber height m 20

e 3 .

o w absorber diameter m 11.9

S 2 . .

S & stripper diameter m 7.9

n O
liquid hold up in absorber packing min 2.4
lean solvent loading mol/mol 0.28
flooding factor - 0.8
gas residence time in absorber packing s 13

2 packing material SULZER MELLAPAK Y250

>

2 absorber pressure bar 1

<

£ cross heat exchanger temperature differe °C 10

(2]

c

-% stripper pressure bar 2

% max. Stripper sump T °C 122

o

I stripper height m 15

(O]

g, absorber inlet temperature (lig/gas) °C 40
stripper heagbroduct condenser temp. °C 20
CO, pressure after compression bar 110
max. MEA slip after washer ppm 1



For the separation rate design path (SRP), a constant gas residentE time, implies that the feed
gas (100% of the reference) always sees the same volume of packing Matéwiad varying the solvent
circulation rate to obtain different separation rates. For the slip stream design path (SSP), the constant gas
residence timd j allows for scaledown from full capture when reducing the feed gas flow rate to

obtain different capture rates while keeping the separation rate in the absorber at 90 %. In detail, the reduced
feed gas flow rate is matched by a lower column thgether with a constant L/G ratio gives the same
mean residence time for the liquid phasgcriteria for packed column scalif{y

Theintercooling, in the ICA configuration (séégure4c), is modeled as purmground with a rentry
temperature of 40C. The draw position (stage) is varied for optimizatidrowever, it is generally found
in the bottom part of the absorber (roughly at ¥ toof the packing height) in accordance with repdrt
optimum locationg®. The RSS configuration is incorporated in the Aspen Plus model as stream splitter
block —the split raticQ is defined according to ER) as fraction of the hot rich streain ; and
the total rich strearm i . A constant value folQ of 0.8 is used unless stated otherwise. The cold
rich stream is fed intthe stripper at theop— one stage below the condenser reflux. The feed stage for the
hot rich stream is stage 5 (of 20) unless stated otherwise.

Q — [] @

Cost estimation

The cost estimation for the MEA based capture unit comprises capital expenditures (CAPEX) and
operational expenditures (OPEX). The partial capt
captured tonne of COThe technology matity isassumed o be hi gh and tnthef- CAPEX
kind” (NOAK) approach. The pl ant i s-fitaFRgareSmieed t o be
an overview of the system amgpresents the thl of the studyi.e. theequipment included in the cost
estimationMinor heat exchangers, pumps and other utilities, e.g. for the washer unit, have been neglected
since it should be a fair assumptithat these will have little influence on the resul8PEX for each
piece of equipment is estimated with AsperPlant Cost Estimator and multiplied with an individual
installation factor. The CAPEX of the reclaimer unit was estimated from the IEA®pI@3tron reclaimer
and sludge dispos#l. Empirical formulasrfom an inhouse collected industry cost datab®s&e used to
determine the installation factorsshich account for type and size of individual equipment and its
installation depending on the type of site. In addition, a contingency %f i8dncluded in CAPEX. It is
further assumed that all equipnt, exempt major vessels such as tanks and columpfaded in non
insulated buildings. Not included is the purchase of land, piling or costs for secondary buildings. This
method of CAPEX estimation has normally an uncertainty of + 40% (80% confideroeai).

™ the packing height is used as degree of freedom in a Design Spec in Aspen Plus; the absorber diameter is
governed by the holdp correlations and the flooding factor

1C



The underlying financial assumptions for test estimation and utility costs are givarTable2. The
cost of steam has the highest impatthe capture cost, next to plant life time and rate of rétitmerefore,
this work ncludes a cost range for the steeost, besides an experience based reference value. The lower
end of the span, 2 €/t, r epr es**®whdreas thedightendoofthest e am
span, 25 £/ 1t, represent s (asdptedafromd)f r om a natur al gas
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Table 2. Assumptions for the cosistimation

parameter unit value
project life time yr 25
construction time yr 2
discount rate % 7.5
cost year 2015
yearly operation h/a 7000
maintenance % 4

(annualized; % of investment)

labor kEUR/a 821
(6 operators, 1 engineer)

locaton - generic locatior
(Rotterdam)

electricity €/ MV55

cooling water €/°m 0.022

MEA €/°m 1867

NaOH €/t 370

sludge disposal €/t 190

steam €/t 1677

(reference value)

*kk

Price obtained from a large Swedish process industry
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RESULTSAND DISCUSSION

The effect ofa redued CQ capture efficiencyn the design of the capture process is evaluated with respect
to the technical and, subsequently, to the economic performance.

