Gunel Rahi mlii Decl arati on




Gunel Rahi ml i Decl arati on

Decl arati on

| hereby declare that | completed this thesis without any improper assistance from a third party
and without using any aids other than those cited. All ideas, data, and information derived directly
or indirectly from other sources are appropriately acknowledged and referenced.

In the selection and use of materials and in the preparation of this manuscript, | received academic
support from:

U  Prof. Dr. Gero Frisch, TU Bergakademie Freiberg
0 Dipl.-Ing. Julien Géthel and his team at Rouge H2 Engineering AG.

Artificial intelligence (Al) tools were used solely as supportive research and writing aids and did
not replace my independent scientific judgment, analysis, process modeling, interpretation of
results, or conclusions. ScienceOS was used exclusively for the initial screening and identification
of relevant scientific literature during the literature review process. ChatGPT (OpenAl) was used
exclusively for language editing, text review, and formatting to improve the clarity of the
manuscript.

This thesis has not previously been submitted or published, in whole or in part, in the same or a
substantially similar form in Germany or abroad.

Date: 13.08.2026 Gunel Rahimli



Gunel Rahi ml i Acknowl edgemen

Acknowl edgement

This thesis represents the culmination of a rewa
academic and per sonatlhrexwehauwtn ctelse gli MRedM Mast er '

I would like to express my sincere gratitude to my academic supervisor, Prof. Dr. Gero Frisch,
and my industrial supervisor, Dipl.-Ing. Julien Géthel, for their guidance, encouragement, and
invaluable scientific insights throughout this project. | am deeply grateful for the opportunity to
work on a topic that genuinely fascinated me. The knowledge and experience | gained during this
research extend far beyond this thesis and contributed to my success in two international
competitions. | am especially thankful to Professor Frisch for encouraging me to pursue a topic |
was truly passionate about and for his continuous guidance and reassurance throughout the
SINReM program. | am also thankful to Julien Géthel for welcoming me to the company,
supervising my work, generously sharing his industrial expertise, and patiently answering my
many questions throughout the project.

| would also like to express my sincere gratitude to Uwe Pahl. Meeting him and Julien Géthel at
the conference in Udine became a defining moment in my master's journey. Their enthusiasm for
the H2Loop technology, the inspiring discussions and exchange of ideas during the conference,
and their invitation to carry out my thesis at Rouge HF Engineering AG laid the foundation for this
project. | am truly grateful for the trust they placed in me and for allowing me to contribute to a
project that | found both intellectually stimulating and personally meaningful. My sincere thanks
also go to Dr.-Ing. Oscar Bafios Garcia for his constant availability and patience in answering my
questions throughout the project.

Furthermore, | would like to thank everyone at TU Bergakademie Freiberg and Rouge HF
Engineering AG for providing such a welcoming, collaborative, and inspiring working environment.

Finally, | would like to express my deepest gratitude to my family and my friends, both in Europe
and back home in Azerbaijan, for their unconditional support, encouragement, and patience. They
listened to every frustration, celebrated every success, and never stopped believing in me. They
stood by me through every challenge without complaint and gave me the strength to continue,
especially during the last six months, which were among the most difficult periods of my life due
to ongoing health issues. Their belief in me made this achievement possible.

To all of you, thank you.



Gunel Rahi ml i List of Abbrevi

Li st of Abbreviati ons

AACE Association for the Advancement of Cost Engineering
BF Blast Furnace

BOF Basic Oxygen Furnace

BFG Blast Furnace Gas

CaL Calcium Looping

CAPEX Capital Expenditure

CCs Carbon Capture and Storage

CCu Carbon Capture and Utilization

CCus Carbon Capture, Utilization and Storage
CL Chemical Looping

CLC Chemical Looping Combustion

CLH Chemical Looping Hydrogen

DRI-EAF Direct Reduced Iron - Electric Arc Furnace
EAF Electric Arc Furnace

EOR Enhanced Oil Recovery

EU ETS European Union Emissions Trading System
FCI Fixed Capital Investment

GHG Greenhouse Gas

GOD Gas Oxidation Degree

IEA International Energy Agency

LCOC Levelized Cost of COF Capture

LCOP Levelized Cost of Product

LHV Lower Heating Value

MDEA Methyldiethanolamine

MEA Monoethanolamine

MOF Metal-Organic Framework

NETL National Energy Technology Laboratory
NPV Net Present Value

oC Oxygen Carrier

OPEX Operating Expenditure

PR-BM Peng-Robinson Boston-Mathias Equation of State
PSA Pressure Swing Adsorption

QGESS Quality Guidelines for Energy System Studies
RG-HF Rouge H2 Engineering AG

TEA Techno-Economic Assessment

TIC Total Installed Cost

TRL Technology Readiness Level

TSA Temperature Swing Adsorption

VSA Vacuum Swing Adsorption

WGS Water-Gas Shift



Gunel Rahi ml i Abstract

Abstract

Bl ast f ur naisthelggest COFBRiSSION source in an integrated steelwork. However,
its low COF concentration makes conventional capture economically challenging. This thesis
investigates an integrated COFcapture concept that first concentrates BFG through an iron-oxide
chemical looping process (H2Loop) and subsequently captures COF using two alternative
separation routes, cryogenic distillation and calcium looping. A 1,000 Nm3/h BFG base case is
modelled in Aspen Plus. In the chemical loop, magnetite is reduced by the CO and HF content of
BFG, while steam re-oxidation produces hydrogen as a by-product and generates a COF-enriched
off-gas containing approximately 40 mol% COFR.

Due to thefalhspdnmieed t her modynami c model capabl e
st oi c hiwastite aquilibritim, the process performance is evaluated within two limiting cases.

The adopted flowsheet, using stoichiometric FeO in the reduction step and wustite in the oxidation

step, represents an optimistic upper bound, while a phase-consistent wistite-based case

provides a conservative lower bound. Both COF separation routes are assessed using a common
techno-economic framework based on factorial costing and discounted cash flow analysis.

For the upper-bound case, cryogenic distillation produ c es a 099 . 9 RwodWdt withi g ui d
a maximum single-pass recovery of 95 %. This value represents the vapouri liquid equilibrium
limit of the column model; as the simulated overhead condition lies within the COF solid-formation
region, the recovery is conditional on frost-free operation being secured by an anti-sublimation or
defrost section, which is not included in the present cost estimate. The resulting levelized cost of
COF(LCOP) is approximately 351 EUR/t COFfor the cryogenic route, compared with 393 EUR/t
COFfor calcium looping. The higher cost of calcium looping is mainly attributed to the electrical
energy demand of the calcination step. When accounting for all carbon leaving the process as
unconverted CO, the overall plant-level carbon capture reaches approximately 85 % for cryogenic
separation and 93 % for calcium looping. Across the bounded performance range, the main
conclusions remain unchanged: the concentrated COFfeed provides a significant advantage for
cryogenic separation, while electrically driven calcination remains the dominant economic penalty
for calcium looping. Future work should focus on phase-consistent simulation of the iron-oxide
loop, frost-safe cryogenic column design, and evaluation of varying BFG compositions.
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1 Il ntroduction

Ant hropogenic greenhouse gas (GHG) emissions have
gl obal mean surface tempaemsatruiumré -159id@m0¢) @ dtCadr dPoihe d i

i

(CH» is the dominant contributor because of its |
trappi ng owuMagreei nrgadlicang on, cr eaatnicneg ian nwehti cehn emnogrye
retained. Gl o b ad p ptreoxpiemmaatteurye liisnearly related (t
cumul ative emisei oomul AethREses i@ s, which al so mean
temperatures requzierrecsFea® B s §2pThisigs nphy si c al effect
temperature goals of the Paris Agreement, which
critical threshold for Opl anenttaroyr ihge anlatlhl éy. nWhtielde
that 2030 emissions were phkdojethed UNEPS5Emgsgabaos

2025 reveals that global emissionsfkegeavhéeénada)r eao
which represenotng e anrrcrie3fi® gy, Blar

To compareFRequithhael EEXOt mMme€®i cs, which consider tot
emi ssi onsr,elenebrdgniC®Osi ons reached 33.904 Gt in 20
carbon dioxide emissions fronmsengpingygeptodatct bpaalt
of the 2020 data shows that electricity and heat
reaching 13.514 Gt. The industry emerged as the :
8.478 Gt, which alsoyrépeséngs odplppr exmi mai ehs .

Within the industrial sector, ir omectnadr ese maetl 2p.r3o4
Gt ofWwWKiOch is alFsqguslteoovmoumting for 27.7% of i ndt
6.93% of the gl obal nothbselCemeot!| pweodluwt t b e mi
positioning it as the secomrdtmost BgmROR#Herd gt pddas

emi ssions reached a record 37.8 Gt which is refle
basel i nle omad&EA s tamiisgiiacms fCrOom f uel combustion |
by approximately 8.04%, equivalent to 1.086 Gt r ¢
record heatwaves and rising coolingaldeenaingdsi &nsnud
by roughly 7. 34%, reaching 9.1 Gt. While the tot
highlights a structur al shift as industrial proc
al one. This decoupl iampg di s xptatnrsii bt eod tsmo |l talre mwi nd
alongside efficiency gains in heavy manufacturing

of global ecdlhfoj c gr owt h.

However, this transgdariadchox.r elhielse at hmad by b fatle t o wa mi
aims to reduce greenhouse gas emissions, it simul
demand due to the rapid expansion of industrial i

Emissions from Hard-to-Abate Sectors

Gigatonnes of CO,

Other industry ———e

Chemicals/ —@
petrochemicals

Cariant . Net zero
emissions
scenario
2
Iron and steel ————e@
T T 0
2020 2030
Fi guné&l obalt ghlnatde s d&embssCONszeanmd |

pat hwhy
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with steel remaining essential for industrial ma c
turbine towers, and 6] ar mounting systems.