Technical performance of partial capture
Figure 6 compares the specific heat demand of partial capture of the SSP and SRP. Per definition, the
specific heat demand of the SSP is the same as for the reference ddsgnatrdiscussed furtheFhe
heat demand of the SRP patiops with decreasing capture rai a capture rate of 45 % the heat demand
is 12.3 %lower thanin thefull capturereference design
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Figure 6. Specific heat demanaff partial capture design pathedative to areference full capture
(90%) design: Separation Rate Path (SRP) and Slip Stream Path (SSP). Capture rate refe
CO:in feed gas REF (20 vol.% at 200 kgidhte that the ordinatdoes not start from 0.

Process configurations for SRP partial captureThe heat demand, cooling requirement, and power
demand of the standard, RSS, ICA, ICA + RSS configurations are shdviguine7. The more advanced
cyclesoutperfom the standard configuration in terms of specific heat demand for all separation rates. The
combination of ICA+RSS has the lowest energy demand with a tieducelative to the standard
configuration ranging from 6 % (45% capture) to 21% (97% capturejolsl be expected, the RSS and
ICA improves different parts of the process and may be sopmsed. Relative to the standard
configuration, the RSS is ireasingly beneficial at lower separation rates, while the ICA has a similar effect
for separation ras below approximately 8%. The cooling demand has a minimum at roughly 60 %
capture. The RSS reduces the required duty of the condenser downstrearstripftee moderately 3-

8% compared to the standard configuratibime crossheat exchanger becoma®aller with a higher dit-

outlet temperature compared tie standard configuration, yet similar cedaitlet temperature (lean
solvent).The implementatiorof intercooling can save-07% in cooling demand, with larger savings at
high capture ratesscooling in the absorber is more effective than cooling of the lean solvent for these
separation rates. Again, the combination of ICA+RSS demonstrates thesigpeddmtial. Changes in the
power demand are less prominembughly within the range of 0.04 MIHKCO.. All cyclesrequire more
electricity per kg capture Gt lower separation rateasthe SRPpasgsthe entire feed gas through the
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absorber maintaing the same power demand in the flue gas blower while capturing les®&@ations
above separaih rates of 90% are explained by larger cooling water flows that have to be pumped.

—, 43 SN 43 G 0.50 — Standard configuration
®) O : 8 —=—Full capture reference design
O 4.0 él) 4.0 Y 045" ‘RSS
2 = =R ICA
E 35 = 35 s ICA+RSS
— o) — N
= = ‘8 0.40
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g
5 3 3 35
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2 E 2
8 19
2.0 o 2.0 0.30
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
capture rate in [%] capture rate in [%] capture rate in [%]
a) b) c)

Figure 7. Specific energy demarsfor process configuration SRFheat demand (a), cooling requirement
(b) and power demand(c). Note thia¢ ordinate does not start from O.

Limits for intercooling on SRAhe ICA modification is not required at low separation rates (below 60%
capture inFigure?). The reason for this is the significant change éahsorber temperature profile during
partial capture. For exampleigure8 gives the absorber temperature profile for capturing 45% compared
to full capture. The partial capture case shows roughly 20°C lowertgrep&rature. This marginalizes the
temperature reduction by ICA for SRP partial capture, as indicated by the proximity of the two dotted lines
(i.e. with/without ICA) inFigure8. This is in agreement with the fimgs of Kvamsdal and Rocheffethat
showed that for low L/G, the enthalpy of the absorption reaction mainly increases the temperature of the
gas stram, lowering the maximum temperature and moves it highén thee column. InFigure 9, the
relation between maximum temperature and L/G is showthéoistandard configuration (20% ¢)Q0n
comparison to the results from Kvamsdal and Rochelle (17 4. Gte the change ib/G from full
capture € ) to partial capture, () with SRP design. As reported if) the CQ concentration also has a
significant effect on the maximum temperature in the absorber. Hence,sl@#fost beneficial at
moderate/high C@concentrations and high separation rates.
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using standard dggn. Dotted line represen
experimentally validated results from Kvams(
and Rochellé! with 17% CQ in flue gas

Lean loading impacts rickplit on SRP The positive effect of the riebplit (RSS) configtation shown
in Figure7 is based on a constant lean loading of 0.28. However, thefibeh RSS configuration is
sensitive towards lean loading, as showRigure1l0. A minimum in required heaF{gurel0a), was found
for a lean loading of 0.28 and30. for full capture and partial capture (45%; SRP), respectivel{iduie
10 b), the eduction potential for RSS compared to the standard configurit highest for 0.30 lean
loading. For 0.25 lean loading, there is no significant benefit. In fact, RSS shows a negative impact when
feeding the hot rich below stage 5. For all lean loadéngsilated, the partial capture SRP design shows a
higher redution in heat demand compared to full capture design. This is likely due to higher rich loadings
in the solvent entering the stripper.