As a result, steel productmiolnl ircom et can meossti n elnd 50
biltommes [ &] 20Rdentl y, steel manufacturing is c¢h

intensity due to its dfepeihded cenemgyyrdamdarrye dwctsarnd
tonne ofdsdcecli Pprd024, approxi m&stepgpd, 22 18andndesw
emitted into the atmosphere, which wa%] equi val ent

However, the steel maikg migfaifcdaerctelsy t el taalboso i nt ens
ad | | usitiriag werade[ 7]

LUMP ORE FINE ORE LUMP ORE FINE ORE
sinter Y pellets
coal £ Y
- I A
pellets recycled
coke 4 steel
|
BF DR coal
natural gas, —]
i natural gas, = N natural gas
Ironmaking ail or coal blast ol = e o
0, shaft  rotary kiln fluidized
furnace  furnace bed
hotmetal ) DRI
oxygen recycled
ar v Steg\ recycled
. recycled N steel
Steelmaking steel 3\
OHF =¥ BoF EAF EAF

Crude steel

Figur®&verview of integdatéedoandtdditrdhaki

The -BOFF route represents the conventional and mo:
pat hway, which relies on virgin iron ore and coa
output and nearly 90% ¢B, the@Okkicsor st emi ssopnpmak
blast furnace (BF), where iron ore is reduced to

both as a fuel, providing the heat required for t
(Co) , t h ee dpurciinmagr yagrent . The resulting molten pig
approxi nrbatwtl%, 4 s then transferred to a basic o0Xx)

purity oxygen is injected into the melty trteforidg
the material into crude steel with a 8OfFnirbiutanik
considered Hhingthelnys icvaer bboencause it combines unavoi d
chemical reduction of imws toixdrd ee mii & shi srush sft racm i ad

Average emissions for this2.r30uBpeeCr® iteoninre tolHe crramn
compared with appd oxif matg abegsuaddDiCOect -ERecuadd IAmr
Furnace&AFDRIand®d . dnfity G r-based pEAF priddulchn i @cdi ti on
hi gh process -B@Fs sitered maBFng i s gajil stoe nesxitvree,me d §
production of molten iron and steel requires tem,
specific energy consumpPpli Gh pser appnoei mAdlérfrydaost

The dominancBOBTfr @ htee BiFs al so reflected in the s
fleet. According to the World Steel Assodiiathi on,

1,293.5 Mt (90%) was BRvapi giirecn .4ed uTéhdids. 1orudhp ut
geographically highly concentrated, with the five
than 80% of-fgrolalk brasmaking, as suppyma@vi&ieal li,n
China alone produced 851.7 Mt of pig iron in 2024
Russia (59.0 Mt) and South Koreald(q 4ddapdaadvitt)y dxp a
produced a relatively young gl obal bl ast furnace

M O
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years in 2019 hil ed soft htasheeactnyoppi ecraalt i4n0g | i.[f 2% i mé 2 f
This creates a -majskr sdarckeon fl adachkese furnaces are
design |life under ablr eiamdsyt aclolnedd tsitoenesl, ftlheeet al one
21 GtFre @Oo0f the remainilmxy]Fuarnrihenr mouwackget heodfichbee xi st |
art steelmaking facilities, such as those in So
operated with ['itt] e Tlch7ansg e hisg micieg httlse t h®50kset er

decarboni zaticdruds thnrgatceagy,oni capture from b[llBast fu
[ 12]

Whil e Chemical Looping (CL) has been researched
steakimng has started to gain significant attenti
pat hway for deepl e chidpPpmriizmdriyontarget stream for
Bl ast Furnace Top Gas (BFTG)},i Ilwhiecdh misx tau rceo nipylpe xc,

of CO24%)2,F(QB5 %) F( B1%) FO,HFN455 %) , and ot hlerSh mpur
conventi onalbacenb uhsetaitonr ecowmbruyt oon poapture syst
nitrogen content significantly dilutes theFflue
separation. This dilution effect makes conventi ol

scrubbing and cryogenic separ atciharn,| e;mth§ rndelt7ilcal |

CL offers a fundamentallyndi tifeeenhtcapprotchebwee
oxidation gases. I nstead of combusting the gas wi
typically metOgl, owichesas( Mg memietma0 Fe DifGecopper (o
(CuO) . I n thactrerdjucthenoxggen <carrier provi des

combustible specipases(edQ amd tthe bl ast furnace gas
and 1.12):

0Q0 0609 0 Q0 o PP
0'Q)  CFO D Q) " pE,

Because oxidation occur @atwotstpdietr i cci méa dtr oggemt, a d th ew
t he reduction reactor consi sts omsatimd am. o f2Tiha s h iCO
significantly more concentrated t haredudingtalhe pmeed c e

for additionaslepdopwhsbneamits. As a resul t, t he
greatly reduces the energy pemapgttyrd.ypically assc
The reduced oxygen carrier is subsequently-trans
oxidized kyrdtiemggmteoc equation (1.3). This reacti ol

simultaneously producing hydrogen:
0 'Qy WoOOLW p&

The2llbop process deveFEopgé d efeGaippduiges H hi s concept
integr altwar ksst.eeUsing a thermookhedecaklygestabrlkiezmz

i

fi xbeedd reactors, the duooase gasveéemts bwastval uabl
concent r rhkstted a®O andAhytdpogéent Hooph emi dardocretnte md ec
the FC® the stream, the resulting concentrated s
conditioning into a saleable or storable product
technology has not yet beant ewyftoemmatiicc dlalshosepf alru a
context.

The published |literature examines the individual
including amine aadsaypridnccagpgefieichmaecm diolputgas
chemil oolpf mgnt end itself ,-ecomdmgenersiscessemehns o0
separation and calcium |l ooping, typically at pl an
slipstream. As a result, the relativle BCGeplamiac &lona

M n
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technol ogies remain wuncertain whernrapmligedetat ¢

chemical | ooping. This thesis addresses that gap
and performing a fedromomii e dc otmpahn e on of t he I
technol ogi es. To achieve this, | owgoped,ownamekbgamcs
distillation and calcium | ooping, are developed,
design basi s. Their technical and economic p

monoethanol amine (MEA) absorcptiter hao | aoyrnbiudu 3 tomis :
CGrcapture.

Off-Gas Generation & Cleaning Chemical Looping Hydrogen CO; Purification Unit (CPU)
Unit (GCU) Unit (CLH)
Concentrated CO,, Option A
Hz, Hz0, CO, N2 .
Cryogenic
H -
: Separation

Gas Cleaning Unit +———

BFG T

7
@Q Opti?nB

Iron
7 Oxide

L | Loop
Hz, COz, Steam
O, N,

Calcium Looping

Blast Furnace

Fi guB®&vervi ew2loofopt hper ot ess arrdapvaleatedt €6.

The scope of this work is | imitedothonikssampentest
cryogenic distillation and cal ci um-blacsocepdi ncgh eimm tceac
|l ooping kPiropdds.s Betcthhnol ogi es are evaluated wunder
corresponding to the treafturemac eo fg als,,0 0eOn sNunrji/nhg otfh
performance arise from the sepamoadteiloinn gt easshsnudnhpetgii o€

economic assessment includes capital and operatir
cost (LX), sensi ti wsictayl ea neavlaylsuiast,i opnl,anatnd consi
CGutilization and hydrogen \altormazatsi oanr ep adtehvweal yos
AACE Cl ass 4 mEad %/oW>o0 %)gy based on a factori al a
qguotations provided by the industrial partner.
The following objectives guide the research:

1. Establish a consistendl pdiorcee sfse edde sd @gmp dsisti isgn

operating conditions, and product specificati
2.Devetsbpaddyate Aspen Pl u2l omgpdelrsoceefsst hentletgr at e
cryogenic distillation and calcium |l ooping, a
balance closure, independent hand calcul ati on
Because no singbbaseairkpblesesntdthitdon reproduce
st oi cthii ioanew¢ stite equilibrium exactly, proces
|l ower bounds refdeaerctieoag phasexyggmesentati on.
3.Evaluate the technical performance ofF each se
purity, capture efficiency, sipnetceidfriact ieonne rpgoyt ecr

4. Perform a compacanomiec ta&ascheds men tx,p einndciltuudrien g
(CAPEX), operating expenditure F(QAOPEX)) ,anadnd he
benchmark the results against MEA absorption

M p
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5.ldentify the principal technical andseabBomic
anlayses to determine the most promising techn

The remainder of t his t hesi s i s organi zed as 1
decarbonization, theradeddamemitaals lodopi maf, Fad d t |
capture and wutilization technol ofgciaepst.urCeh aapntde rs e3p as
technologies and selects the two candidates eval
met hodol ogy, including feednghanadAsmedeRl Wepinf pc e
and ' iteratur,e doredchmac &neocghinco assessment framews
presents and discusses the results for both proce
economic performance t-dhadoru@mi cdead rsaelnysslitst ecth-mo st uc
scale evaluation, and benchmarking against MEA al
summari zes the main findings and presents the

opportunities for priocests ompst ifroeirz & tuitourr ea nvb rdk .
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2 Literature review

2. Bl ast Furnace Top Gas Emi ssions

The gas exiting the top of the blast furnace, kn
top gas, is the cumulativeaptbdnsttbét abtcuoheash
ascends through the burden. Its composition refl
been utilized for iroopexatded rkldact i ouwr nr540cPe o0 favep 1

the CO entedemgi ¢ heohuwsr wbadl eot €B® remainder exit
alongside the | arge volume of nifd8ggdm9idrettraoduyc &
is typically produX.ed tadnmesr apeer otfon2ne5 of i qui d
approxi mat-2l 0D AMP per t oh®mHecoao fmoldetr nmd taalg.e bl as
producing260000t ontnemsetafl per day, this transl ate
approxi matelly 000 00O@@0MMj] shenor mous volumetric fI
by far the | argeastt @&@n nigrdtee grast esd r etaeme|l wor ks), exce
typical l-050000abhndj /bhasi ¢ oxygen fappacei m&aB8eI(\BOF(
Nmj per tompmedafcegslt éalt er mi ttend y[BZ] a wide marg

As iron ores are natur al material s, BFG also carr
zincd al ead, which are problematic because they <co
poi son downstream catalysts. The thypBH caarlkd AN mma@s i
with minor amountFRS, odndavad kgt vawhlhirch Hare removed i
The high nitrogen content is an inherent consequ
only be avoided byeswidclcdd ngpemwmatoixymg,enwhi ch fund
desimd @pef d8i o[n22]

With a CO ce&rbt evrotl %0 fanal0 a representative flow of
approxi mat@lby 060, NMQ b bns toifblcceo nMCO. At a | ower hea
MJ/ Nmj, this corresponds to a co2a6bnMWuls. t ilee madl
|l ow heating vad4d.ue MI/ BFRG ,(3cddmpar ed wi8t.h0 cMIk/eN ng v):q
and natural Jg&lsnj () +38ar8sks from its high nitrogen

fraction of the cokebds chemical energy hapb28lread
[ 42 [ 24]

Despite its Il ow calorific value, bl-asthf uobonaeesg
vented dr2&f]l armddern integrated steel works, BFG i
applications; preheating the blast air in the reg

340% of the total BFG produced), fonmisoig epoewerctpli
generation (60fM}umiang 40pplementary heating in v
as coke ovens, reheating furnaces and -2s0i%atser pl
demonst rFaitgeil.di 24 [ 25]

Hot bl ast (Cowper) stoves are the | argest single
exchangers that preheat the air suppbi pthase, t BE
combusted with air to raisehaéddkettocompkep rad irma toefl yr
1400AC. I n the subsequent blasting phase, cold ai
to INPDOAC befor & ugmtacrei.nSttohvee consumpt i-oM% tiymi c &
modern plants but can exceed 50% in older facilit
to ensure suffidigdent][ Zh7el]ati ng value.

I'n ter ms of electricity generati on, bl ast furne
depending on the technology wused. At the | owest
recovery, representing a complete | osgenpf@8hhe ga
modern steel works, however, BFG is primarily used
or gas turbines. Ol der subcr22%cal ecttreiasals yeft feim

MT
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modern steam c¢cyQl% s Graesa cehn gd & e s4 0c% ne fd d Iciiveenrcy3 B u't
enri chment -owaltor ihiif[geh®rangedyec.| e g a sa cthuirebv3emn %5 whi | e

combi-nyedl e systemss %r e Aadidi 4Donal energy reeovery
pressure recovery turbines (TRT), which generate
Advanced integrated <Fyxgtcd msc aacbmbbni nd aagt udG® can e>»
efficiency with high capture rates. The remainin
as coke ovens, reheating furnaces, and sinter pl
bl ended with mushebefeéleanaundt o | ow dust [[Jelvel s
[ 49 [BOI I applications, the combusti bHEAmc® mpon
oxidized to CehsazgeeditdrygmiCOted in two stages: fi
of iron ore in the blast furnace and subsequently

resulting flue gas30t% pdd@mall luyn dea n tcaoinrvse n25 on al ut i
none of this carbon [ 48p€gr2manentl y captured.

The Materials Processing Institutebés Blast Furnac
taatnsform bl ast furnace operation i nfemias smoores saf
<10% of the current EuropFamnstaweder dfpe sOfedTihe sCcD. 3 ¢
pillars include: (1) carbon capture and utilizat:i

bi omass and alternative carbon sources (up to 3¢
ferroumsatreaew al s to reduce cost -a@wntdt ienngi smed aoMNBT, € sa N
waste heat -preovetr ymi by micyatiiecor,ardmda|[ BPiie Imdizrad i on
this frd3ambibskmmari zes an expanded set of innovat
f ur nac ep ndeervte.l o

Tab?2¥Overview of carbon capture and decarbonization te
ironmaki ng.

Technol og Description CFPer form
Carbon capt|Capturkfsro0®® BFG and us<sUp to ~60/
utilization/ feedstock for chemicalutil i[z3alt i]

(such as met hanotlypeCa
integration)
Togwasecycli CGremoved from top ga240% EO
bl ast furna|HFvi a vgatsers Riifd¢h das rredudtdilon]

BF) and FE@parated for st
Posctombusti oCGrcapture from flue 587 0% wii de
CCUS (BFG s|boilers and sinterl pil|jcaptuize ,[

|l ooping or cryogenic
Ox¥ uel / ox Air bl ast repled ¢ endPFnwait Enabl es ~|
enri chment dilution and QJ/oCRxre ntta| CCrc apt[udle

«Q O

and i mproving capture [ 34]
Hydrogen in HFinjected via tuyeresleBo%w EO
car bboassed reductanfs, redudtdilon]
instea@tamd ICOWwRtedgmes
carbon | oad
Bi omass/ bio/ Fossil coke or PClI re/Up to ~30!
substitutio/carbon, nfekmirgi @ds casubst i[t3ult]
neutral -cyrml & Ibiafse s .
Chemi cal | o Met-axi de oxygenleainh >90% of B
(CLC/ CLH) CGrseparation; CLH modcarbon ca
producepurhiFftggnaHst eam [ 36 [ 37]
without external sepa
Overall, these technologies demonstrate that de

achievabl e, wFaaptedrfeecpliavyei CQO a centr al role in r

MYy
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72 KWh coal = 1710kgCO, _,, total CO, emission:
138 kg scrap limestone = 105 kgCO, 1815 kgt rolled coil
288 kc(; 709 K
5-10% CO, 20% CO,
1255 kg CO»-e

BF gas in BF gas
B,

stoves

329 ki

coal 12 k%
limestone 133 kg

sinter strand
pellet plant

|
57 kg coke | (NESEEEEN i
30% CO,
25% CO,

lime Kiln
flares, etc
63 kg

A coke
oven gas
coke
plant converter gas
steel
> plant
% [] carbon-bearing materials
"TS;‘ESQ 35‘2’3,('9 [] CO, emissions expressed as volume (kg/t
rolled coil) and concentration in flue gas (vol%)
Figwneéypical blast furnace gas utilizp2#dbdbn g

2. Zhemi cal Looping: Principles and

Chemical |l ooping technology is a process that av
typically air, by the obmdhooxpgéenctcplteief[ 38®]J hgal
This inherent separ atciton tyrieealmbss sduicsht Qdinso to opniceednft U &
side and-fneer opgeoduct s from the oxidafdtnt ensdivewi

downstream gas separation. However, the specific
carrier material, and t hesirdeearcatbolry caocnrfoisgsu rtattd odhi
l ooping [vaghaeanmitcea l |l ooping concept can be <cl ass
depending on the desired product, including chen
power, chemical l ooping reforming (CLR) or gasi
a Chemical looping combustion b Chemical looping partial oxidation c Chemical looping hydrogen d Chemical looping
(CLC) (CLPO) production with CO, capture (CLHP) steam reforming of methane (CL-SRM)
CO,, H,0 Air CO, H, Air €O, H,0 H,0 CO, H, H,0
t MeO, ; I MeO, ; [-l {} MeO, ; n {} MeO, ; l
m Oxidizer m Oxidizer Reducer m Oxidizer W]O Oxidi
MeO, MeO, MeO,
[ U U 1 v U ‘
CH, Depleted CH, Depleted CH, H, CH, H,
Air Air
e Chemical looping f Chemical looping g Chemical looping h Thermochemical
dry reforming of methane (CL-DRM) water-gas shift (CL-WGS) reverse water-gas shift (CL-RWGS) H,0 / CO, splitting
CO, H, co, co, H,0 H,0 co, 0, H,0/CO0,

[l £ o ol S
m Oxidizer Reducer m Oxidizer Reducer JO Oxidizer
{} ]_l MeO, {} I_] MeO, g

H, H, co Heat H,/CO

FigweRe®&verview of major chemical [éddbing

M ¢
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chemi cppilng oloydr ogen production (CLH)puwritwatleydrsgpd
[ 4T hi s csaenenbeignkas wel |

Starting with chemical |l ooping combustion (CLC),
mat ur e clheanpicrad configuration. It consists of two
where an oxygen carrier trandsfaenr sailratrteiaccet oorx y gvehre |
oxygen carrier is regenerBecau g fadarosehied atci oy
direct cont act bet ween fuel and air, the combus
enabling iIFEbprenat wad®eaftcendensation without the r

separation [AH4dL®R]sGeiss typically oper atled 0atACt &rmop
ensure rapid reaction kinearcsewhbsltabmbhibhyai Al nlg
operate near atmospheric pressureen pprroepsossuerdi zfeodr op
intensification. Process performance depends on
govern oxygen transfer capacity, [rdBacftd4dph kinetic

Th
ma
e X

e reduction reaction in the fuel reactor depen
y
0

cir
S
e
e

be either endot hermic or exothermi ber evhtelr g a
her mi c. Heat released in the air reactor i s
ulating oxygen <carrier, mai ntaining the proc
ous, l iquid, and solid fexehishi tHoswmeoveer, oV dr
they must first undergo gasificatidi blefffod®) react
overcome the slow conversion of solid fuels in co
UncoupCL o) (was devel oped. I n CLOU, selected oxyg
directly in the fuel-fuebhcttombuatcehewht il mgFrealaiid
separation characteri[d1ildcibg§408hemical | ooping.

® O

ga

00,8 0 00
/_tﬁ 00 /_Iﬁ

Reduct Oxi dat

react U react o|r

CH

Fi gwrB&8&chematic of the chemical |l oopi
proceé¢d@]

Chemical Looping Reforming (CLR) is a variant of
(syngas), consi #gandgC@Pri masi ewndobdDff iHé lu IRlagn dBO®HiI di z i
This is achieved -shtyoiscthp plmeitrg ca asnohint of l attic
carrier, resulting in partial oxidation of the f
controlling the oxrny,ge@LR aadarn eagp etil@ecamaania etrr anle ac o n
whil e produci ngHG&GQ nrgaatsi owistuhi taanblHe f or downs+iream
Tropsch and methanol synthesi €9.50CIAR itsaistregp iNdxayl g eyn
carrieusebetatheir high catalytic activity, alt
alternative materials to mi § i3.9[&4,4]3,8[pb5k0[]b,4[]5 2tjox i ¢C
The next configuration is chemical hl cagpiemmg shy dr c
l'iterature under several names, including CLHP, c
steamon cycl e, and constitutes the most relevant
H N
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gene
ar ch
cycl

Il n t
can

ration with intaghawnrd guadebloen rcea@d girriee aat o thr e
itecture exploits the mubBOF/i vidk/enEe @ e/doke cé$gesm
ing the oxygen carrier beitmwetemraedreeddb8tedct

he fuel reactor (FR), thp)f uild yr ecku cddé &z ellly ca r |
be natural gas, syngas, or blast furnace gas,

or metallic iron (Fe)FRanpFR3dd uacsi nsgh oaw ns ti rpe5ShaBng upabt 4i O

Seco
reac

oFe,03 2 AAOADKIAOTE AT& A #I (1 P

ndly, the arseedluced riireani s then transferred to
ts WwIGRH) dtoeadmodpwrei tay hdtgrheai@ea h hhdsogeap( th

i s-oxe di zed to an intermedi afO s(tRquw., 2yH3imd |2. 3N

Fina
rel e

The
conc
t he
r® X i
redu

Ther
depe
reac
ther
syst
hyddg
Ac,
carr
ther
tran
spec
A si
carr
cl as
that
capa
reac
i mpr
i mpu
proc
si mp
prod
extr
nece