Influence of CQ concentration. The impact of C@concentration on the heat demand of full capture
has been discussed in literature, see for exafpteFigure 11 shows the impact of CQroncentration
depending on capture rate. The SSP (standard configuration) follows the performance of full capture, as it
merely is downscaled. The SRP is favored byrmneased C&concentration more than the reference. The
heat demand for 45 % and 67 % capture rates decreases until around 30 vol.%. Fos bagit@drations,
e.g. 28 vol.%, capturing 45 % with an SRP des@mreduce the specific heat demand by 1986 reason
for this reduction in heat demand are absorber profiles with lower bulge temperatures experienced for partial
capture SRPas illustrated inFigure 8. Hence process industries with high G@oncentrations would
benefit from partial capture (SRP), becalmger peak temperaturés the absorbelead to an enhanced
absorption and, thus, more efficient capture than for full capture at these concentrations.
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Figure 11. Influence of partial capture on reboiler heat demand in standard configuration for feed,gas CO
concentrations between-@8 vol.% at 200 kg/s. Note that the ordinate does not start from O.

Cost of partial capture

We first present the analysis of thevastment costs, then we disciise totll capture costs including
OPEX, focusing on the impact of flue gas €€ncentration, flue gas flow (scale), and pricing of heat. It
should be noted that these parameters depend bno#aer, i.e. changing one pareter in the model
influences the others, and only one of these parameters was changed at a time.
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Investment costs Figure 12 presents the total and specific CAPEX required relatvihé amount of

CO; captured. The reference is a capture plant foMit4/ a

that requires an i

The total CAPEX for the capture uniwhich to a large extent determint®e risk of investment, are
obviously reduced with lower amounts of £€apturedFigure12a). When capturing 50 % compared to
full capture, the capture costs drop by%@nd 396 for SRP and SPP, respectively. Both design paths
show similar reductions in CAPEX; although the cost of the S&Ryd is slightly higher when capturing

small amouh s . Due to

t he

economy

CO; for full capture to 1E / t  a®IQ5€ / t » foEEBP and SRP, respectively, when capturing only 30

% of the CQemissions. The change in equipment cost foSIRE and SSP paths from full to 60 % capture

is given inFigure13. Both partial capture designs have similar costs for compression, pumps, and other
vessels and filters. The SRP design has higher costs for tirbetbagod the DCC, which are similar to the

full capture design, since the entire feed gas enters the calnthis set to have the same residence time.
The increased column costs for SRP aresetfby reduced reboiler costs, which is caused by the lower
specific heat demand for SRP (deigure6). In addition, SRP has slightly lower cost for pumps and other
vessels such as the reclaimer due to the reduced L/G ratibi¢ggee9). Overall, the largest savings for
partial capture is the heat exchangers, foremost reboiler aneheraisexchanger.
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Figure 12 total (a) and specific(b) investment costs of partial capture with SSP or SRP de:
comparison to full capture (Ref 90%); standard process configuration
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in comparison with full capture. Standard process cordipum Notation: X Absorber; 2- Desorber;
3- Direct Contact Cooler; (4 as shown]

Total capture cost The total capture cost comprise both CAPEX and OPEX. In this section, we highlight
aspects that influence the total capture cost per captured t@hrier@artial capture.