& Al (J© &K (¢ 43
o& A t1(J ° &/ (. &

l'ly, the magnetite is sendxitdhi 2ence maack rte@ch em
asing heat and comppB3dting the cycle (Equ. 2. ¢

18A « 1.° @8A/ c8
process gener ates t wo valuabl e, inherently
entrFate@éa@®Ofrom t hpuFBS tldbneda ma fnrecamm t he SR, t het
need for complex downstream gas separation. /

di ze Kfkut byFeas its inclusion provides the t}
ctionraendfukbstoxygen[ 834Jansport capacity.

modynamical ly, the fuel reactor may be endot
nding on the fuel composition. The steam r e
tor is stronglegsemosheomi thantdeptowveduired tc
modynamic necessity ofGlthesmér e@guaicl isltrelaimmsf 0
em, where steamocadi pal mepattialliyonetovith t
en conveebBa&dédmrOsEouptk constrained7i% atBpOOXi ma
which wil |l be discussed in the upcoming sect
ier i s theoretically restored to i ts fully
mo cy ndarmivi ng f orce in the subsequceynctl er eodxuycgteir
sport capacity to approximately 30 wt% and
ies i f present and acE4lmul ated during reduct.i

mp | irfeiaecd otrwor agdmentc lod mitshtery omits the air re
ier &SRamwe@nn alternating roexdiudcatiioonn asntde psst,e awt
sicalroant pamcess. | nr ¢«aonttarasda gn ftihgu rtatriecen i nc |
fully regenerates theFORpxygemstoal nigeritso olkg

city and supplying the heat reqguired f-or sus
tor system generally achiehgsdrbipgghemprbdatticy
oved oxygen carrier stability, as the air r
rities. However, these advantages are accomp
ess compl exity ananvheirgsheelryr, e aphtebo atiwcoont guiCat i
l er and | ess expensive design but typically e
uction and more stringent feedstock purity r
a sttaglke muwal uated carefully, because a gre
ssarily correspond to a deeper thermodynamic
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the first stage already plwgcsetdiothetheamaeder egl owi t b D
stage mainly improves process configurati ¢d5qathe

Both architectur ek eiatnh éore a snpil retneernd een nrbeecdt er de accitrocrus

in which the oxygen carrier is continuously tran:
as fb«edreactors, in which the oxygen carrier r e
is switched sequenitbhéhl yhdeidngeodmdli gas ati on, t he s
achieved byudaltiibsn dis replaced by tempor al separ
within a single reactor. The bed is first exposed
hydrogen, and finally to air to regagperfatgaarfaheée o
Al t hough the mode of operation differs, the under
remain ungbBhpendding on whether an air -boexd d&@GLH on
operates usi 8d agiet loesrt magteahwecayec | e, directl y eacntroesp

and trheraecet or configurations dae¢aqgrei bceydc| &hoveh.e Ilbred
bet ween reduction and steafOani#d;®48li mnt hesyttahgiea g &

cycle, an additional air oxidation step is introd
carriFeOhtlbereby restoring i ts maxi mum oxygen t
accumul ated carbon and sulfur deposits. For- feeds

stage operation can be sustained for many cycl es
cleaned bl ast Swagacepgrati o wocan be prefdr5r8dd du

Théi xbeedd configuration has beein oand opprtoecde sisre ss e M enrc
HctLoop technol ogy deRlEenlga pneede rbiyn groulgne tthi s approach
achieved by particle transport inralreepbatiangosy
reduction and steam oxidation stages within a s
extensively invest iwoartkeedr sb yatBoTclk Grnadz cuondlemrorn he
Cycle (RESC) [doe6si Coanfpiaomrd with cidbedl astyisnge msl uit
operating principle offers several practical adyve
chall enges.

Several feat ur ebse dnaakrec htihtee cfaiuxkegd part abl e f-bo dece
medi-smal e hydrogen production. The absence of s
attrition and removes the need for cyclones, l oo
both capital acadt caomd | mexd i aynti i Agdhdti tsieopnaarlaltyi, o ng abse t v
atmospheres is achieved by valve swjibHfEhi nlgermd he
the stationary oxygen carrier provides a more u
lui-dededyst ems, all owing the materkeds-Feoedgx | e
ange and operate <closer to its thermodynamic |
emperatures are controlled between 700 AC and ¢
uppress Boudouard carbon deposinttiioonng atartrhierl cwaer
hermodynamic | ossep56Gt [t5Bd upper bound.

owever, t he princi ptahe ndhirrdraedtvraamestigersd i eegfeact or

roductivity, whirelctequiopes apavoal felr continuous
ntroduces steep axial and radial temperature gr a
exother mi camdiarmdadtomer mic reduction. Furthermor e,
drops across the bed requires | arger icratpraa er chpel
di ffusion | imitations. Ultimately, thesemea obhet mael

system's h@a4PBwWirod.

As mentioned, continuous hydrogen output is achi e
I n this operational sequence, one reactor underg
perform steam oxidation and air oxidation; heat
configuration. However, the phase durations are
timing challenges for conti nuoum dxiddatgiemn pploadsue t

H H
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productive and determines the hydrogen output r at
the intermediate purging steps further complicat
resedr6cllip. address these operational complexities
at a | arger scal e, dBeontokn sa rdat i afc ikadedddh akie mi c a l I o
system coupled to a biogas digester, which achiev
production effifdodiRemaireld ess D3 %t he reactor config
carrier materials remain a key consideration in t
2.20xygen Carrier Materials
The perfoeamgnchemfcal | ooping process is fundamert
carrier materi al I't i s s etlreacntsepdo rbtaQceadpcaacs ttrye a(@RX ii \
and cyclic durability. Throudgh atnhsd tliiotne rmeettuarl e orxd v
have been investigated BEOft,enrmsiicvkedly, ( Mia@ne,! yc d pmperr (
manganeg@) ( Mand cObedth (€D whischilsad nct advant ageé
Il i mitati on(s200Ch)oc ceetch daih.e f i rst systematiickecedpmemrr i
and manghaanseesde oxygen carriers foraobdemheal Habpih
served as a baseline foramavtoerdied|® dgesloanptriedire nfsa rv er
operational review by Lyngfelt (2020) reports the
worl dwi de, totalingpewveti éh, O habeds cabdi ir@ ac
for 29% of opeMOpltadsedrlr itdrnst padodkcdcwma s@wElO ri ers acco
for 13%, comdbdiaefdnrno xlilpgascMmo frotrs 1%, ando LCr20C%. f or
The remd@8i%niodfg operati onal ti me was dominated by "
such as I I menite (13%), which are preferred for ¢
enough to be discarded on¢&6con6t2almi nat ed by coal
Tab?220xygearriers and stabilization materials for
process.
Functi Mat er i RCG/ Key Key Advantages and
propert
Hi ghest r &d@styinvg asy, fporre
"Ei "E 0.21 reforming| car cponiosgoenneid
2508 B Fcogt6,3164]
OFuncupl ing (CLOU) abov
A’l E 0.20 melting point (1085AC)
. causes aggl[omdr ati on.
Active ETEBt ~0.07 Lowost atbdxhoh | ow cap
ase F ' unreactive 3pflalsfasn 4Rt G4
Fast kinetics and | ow
AT Bt ~0.07 |prone to cEWingxtitamnd
(batdeactyor compbBii tion
.. , Endles sitre@fabundantaqxing
¢ FETe "N 0.30 sultfalrerant, [I3BwE[sG 2 66 ]
Lowost and mechanicall
AFE Tammann|neearompl#ei{ Bconver si on|
885AC |[inac&8A Ve(hercynitg)Ri ele
[66 [67]
Il nert, forms no second
. stoichi(cdoneer i 20 cycl es
Struct | H'IFE chemical hi gher cpaorshiotni Glder [t & B n] [, ¢
Stabili [ 69]
"AHE #Q THQ Red@axtive promoter tha
redox [sintering and colkiamrg]lh
matefig&l .[ 6 9]
AFETH I FE strengt|/! /Fmechani cal : ®frheemyg tcha
du al inertndginertness, no unreacti
val i dadled.
Assumpt i@er ditabi |l i zOd R&EBFtL0 'WIFIOIFbi nf &4 ]
H O
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Among these oxygecmwnhabl.2er sgxwiade i s uniquely sui
hydrogen productioinromroeghtitdvde, sieawmhi ch reduceod
produce@uhiFglyThHe ot her oxryagtenscarre itelriss-1decd @ aAC) i ay
ni ckel c¢amnxiodi deedrkery steam, copper melts at these
cobalt do not provide sufficiently &BEyD&ADblier ome
attains anspmeygecadaaditty ook of the highest among
carriers, compared with 0.21 for Ni O/ Ni and 0.20
the paBigf&Miredox cycle used in conventi §8&F ¢lsemi
additionall ycafwmbante, laovd tcloaeatannhi og swmpuuwi ti e
and COS), making it particularly 4uyi5t a[lb@®] for che

However, unsRopexhitbkeidt sFea rapid decline in hydrog
redox cycling because sintering reduces the red
oxi da[t6bopn .gener al, high Tammann tleihfeDal3/mME, oxi de

#N andC 1/ are therefore added to preserve porosity

particlledufG@BHRBY 4]

Alumina (Tammaonet @&mp86 AC) is the cheapest and m
nearompl et lec o0nO/eH si on in the fuel rea&AFhbiwhHaowever
is largely inactive for watkgi eS@piRE Rlegeanhdsygudide

including the systematic investigation by Liu et
be mitigated throudHh/ hpareefuu[lssdserltehcetrinoonr €,ifMz sr coni
chemically msmemde saedonfdary phases. ADca@pPr enoil Pd t a

&BfFcarrier sustained 90 FpoleWdobvehe20hegrétriscal K
promotes greater ca#BBh6,J@pdecTiion ahtan-azd i aer e
promo#fe ¥A t hat counteracts both sintering and col
expensgirdé.