Procesamodifications Figure 14 presents the specific total capture costs for the process configurations
of this work. The lower specific heat demand of the SRP deBignrg7) at reduced capture rate favors
partial capturewhile the lower fixed costs favofsll captureand a minimum, highly dependent on the
assumptions, in total specific cost is sééfith a steam jice of 17€ / t , ¢ a p titwh SRP degign6n0 % w
standard configuration r eJfcapued(~6t4®eredactop)tcampaged ®o st s
reference design. At separation rates below 60%, the increase in CAPEX dominates over the reduction in
OPEX (decreasd heat demand) and the total capture costs increases for partial capture with SRP design.
The RSS configuration is cost effective throughout the studied span of separation rate with roughly 2.9 %
reductionof the specific costompared to standad configuration at the same separation rate. Compared to
the full capture reference design, RSS at 60% separation can save %pédific captureost. The ICA
configuration is only costffective for a separation rate >75 %. ICA can deliver a reduictispeciic cost
of up to 2.7 % at full capture compared to standard configuration. The combination of ICA + RSS vyields
reductionin specific cosby 5.4 % at 90% separation, and is a -@fdctive modification for SSP design
or full capture design.
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Figure 14. Specific cost (OPEX + CAPEX) of partial capture (SRP) from REF gas in dependence of
separation rate for differeptocessnodifications. Note that the ordinate does not start from 0.

Influence of C@concentrationsFigure 15 presnts the impact of CQOconcentration on total specific
cost. As expected, specific capture cost for full capture decrease with higheo@®@ntrationsAt low
CO; concentrations hie specificcost of partial capture (SRP desigmjreases morthanfor full capture.
In the examfe shown, the SRP design gives a lower specific cost for concentrations above 17 vol.% and
13 vol.% for separation rates of 45 and 67 %, respectively. The SSP design (not shown) follows the trend
of the full capture curvalthoughwith higher costsinceit has the same specific heat demand as full capture
(Figure 11) but higherspecificCAPEX. Note that the example illustrates capture from a lsogece (200
kg/s) and the result is sengé to scale.

2C



= L0y
v \ ® SRP separation rate 45%
% 100 ‘\\ = SRP separation rate 67%
S \ A Full capture 90%
\ \
N L N R
o 90 \\ \
@) SN
Nt L \Q .\ \\
E 8 0 \‘x\‘\‘ \ \‘
., \‘ \‘
2 70| AN Y
o RN
= 60 B -
o p— [ \~s_:':1=
3 B
& 50 ‘ ‘ -
0 10 20 30

CO 5 concentration in absorber inlet [vol.%]

Figure 15: Specific cost (CAPEX + OPEX) of partial capture (SRP) in comparison with full capture;
standard configuration for feed gas £ncentrations between-&28 vol% at 200 kg/s. Steam price 17
€/ t . ahtletomlinate lWoes not start from 0.

Influence of scaldn Figure 16, the total specific capture cost for partial capture is shiowtependence
of the flue gas flow anthe annually amount of G@aptured The cost for SSP/Full capture § is shown
for three flue gas flows (200 kg/s, 133 kg/s and 67 kg/s). A SRP cuna {blincluded for each of this
flue gas flow with a blue marker indicating the minimspecific cos Above the annual captured amount
of approx. 0.4Mt/a (36 % capture rate), there is at least one of the SRP curves that shows lower capture
cost than thdull capture reference. The merit of SRP over SSP (distance to the SSP curve) decreases for
low amaunts of CQ captured for a gas flow of 200 kg/s the capture cost for SRP is 9% (@0.7 Mt/a) less
than the SSP design, whereas for a third of the gas @@wd/s) the merit is only 6% (@0.3 Mtfasthe
relation between OPEX and CAPEX changes withatheunt of CQcaptured, and thus reduces the benefit
of SRP over SSP because of its lower specific heat demand. Besides illustrating the impactafscale,
16 reveals the economic potential in combining SS& &8RP design path&igure 17 demonstrates the
ratio of OPEX/CAPEX declining from 5.6 for REF to 3.3 and 4.2 for SRP and SSP, respeCibrafyared
to the findings here, early works in literature on partial caplvom coal power generation firadlower
cost forthe SSP design path compared to SRPHowever literature gives no results which can be used
for a direct comparison between the design paththésame cpture ratesn asimilarmanner asur study.
Thelikely reason fotthe S design patlyielding lower cost than the SR#th is thatthesestudie$+4
show smalkr ratios of OPEX/CAPEX, possibly caused by dirst-of-a-kind approachand differing
assumptions such afr examplethe cost yearand CQ pressure after compression. Low ratios of
OPEX/CAPEXmay preventOPEX savings for SRRom being significant enough to outperform SSP in
cost Also, in the above worksCQO, concentrationdn flue gasesfrom coal powerwere not varied
(maintained withinl3-14%). Thus the advantage of SRP in saving reboiler th@nfer Figure 11 and
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Figure 15) for process industrge.g.,cement, steel, steam methane reforming, Kraft pulpait) higher
CO; concentrationsf ca. 20% or moreghasnot been consideraed the above works
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Figure 16. Specific cost depending on annua Figure 17. Relation between OPEX and CAPE
captured amount of CQstandard configuratiol depending on annually captured amount o%,C
20 vol.% CQ; steam pricel7€ / t .

ordinate does not start from 0.

N o t standard configuration, 20 vol.% GQhe error
bar s

represent a stei

the lower and upper bound, respectively

Theprice of steamThe bars irFigure 17 demonstrate the impact of steam price on the OPEX/CAPEX
ratio. The steam price has a large impact on the cagtstand also on the relation between OPEX and

CAPEX. The same span in prices, namefy 2 t

for

steam

from Kecoveredtwa

from a natural gas fired boiler, is appliedFigure 18, where the detailed capture cost are shown for SRP
and SSP (both 6@ capture rate) and the full capture ®0reference. Therein, the span for steam cost
contributes to capture cost from less tha@t8CO, up to wel above 4C€ / t .. TI® illustrates how
important it is to consider industry and s#gecific conditions for heat supply when estimating costs. The
diagram also shows, that it is tlogver price for steandlue to lower heat dematitat makes the SRP desig

the more economic option for partial capture. In addition, the lower L/G ratiofige® 9) reduce the

cost for chemical & waste and the cooling cost. Worth mentioning is that in this diagram, the same steam
prices for full capture and partial capture were applied. This however is most likely not realigtic
capture naturally requires more steam which likely has frdiuced at a higher cost despite economy of
scale (e.g. extra boiler, extra fossil fipelwer supply) than waste heat. This meansahatower capture

rate the share of lowalue steam derived from waste heat will increase and thus reduce theisasir(th

be seen as a step function with increased steam cost per tonne versus amdedigeppi). In addition

to the results shown here, partial capture may thus perform even more economic than the results presented

in this work.
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CONCLUSIONS

An extensive modelling study on partial capture designs with 30 wt.% MEA as solvent has been carried
out to determine the effect on reducing the capture rate atettign and cost of the process. Capture from
a fairly large (200 kg/s) and G@ich (20 vol.% stream, representing a generic point source from process
industry, is examined. Two partial capture design paths are investigasgdit-g)ream path (SSPyvhere
90% of the CQis removed from a slip stream; &paration rate path (SRRyhere the gearation rate in
the absorber is reduced, covering a range from 30 % to 97 % capture ohtimeti@flue gas. Both paths,
especially SSP at low capture ratesjuce the absolute investment required and, thus, the risk for the
investor. Depending on sitspecific conditions, the steam cost for partial capture &iftter design path
may be lower than for full capture enabling lower specific capture cost than fall capture despite
working against economy of scale. The study concludes, that the $iRReqaires less heat for solvent
regeneration per tonne G@nd, thus, possesses the potential to outperform full capture in specific costs.
Under the conditionfahis study, the SRP is favorable for &€ancentrations above 20 vol.%, a minimum
of 0.2 Mt CO, captured per year, and given steam costs & /[lahd about 10 % cost reduction can be
achieved compared to full capture (standard configuration). The shadys that, similar to full capture,
intercooling (ICA) and rich split (RS®rocessnodificaions are a cost effective process configuration for
partial capture. The RSS configuration is favorable for all separation rates betwee®04%, while
intercoding is not viable for separation rates below 75 %. The teglmoonomic evaluation illustratehat
operating costs, especially the steam cost, dominates the cost for CCS. This is also true for smaller scale;
i.e. for partial capture the OPEX/CAPEX ratenrains above 1 for capture above 0.4 Mt@€r year.
With OPEX dominating the total captucest, future work could study the gradual deployment of CCS at
specific sites through SRP partial capture to full capture. By proper dimensioning of criticalnesmspo
the capacity to expand the €€apture towards full capture can be planned for.

In summary, this study has shown that partial capture may be-adetvand coseffective alternative to
full capture CCS and can thereby incentivize investmentsG@8 by stakeholders both industry and
governments. Full capture in the example here imesti e d t o0, cdptBre. Bgplying Padtial capture
to the same C&source, costs between 35 0 GO captured (excluding transport and storage) are sitill
required to initiate the investment and trigger the implementation of CCS in both industityeafodsil
energy sector.
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