In terms of the Iclommercataindom adf shotemgth andd sinter

(chemical inertness )anals no dwalrigepgdorrtmatti ben t wo
one another by overcoming their individual [ i mi
feasibility&Bf tHis: Desryrsareyn for chemical[ 71@®Jopi ng
pel |l et composition&Broamrnchi hOogt %OV waed cement w
subsequently validated in thermogravimetric anal
AcC, confirming stable redox perf damacaée whirleemgp
resistance [tT&Bysihetleritn@l . (2025) assumed a repr es
active iron oxide and 5 wt% ceramic binder- to e
stabilized meli ngt st,hehir ghhliiggh cycling capability

Ultimately, these findings emphadiidd ztetdatp ed U eh soy
for ensuri#t@ermhaud @amigl i ty and effi-sc@ahey hyemgage
production and ener gystsetaor gpged dwpistshi n t he i ron

2.2 Thermodynamics and Kinetics of Iron O

Understanding the thermodyoH®Gi sydboemdasi ésandiameimh
design and optimization os. tA ec ocnhperneihceanls ilvoeo prienvg e

and Schenk provides the principal thermodynamic
oxides and has become one of the most 7@jheel y ¢
thermodynamic behaviour of iron oxide reduction
Gl assner diagram, which illustr&tes tmag&&t)lbil i(t
west &t é) (amelt al | i&R iasom (function of temperature
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(GOD) , as deEis g u2idbTheddiagram plots the GOD, defined as the ratio of the
oxidized gas species to the total reactive gas species, and for the Fe-O-C system gas oxidation
degree is defined with the equation: [ 23 [ 7 6]

1000 & - - .
1 \ ] Fe 0 §
i /\\\ ! (1—X) /:///
900 |\ Fe0 + H,(€CO) &\ [/ Fes0, + Hy(CO) & /7
‘\Fc+H20(COz) ‘,( 3Feo+H20(ch) 4,"
~ J =0 e
oy OO e \ / \\ i ,/j’/ A
g.) R ~~~N~II \\ ’,/ // Q
~ 700} Fe ‘e TR Ny
q‘—J / \:’:~ 4 h‘
3 I, ’,Q ~~’/~ C$
S 600 |- T N, T Tl
(O] ;/’ N o S <Co
Q ’ 4 ™5
g 27 : F 0 \\\
- 4
- 500 ,, : 63 4 \\‘
i ,I, \ /: \‘
= 1
40 ," Fe304 + 4H,(CO) & | ====== System Fe — H, — 0':
& 3Fe + 4H,0(C0,) L SystemFe —C — 0
300 y 1 1 1 i 1 1 1 i il i 1 1 1 1 1 L 1 1
o0 01 02 03 04 05 06 07 08 09 10
Gas oxidation degree
FigwkdBau@l @2ssner equilibrium
" $ B/ ®
D#EI D#I ¢
whereasfor hydo€ogé¢mi ning systems, equation:
s b(/
B( D/ &
The equilibrium boundaries separating the differe
energy minimizatiloaulanddcanibhg ¢aer mochemical ¢
Chemi stry of 7,%FF®8f $2ye.feature of the diagram is t
approxi mately 570AC, bel ow which westite i s t h

reduction below this temperature proceedust dtihreect
formation of a st alBl efF davwQishertmo rpeBladtelsen eBa Wi agr am
shows thatheC@rieserred reducing agent Fabteclooneer t

thermodynamically more favor#&8RI0OACalowegapmpr otxhiem
enthalpic characteristics of Athe85r0esh@uwsihet e d
equil ibriumFibpBhaelacyr s nat a gas oxidationO0Od&@ree
. 74 based on St aenndearrgdy QGiablbcsul at ée®ns) . Thi s bo

thermodynamic constraintion ¢&hkeemtaxaohimeweaeldlue u
conditions and is adopted as the refe[r&cfg80D0Dpr tt

For practical chemical |l ooping applicatdldmsss niemvo
diagram is commonly supplementetdhe yditspr oBpoourdtoi uoan
carbon monoxide into sol jwhiccahr bdoenf ianneds ctahreb ocno nddii ot x
carbon deposition becomes thermodynamically fav
typically at temperatures between 800 and 1100
suppressed evenchndemosK®hwhereas | ower temperat
increase the Iikeli[Md&dne of 8rtPpekeu d rotrImya,t itohnee Boudou
provides an i mportant criterion for seilbacteidn g r
chemical |l ooping systems pBaB8tessing blast furnace

H P
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The composition of the blast furnax e stsonperg adsi a(gh R
an operat[in3g ] poEBPdri mental studies usIOQAGIi muvat
demonstrated that the reduction of34 rwmdeorxitdlee sc

conditions, with the materi al converting primar.
appearing [a2t3]F00AChemical | ooping combustion of
reducing power is actwually advantageous as$tao he ot

CGandFOHwdideducing the o&BraenndAcarThies énamles th
to be captured asFsareamcemwthi athed mpOoves overall
[ 46 fTéébse thermodynamic considerations form the
conditions empbpyedvheneHsufficiently high temper
deep iron oxide reducavondwhigl easbmnl dtapesusli gpn.

2. St ate of HACmetAirrte: T@@ hnol ogi es

The scale of CCS anhhs e&xQpUa nddeedl odyrmeermatt i cal |y over
although a persistent gap remains bet weedm2 45 mhtihtei
g obal CCS project pipeline comprised 628 proj
representing an increase of 236 projects cdmpar ec
capture capacity of 416 mikFilgu®@mhe tDmMinesgmpewt & nmae pnr
sevegpaar compound annual growth rate (CAGR) of 32%
for 51 MFpaptodr e€Oarcdhpatcontayge with this figure exp
to over 100 Mtpa once facilities [uh3def 84pbnstructi

Within the Europeaampl|l dpment C€UBeing driven prim
Il ndustri al Carbon Management (1 CM) strategy esta
Union aims to develop the capacittpetoacapmu(Bbtpa
2040, i ntco emarsowmmgd 450 Mtpa by 2050. Achieving thi
devel opment cframapedt COstorage and wutilizati on
identifies as the key enabling factpo85for scal i ng

CCS is expanding across regions in 2025 amid strengthened
policy commitments

/%

“‘%‘ e ‘e
[ “ v | ®

Fi gwhe&l obal distribution and devel opment status
facilities in P35, 8Mdapted from

HC
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Despite this global moment um, depl oyment within
i mited. I n the steel industry specifically, ste
projects and only 1% of projwkitech uinneéi c ateere | 0 Ip ant
barely features in gl obal plans for CCUS i mpl eme
Arab Emirates, which was commi ssioned in 2016 wi't
the sole oper atsicoanlael COhdmeirncsitaall | ati on | inked to
world overall i mpact is constrained9a9 %i bpfi sotapt
emi ssions, withFptrhenacaptyuruead |C@ed for enhanced o
per manent storage. Furt her moesrcea |l et hGGQWS afraeci hao t ice
operatinigasedcbhhast furnace systems, which domina

a siifgincant technologifjc&éd6] and economic gap.

Furthermor e, despite the EU Emissions Trading Sy
CCUS depl oyment in the European steel sector h a
Existing initiativaeasa, 6sucSh ezd ahrodelCLCrUMproj ect in
l'imitati omased apCpr oaches. The project capR ures

annually, equival ent t & |tewstsalt heami s2s% omfs . t Hen Eloa
trangiotiaomirecfielredturcied ar&GAfF)rcacéi GDRRAti on at t
expected to achieve substantially higher emission
of FKp&r year. Al t hough Steelanolthenemibsegies appl
expected f rboAF tthreanBsRIt i on, it represents around

cost , highlighting the e¢dbmpai aenesbkby of i ntiutrerde n¢ «
Consequently, the | imitedUS¢onmmeernciwandewi adtinong ¢
mechani sms, has accel erated -tahseed nrdaustt e sy dcsomsphd tfitb
carbon hydrogen, which offer deeper and mo&6] eco
Despite -tdemltomgmyidtr ickmagsnetdo st eel maki nkgec,a pit mp reo vfiormr
existing blast furnace r octudrem o eorarin8njezsateinan.al f
These developments highlight the need to critical
t hat determine the performance and feasibility

pri marysopei rictapture routembustbimebmnmbwet®i onf uaenld o0 x

CO,-containing Compression

 —
Fuel ——»! Gasification/reform | H;- O, i co,
T separation L
Heat & Power
Air/Stea L i Mg
ites Fuels/Chemicals
P bustion )
'ost-combustion
4 €O,-contalning Sompremin
flue gas g
Fuel »  Combustion » M;+C0, 4’| F——> €0, >
separation
A
i
A==l R S A S S S SR S S S SN + Heat & Power
Oxyfuel combustion Compression
Fuel —>  Combusti g Co,
" frma 5] [ N

Figwl®8chematic overvi Bw
capture telchhlol ogi es.

combusti on, di ffer fundamenmnst aslelpyarian evdh efrreo ma ntch eh
Each has distinct thermodynamic characteristics,
cost structures whhRichkk®eea88be seen from

Starting wCdrmbuhtei #FmsCapture (PCC), it is current
CGrcapture technol ogysc avli a-chp m/tesrt i 200n lcaarpgpeer @t pngj
wor | digiode .
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I PCC, the fuel is combusted conventionally in
containi 2@ %ofkiOy Yol ume, depending on the fuel t
generally resufFd¢aenciemtirawémn<0O whereas <coal coml
concentrations. FBostselmaendll ¢ggt iCOely separated fro
dominat ed by nitrogen. The dominant i ndustrial
absorptdg oamuseend sol vents, most commonly monoet ha
i contacted with the amine sol Freenac tisn raenv earbssiobrlbye
amine to form carbamate and/ dri bhcaopbeveatteliyspesai
transferred to a stripper or regenerator operatin
S
r
i
p
3
t
a
C

w T O O ® O oS

upplied through steam reverses theFgteraamoandr
egenerating the | &m0 shHod®wdevnetr ,f otrh er el cayrcglees.t dr awb
s its high regeneration energy requireménredln
ower genercaotmbouns,t ipoonstCCS can reduce overalt plan
0OWue to the steam demand of the stripper reboil
he energy penalty, translates directly into inc
nd additional indirect emi ssionusi r @sls ocwha tcehd mui:
onsidered when evaluatinq®2tthe net capture effici

Beyorhde mé c al ab s ecropnbiucsnt,i omossteparati on can al so b
adsorption onto solid sorbent sor(gzaenoilc tfersg meawd  ri kvsa
membr ane permeation (polymer or inorganiO& ,meombr a
cryogenic fractionati on. These technol ogi es di f
requirements, and cost pChoafpitl@erse Bardad oanwper se li aolno rcatpd
costs for power generati o-h0 @CHKRaivoad ldleyd rdemee dfi magm ol
gas F€EOncentration, pl ant [s92z2e[ @BH heat integrati

Secondl-cyqg mbpurset i on capt Frhbe f o e ecoofnebsilsC ® o n by conve
primary fuel into synthesis gas (syngas) throug
followed bgasg hehiwfat e¢ WGS) reactiFandtaddffihvenfd&o
¢8) 94]

COg +H,0 gzCO, g tH, g ¥

The resulptriemsg uhrieglsyngas typi valARy €®Daht angsmB8be
efficient sepearoantbiucsn itomarm apdutre using physical S
Recti spales@emur e swing adscoornpbtuisotni o(nP SAa)p.t uRree i s pr i
Il ntegrated Gasi fication Combined Cycl e (I GCC) p

production,Fremeveal COs an integral part of t he
t hedmoamic advantages, it icombhbestsi omatwa gt utrtean
economically challenging owing to the high capit.
gasi fication and syngas production. Wmdaeareptolrda edyv :

exhibit a higher carbon AMWh})sibod chaswnindanC® 0( VS
150. 38/ ttChawcombssti o 9¢3d9%6tjur e .

Final Hw,eloxyombustion r @ulrades oa®i@rg &Wd) t( 0 Whiigh pr o
flue gas composedapdi warnielry vafpo€O After water |
concent rkstteca@®@Oi s obtained tédasi omqand epuninf iycabi
the need for chemical sol vent regeneration. Thi s
(ASU) , which supplies the oxygen r equcionbdusftdronc
capturfeyeloxgombust if oo mb éRcapfmetre nG® at i ons and | ower
i n t he capture stage, while|] @HpweverduciaigaldO mn
depl oyment remains | imited by the high energy cor
overall pl ant -2@® fpfiEcliretnhceyr nbbyu el 5 cowmbusti on has t he
investment cost (TIC) of $8,258,483.99 and annual
the three primary capture tseclhmonesgiiad, dwelpil oy mea:

HY
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thermodynamic adsaeaataeagdemohsatrgati on projects inc
pilot plant in Germany (Vattenfall, 30 MW) and t|
[ 95]

I n the present resear ch,-cdrhbeu sftorFooumsp tAUB epl acsed hen
under investigation involves treating the Dbl ast
hydrogen production -tG6mmbHBsti 8hahtaeredgpess from p
contain2®@nlgylF4 LIODi |l e beéagasflirom conventional i nt
cont ai-hs WV®OIP4 TOe CLH process, by virtue of i ts

i nher enctonycepnrter at es the carbonFrspgécisdg.,eampmr avhwasien ¢
parti al pressugtei fftusn dtedmeontteandihayol andscape of downs
This is consequential because t hEBEsemarragtyi re narl g ys
inversely <corFphartedl wptBsLWOre in theesfteachd i gled
t renodynamic relationship that drives the entire
i ndusft,ipdg]

The | EA r epkcratpst utrheatc oQ@ s vary substRmthicaelnlty add pen
the source. clesdest mpiraldugti mg hi Bshtlrye acnosn,c esntcrhat eed
production and natur al gas proces s2i5n g,erh awk nceea potf
whereas processes with dilute gas streams, such
facapture costl20ofpedSD ¢4®8B8]of heOf ar extreme of d

capture operates omgamhmilgntabaiutk cd@da glplhy CIAO 0 t i m
dilute than eveml antt yfpliuweal g apsowelrt i s currently i
costs of 609D p20O0 t dnnaendft CIGs figure reflects bot
penal tyctifngx@bdm so dilute a medium, and the very
contacted with the capt urre coed¢id@m . Tplkid$ ttdheoeset o f C
structure, namely, concentr a2xb/dt ,i ndiulsutre ailn dsu srterait
Uusb -1#d®0/ t , and ambi etQ@O0/ati,r edgt aJSIDi s30e0s a cl ear ar
hi erarchy i nFcwhniccehnttrhag i @@r ecafm tihse tfheee dsisntgl e most
variable determining t he -ceochocneonmirdasthonbgu gcahpt hee c h B
l ooping mechanism before t he dedicat ed separati
downstream capture opengei-stirlduamemtitehre tndwlar d t he
stream tier.

2. CRUtilization Pat hways

Unli ke carbon capture and storage (CCS) Fi whi ch
geol ogi cal formations, carbon captur eFiamtdo uvtailluiez
added products that can generate additional reven
basel nhdecatapnpgr ooxhiamtat elRye2830 aMte GOi |l i zed gl obally
to the fertilipebpdundusnhiAyd&8@y Mu3€® to the oil se
oil recovery HyE@QR, ih5 dMtdi€C@ted CCU), 3% each for
and metal f abif iooctahte ronc canmnde r4c% al applicati omms, such

and crop cultivati9dirhei gl omad nhhmau ked. brrerdadkdowmat a ©
pat hways etshTaRoLl,i snhaersk eRutsilze,edCOand storage dur at
A crli tdacuat i on est abdtiislhiedatiison hm&Eg ntie i oesduard CRa
deliver a net climate benEBdtiitl,i bed aluysea t hat mwow ni
from the amoaptuonédCOr stored. Thtehatanteheaud dirotrrsi ke
CCU to theFngiltoibgaadt i®@h chall enge woulRde dbre inreg20 50 ;
could not compete with geol ogical CCS, Hyheiacrh ias
2050. TherFet ot € zaCODocrno nshiadwelrkedbeas a compl ement , r
geol ogi cal s tsocraagee cflormalfa@rdgrei t i gati on.

H ¢
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Among <current CCU applications, two maturf tect
utilillradada onnynt hesi s,Fwwhihchh mmeadtas C€COnsumes Fappr oX
per tonne of product and represents the | argest

no permanent carbon sFiog-ameebseduwbehlsers€® ndecod m
CGenhanced oil FE@R)o viexr yanNotGher maj or Fiasp pil nijceacttieodn ,
depleted o0il reservoirs to improve hydrRearabars r e
stored, and the pr oossdbiivepefrtagmrrsev dNrewert hel ess
benefit remains debated because the addill}7 ohat]r
Toget her, these examples demonstrate that | arge
necessarily correspond to permanent carbon mitige

The purity requiremefrtud i loifzacadmmergatahwaga vary
greenhouseéchil ture and the food and beverage i ndu:
for -fhdrgihtty ®Oeenhouse horticulture is a commerci a
where enrichment of greenhouse at mo sHchaenrnecsr etacs ea p
crop yields by up to 30%. The OCAP network in th
feasibility of suppl Fdinrge cctalpyt utroe dg ri enednuhsat ursi ea-1o pCeOr a
derivé&d 93 mil arly, the food and beveragepuirnidiustr
C requirimad ebhpprBoxXi Mt/ year for food packaging
carbonation, whgradet spregehti clafoodns are required
consumer safety. Although these applicatieaseprov
established commer ci al Fwna rhk esttsr i fnogre ncta pitlr4ileedy GC@ q u

Beyond these mature applications, several emer gir
including mméehhaoné saypdRdeadive,d COemicals and poly
cultivation and carbonate mineralizati on. Their
energy consumpti on, renewabl e hydrogen demand, p
cContsn carbonate mineralizati-®nh @pmdyvicdenmlremng b ¢
storage by permanerrt hyoi stabperabind €60oduct s, al
devel opment remains | imited by mar ket acceptance.
Across all huways,zatthe nc gmmer ci alFdepkodsobftrcapgluy
purity and intended end use. | SOFpau*913: 20249 5s preod
tot al i mpurities below 5 mol %cowllienes abdeh gadaist ii

compession energy by[ laqdqdrofld O@ohnt seel qyu elrttel y,e cchanpotl uorg i
produci-pmpgr hiFfgpdhq@¢®i re | ess downstream conditioning
of hivaheare wutilizatFpuor iptay hwwagsef €€crOe i nfluences
processing requirements but omimepocitalel yr amgee sasnidb |
pat hwlay®@B1D4 [[11006]]
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3 CCapture Technol ogy Sel ectioa

The recent survey of -Eoambpetinon ndapturial demplsdéy me

Marques et al ., who reviewed 49 industrial facil
t hat chemical absorption remainsinh29% oanfi nansét dle
foll owed by easdbgprtpgtoinomystems (24%), cryogenic te

separati ¢dO0Mh]iosw)di stri bution reflects both the co
(TRL 9) and thgegraedoél aé¢mernative technologies
provide a progress reuvbomiwusvhohudapgutbat spaonati ke
pr-eombust i ofnueolr aomxpyr oaches in the near futwfre as
retrofittability t o existing combustion i nfrast
modi f i calt0i8gns .

Furthermore, Santos and Hanak off-@ecomomioenpfae ag i lvie
solid | oopmirmg sc yecnléeespgai ve i ndustries, finding tha
was the | east feasible option for IiRcomtand eatcdal
0104.6 pé¢novdnoentrast, solid |l ooping cycles, whi
chemli claoopi ng, demonstrated significantly | ower
synergies were exploited. Thiedemann and VBl k est

per tonre voHi cChO i s approxi mat el-lya sseDdo ecahpelapeesre tchoasi
di fferentials are especiallFgtpeamesunwbdr Eot heohabe
and kinetic advantages of alternative technolog
appar[elnlt0.]

Furthermore, an overFcapwuof phae hfeaaipstriamg o@@t ec hn
i s presking &dle i n

COZ Separation
+ v v
Absorption Adsorption Membrane [Cryogenic] [ Biological ]
Chemical Physical Chemical Physical « Inorganic  Packed bed « Forestation
Absorptlon Absorptlon Adsorption Adsorption « Polymeric « External cooling « Oceanic

» Mixed matrix loop
« Facilitated  Anti-sublimation
transport « Distillation

fertilisation

v

. Aqueous « Rectisol « Amine-based « Zeolites
alkanolamines « Selexol adsorbents * Silica materials
s

« Biophotolysis

* Gas-liquid « Controlled freeze
contactors zone
« CryoCell
« Stirling cooler

« Liquid ammonia « Purisol « Metal oxides «» Carbonaceous
« Piperazine « Fluor « Alkali metal- materials

« Amine blends o ILs based material * Metal-organic
frameworks

« lonic liquids (ILs)
(MOFs)

Fi gwBrl€l assi fi clsteipoanr aotfi ohO t[elcOhOnfo | o g i

3. Chemical Absorption (Amine Scrubt

Chemical absorption using aqueous amine sOCuti ons
capture technology with a technotogmbusendnnapgplie
I n this pC@censtai hheg gas isucoenatyedavi tbunat €ean
in an absorpti o@CGico!| oame miwdhreedr ley o bt he amine throu
reacthiogp8rd. T@rei ch solvent is then regenerated i
whi ch sbrtelm&k @@Rbmed and releasedsCCastc @maene nsturi attaebd ¢
compression [ahldlidGqdrrraegret.l y, monoet ha-80l aminaq ( M&ud

O M
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solution i@ascamsiidchadruesd r ri al -chhenbaulsmamin fcar bpastcap:
primary((a@i#ne )t hat reacts as i n GQrwei aqtuwd i pat Awa
(Equ.[ B13))

60 ¢YU'™O YO O&L 'YUO oP

I ndustrial monoethanol amine ( MEFAY odarctbpiungttyy pifc
with F@aa@Oure 9dt% ofi t&H5 90% capture commosiily iamop
teckmconomi ¢ [sltlBiaedard MEA procdsbeSIFfogCiGrod ve.ni
regenerati on whré m oanafgitorwald nfgl LCEO gas3 0 ersad U ¢ thigo n ni
power pl ah92]dwBtp utth.i s performance Fawveildanhe dbesnt
MEAased cponbtusti onatcapdmmer ci @$D sE®/Itek [CXXRH e

domi nant cost driver is the reboiler steam deman
780% of the total operating][ lo]t of an amine cap

captured

Clean flue gas o,

Flue gas from condenser
HRSG

Solvent
Wash water reclaiming
section : I

. [ Stripper \

Absorber)

< /AN
Lean amine A\ Steam .
solution steam
compressor N Heat
exchanger
Rich amine 9

solution oy
\Z

Fi gBR2Process fl ow di abgarsaend -copf ondatins tafodapdCur e [ Qylgt e m.

Toreduce this energy penalty, advanced amine sol
Met hyl di et hanol amine (MDEA), a tertiar-gataaniynwzed C
hydration pathway wi t-80 ak Jh/emaa 8 DV ekrdseusscA ,i bme dbuvEi n g
regenerati oh.-Derberlly ttwdCiOch-4D8%% aed@DdtiBIpesnded ami ne
stems combining the kinetic advantage of MEA or
MDEA achieve the best of beeatcht | paodopdr tMDeESA, s&
monstrate regene+f2at8i oGUNF L 1@Qeasn go 20t2Z4w2It. her i den
mogeneous Br Bnysdtesd arcd dercajtmd mi metics as a f
tivatiodl bpdrgyi ofi and potentially enabling str
-A@AC, which would reduce s#ilédd&8dmadhmemadnmd nlgy capf u

os®ISB 8/ tR[ClABhe sustainability profile of <che
bstantially compromised by thef tNEAmMmawhaaod g&hn
itrosamines, aisdalbhycdesadnd hdatt i mpose envir onme

- 0 W O T 9 > QO o0 unw
O T cCc —T< O 0 0 ™K<

gul at or vy [lcdddbristr ai nt s.

3. Physical Absorption

Physical absorption Fsxodludiitls tHenrny 'osr glaasaw cCG ol ven
pressure reduction irmpgihreg. tApmb mbehdesrtniceol p rsetyrngas, v
CCGrpartial prle2s shutrrea icsond®entr at ifoln] Gjrloe neln &10g yno & &dov

over chemical solvents is decisive. Aspen Plus cc
syngass gavspecific heating cohRfsamp$eloax olf @&ndB33. :
CGfor Rectisol, agarf mgst MD.EAQ 2-faddl) dek pevd@@®@cCc t i on at c
of -¥10% for all slolllBehesolt esheded t hend,owaersd @owlei

OH
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duty of the four and was -eifde rctiiefiittelibepd aioltndaad snomw |
of a-ssdagle Sel exol uRpirto dawacr f iprums ty ©@® 97. 2 mol % a
rising to 97.6 mol % at Fr9eé5c oo ecrayp taurrde , u FBd é nn 2909 e pACIrdV

product; however, raising capture from 90 % to 95
by 65 1%Rdcti sol achieves ca@m@p a@broabA @, coafpfteu@en gatde
removal and | ower hydrogen | oss but incurring hi

greater process compltexieyrifpdmathbIinG]ddh ilyiegin il tGC
teckmonomic compar-baeprd pr BeetBoapgt Br9e % eCPQui r ed
per kgFcafpt@® ed and condFav wminkcadncegiowdontg af CLO6. 7 U/
96 U0/ MWh 8]

Twoconstraints exclude physical absorption from
physical sol vepnatrst irael q upirreedsGifyaellsp ofihldaeas t he r edu
react-@gasoiffi this work carriemtagpibaxi Foadledw.gl4 pbCao
Second, hydr ogen | oss: Feslodwudli | hag Bmendi gbemer
solvents, and recovering 99 % of the hydrogen req
19.5 bar soFfergmttéhichks @®mpt Hoef or e [ & gBEohtehr actososnt.r a i
arise from the same feature that makes physical
neither is pPbeepntonhi gbheati on.

3. AdsorpasedFSE€Par at i on

Adsorption systems oper at eFtloy smwrl é fde rpeormrtoiuas!l shuir f daici
regeneration Vi a pressur e reducti on (PSA), ten
approacheskFprdohec€COpurity achievable from adsorpt
dependent on pr ocessr caobnsfoirgputriaotn osny sttheamms ,f ob e c au s e

are in direct tension through the adsorption i s
increases throughput but |l owers product purity,
reduces wwowadkiithyy amd i ncreases esétngyey S&SEAswmphi apo

from-cpoonsbtusti on flue gafprnrygpuctal BFrSdel eFR@afsv €0i e s
of -9700%, which is below the 095% t hr es hwiltdatriema i mwel
stage VSA 9poresadcguemswing configurationslif9d 20¢ach
The additionealt agestpromfc emsh g% F@O0ricthy eive adsor pt i
is estimatda®/ aRWAASOh 8 s partially negating -the ca
sorbent systems ov[erX21]i quid absorption.

Advanced adsorbent materi al s, particularly MOFs,
and high recovery in fewer stages. A |l andmark col
experi menaatl éryi zehdar MOFs via grand canoni cal Mont
|l earning process optimization. It identified thce
practical energy | imit for P/ VSA capture firngm bot
the simultane@us% Fp@gety amhd O90% recovery targe
achieve simultaneously with convention[al2Mt}eol it e
16 (Al) is synthesizable at kilogram scale under

of USDB/&g which demé&medtr adfe sad owr [CtOi on, f ast mass
and FE®si stance that <coll ecti verlgi glolsy triesanlmi sMO&es n
candi dat ec ofmbrusgdoth capture with projebbédFatLot al
the purity targets above 95P2FRpur idiyeanda®) %capt
applicatidmnuanctamnaki zed solid sorbents reg@gener at
product pOWOr9i%. i dg¢ dfs sufficient for most wutilizat
of 125800 kWhhtd €Orrent comi®eD cAGOOOBWhEOTi s th
hi ghest in the portfolio due to t hRf rtohme rdn2dd ypnpanmi
ambi entllazi]r .
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3. Membrane Separation

Membr ane separation is based on the selective p
polymeric or composite barrier driven by a tran
polegm ¢ materials such as polysulfone and pol yi mi

as zeolitic, carbon maradaulxars yssiteeuwrss, a&sed | eamwpdidaved
transport, with current technol ogi e §COr efaerhe mtgi aTl
per meatef&i mveol WNmer membranes due to its higher ¢
31 AC versus 1147 AC), which enhances dissolutiol
di fference in [Ki2ddti ke dtcameeétirng technol ogi es, m e
as continusuastestprdyesses without phase changes,
swings, or solvent requirements, resultingd in si
mai ntenance demands. Pilot systems have demonstra

Depart ment of Energy membrane program targé&ts car
[ 125]

6
— JvHrJ
Mn
3 5 CHs >
] ' ™ ++¢ 2 7 Exhaust
Xnaust gas >
Compressor Mi
NIEAR
Compressor M
4 CO,
Fi gBRBMulsttiage membrane separFztaipon
[ 126]
Membr-bhasedFrs@@aration is subject to a key | imitat
bound, an empirical r efiNks é loacthii pFpsenromman ahbgiClOi htayt i OO
me mbr aawmeisnherently inversely <correl apuerdi.t yd hter agdec

i nherent-stagei oglele2dédtdirorm. feed cont aiani nd DbRERrvola%
recovery of 60% produces a permeatefF contaeanbhgga
recovery to 80% andm®dtwe rpumuicteys thhe5d2rand 45 %, [

additional membrane area required to raise recov
required for the[il@36udhalp broi% ires oatreer Y295 % ircead U iyr ér
for geol ogi cal storage and pi-pteddee memamampeor S5y
unsuitable as standal one capture technologies f
perspective, gas compression roantieart etsharh et hper ome
typically accounting for at |l eas80%0®Wfoft heheopea

expendilaele.

Reaching pipeline specification from dilute streams therefore requires multi-stage configurations
(typically two to three stages), (F i g WBi3)eFor blast furnace gas specifically, Ramirez-Santos et
al. optimized multistage membrane configurations for a feed containing 23.2 mol% COF, 22.6
mol% CO, 50.3 mol% NFand 3.9 mol% HF using Polaris membrane permeances. They reported

on



Gunel Rahi ml i CGrCapture Technol ogy

COF separation costs of 29.0-75.7 EUR/t COF for two-stage systems and 28.9-45.1 EUR/t COF
for three-stage systems, corresponding to COFrecoveries of 90i 99% and product purities of 96.1-
99.5 mol%, at an assumed electricity price of 0.044 EUR/kWh. Adding a fourth membrane stage
reduced the separation cost by less than 1 EUR/t COF, indicating diminishing economic returns.
[127] These results demonstrate that pipeline-grade purity is achievable from BFG-like streams,
but at costs that depend strongly on the recovery target. Membrane systems are consequently
also deployed as a pre-concentration or bulk-separation step in hybrid configurations, upgrading
dilute flue gas to intermediate concentrations before a second-stage process (absorption,
adsorption or cryogenic) completes the purification, which can be more economical than either
technology alone. [124]

Recent advances in membrane materials have begun to systematically overcome the
permeability-selectivity trade-off imposed by the Robeson upper bound. Polymers of intrinsic
microporosity (PIMs) breach this bound through ultra-high COF permeability of 2,300-4,000
Barrer, though their CORNF selectivity remains moderate at 10-20. [128] Mixed-matrix
membranes address the selectivity deficit by embedding MOF or zeolite fillers within a polymer
host, combining substantially higher selectivity with high permeability. [129] Where polymer
membranes remain constrained by the bound, ceramic molten-carbonate membranes operating
at high temperature bypass it entirely through an ionic COFtransport mechanism, conferring near-
complete selectivity. However, high module costs currently limit deployment. [130] Furthermore,
Karatas et al. (2023) demonstrated that refurbished ceramic modules retain 98% removal
efficiency at 40-60% lower cost. [131] Looking across material classes, Ochiai et al. used machine
learning to screen 3,219 polymer candidates and identified approximately 500 that simultaneously
exceed the Robeson bound while exhibiting predicted biodegradability, suggesting that the next
generation of membranes may resolve the selectivity, cost, and end-of-life challenges within a
single material framework. [132] Despite these promising performances, membrane separation
was not selected for detailed evaluation in this work. The scope agreed with the industrial partner
comprises one low-temperature physical separation process and one high-temperature solid-
looping process, both governed by phase and reaction equilibria and therefore suitable for
modelling in Aspen Plus using a common thermodynamic framework. In contrast, membrane
performance is determined by material permeance, module geometry, and stage-cut optimisation.
The multistage configurations required to achieve the target product specification [127], would
therefore require experimental permeation data for the specific membrane material and gas
mixture, which cannot be reliably assessed using an equilibrium-based flowsheet model alone.
Nevertheless, membranes remain a promising option for the enriched off-gas considered in this
study and are recommended for future dedicated experimental and techno-economic
investigations.

3. 8Eryogenic Separation

Cryogenic separation exphangs tHdemperané&emsd brheba
cecomponents of the ga$boiteam, ppinbhcipa@bl ACN, to
control | eed gaBde] L BGABFHas an unusuaploliynthipghe stsruirpel eo f
bel ow that pressure no | kFde&s$ dblpihnaastee se xdiisrtesc,t | gn ¢
temperatures between 130 and 180 K dJ pe&Btasierdg oonn i
these thermodynamic pFsegampateison cyygmed lmesisb f €ddil i n
process families according to the governing phase
vapor equilibriuvat mopehartiec prtene@are aanadmbisstsiuon e
flue gases - nmai Bi ©Peg®i ¢ distill ation and conde
Il i gwdamor equi l i bri um, require elevated pressure
CGcontent i moRtoh@ maihYPe such as natur al gfad34shif
The r ecduecatcitaph 8 consi dered in this work, fatl | spprid:

op



Gunel Rahi ml i CGrCapture Technol ogy

the | atitaemd tdrg@er ocess developed i n Cloparpetsesru rdi 7z esd
distillation rather than a desublimation process.

Biomethane

Condenser

Refrigeration

Aftercoolers Cycle  |----A

Rew | 6 1 1 1 1 11| BEBE===
Biogas Distillation
______ Column

— e e

Multistage compression [ ____]

Reboiler

Fi gB4€ryogenic distillFa¢epandnidd

Cryogenrisep@®ation is capable of ppr,otwictinigCiQiteireys
exceeding 99. 9% an8@9%eceperied off NP0t [&SH Fvc]es Ityh e

capturkids CtCecovered directly in the I|iquid phase
lragely avoided. The separation is driven solely b
no solvent s, sorbent s, or membr anes, resulting i
simultaneous removal of I mpL3BX3JI4]s such as SO ar

Cryogenic separation al sioc extfiTbddat etnhdey igda It hmir mio vy m
required to relforvoemm a9 Og¥a sofstQQGam c &ing al 40 nighkd 15Kk gnc

for the separation duty al one. Wh e mrlei g unefl aucdteidg n
mini mum increases to apfFrTchxeismatveallyu eds0 Or elkpd e/skegnt CQ
l'imits determined by the specified feed composit
are independent of the separation technology appl
energy recoveandy, eamrergyeconsumption of Fatppb0 %i ma
recovery has been reported, which is close to the
boundary. I n cobmpsaed saoms o rapmti inen r e gpu iMIe skFgahpEpdr 0 X i n
sol viremgener ati on, compressi on, and transport ar e
demand roughly one order of magnitude .HildBdr t h
systleenevel assessment of cryogenic CCC depl oyment

t hat CCC can reducceapwicnd ypaowquirements by appro
system <costs by near | y-b adshedd raelltaetrinvaet i ve s ,a miomweé n g
thermodynamic efficfileaxiybialnidt y t ¢ a pdedvne lmidt tye d ne |reecnte
systemst.udiyhef srt her quantified that integrating C
by an addi t[ila3mbgThe .i5% egration of <c¢cryogenic sepa
which proviasets aogowwsoerce from the LNG cold res:
reduce refrigeration opera#di0fog i nostosasbwl amnaéstfpio
context s, potentially redsddi ngO/ t 6it@O t kapd ulf @av @rc
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configufdgBdensTRL of cFrcy@gemviacrs@@ t s r abn gfeosr fnroovne |
sublimation frdoesseyotgenébc distil |l aRsitone aamsp |l i ed

3. €alcium Looping

Calcium | ooping (Cal)t heexrprhamd it esmitchael rceyvcelres,i bwhi ¢ h
carbonat 4r00AIC &ah@ a cHFICA@eirn aitnt8d8connected cir
(CFB) r,ea(cBgou.s 3. 2),(RingwBiE)g.u. 3.3

CaG+@©,g VY CaOgs T nunpyn Il fo1:
CaOzi O#ALO CO,Q 30 p X'Qba € a oD

The economics of CaL are underpinned by the ext
derived from natia-2a&8t oht mast o n ghighuniicoshdnddegraddtidn
losses of amine solventsand by the podrade alhoevdeta ryr éférgophm t he e X

flue gas cooler

HT CO, HT CO,
flue gas cooler cooler
CaCO3
carbonator

<& P>

calciner €O,

oxygen

> B CPU

purge LT CO,
cooler cooler

Fi gwB5Process fl ow oalagliaum ioFgetp@e@ at i o 9ptr

carbonation r70a0cAQG,onwhaitc h60cOan generate electricit
of fset the <calciner -ecroenrogni cd eamasred.ssnieanktt bsn poofwelra rpgle

reporftavéb®©Odance costs Fbor USHBatkih h&t tCaCOretrofit, Wi
| ower energy penalty than MEA absorption (36% ag
capital cost and |l evelized cost of electricity un
bei ngenrlhy capital intensi tlyl3Pallhodar ptlhaanat YpRE calt b 6

by Ar i ahsaveet celn.f Hcrampeedur@O ef f i ci e n c,akhsughatheralcmerc hi ng
outlet reaches only around 93 vol% COF and requires a downstream purification unit to meet

pipeline specification, demonstrating technical feasibility at meaningful scale and materially
advancing the technology toward commercial deployment.[ 1 3[7] 3 8]

An innovative solar-integrated calcium looping (Cal) configuration, in which concentrated solar

power (CSP) provides the heat required for calcination, eliminates the need for oxyfuel
combustion and the associated energy demand and capital cost of the air separation unit (ASU).

Process simulations demonstrated a carbonator COF capture efficiency of 90% and a 93%

reduction in annual COF emissions, while requiring a specific primary energy consumption for
COFavoided of only 0.24 MJ/kg COF. The system achieved a net plant efficiency of 40.95%, only

slightly lower than the 41.82% of the unabated reference plant. Although the heliostat field

accounted for 63-67% of the capture plant's capital cost, the levelized cost of electricity was

estimated at approximately 111 $/MWh, compared with 76 $/MWh for the reference plant. [ 3 9 ]

A teelkmmomic assessment of Ca#lt-@rneetrrgoyf i(tWttEo) ap | Geenrt
200 kt of waste per year employing Aspen Plus pro

oOT
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concept in which pretreated \wa Qe ofi idrasmsx @t7lceniddta lod
CGinclusive of compression, reported as the | ow
documented -fTaviawe ¢p elel 4T st wroes.t | ewelwiitdh caump etnit
ETS car bon -90r itc/Bts QWhG ch represents an i mportant
viability of Cdl4ill the near ter m.

However, t he pri mary technical barrier i s sorb

densification of CatOemdpei atgu rea pegdlecdtapdcitydpyhup to

50% over repeated cycles from a nominal 0.78 g COFg CaO toward a residual conversion of only

a few percent after extended cycling. This necessitates continuous limestone make-up addition

at a rate of approximately 0.12-0.18 kg limestone/kg COF captured at commercial scale, which

adds EUR 2-3/t COF to the operating cost. Wang et al . reviewedasedd2 r
sorbent materials, which identifyFtrMg® Fa@GEO S up;
YFOF, together with sol-gel, template, and combustion synthesis routes, as the most effective

mitigation strategies, with bi-dopant systems such as Fe/Mn, Mn/Zr, and Al/Ce/Zr showing the

lowest decay rates over 10-20 cycles.[ 1 4F2rflom a sustainability perspec
(CaO/ GpCDs directly corkpdtni bfleee dwi twhi cdmenteat es .
integration that both reduces CalL waste dksposal
Crediting the spent sorbent at 50 0/t CaO reduce
17.5 &[14C0D

The synergy between cal coximMdasedadpiHgL ompd cthhreani ¢t al

process is particularly noteworthy. Both process
1000AC) , u svee inmmiehxapseantls imat er i al s, amdb dfeo lolpew ad y ©In
combi nedaliciomm | ooping system could simultaneous|l
cycl e, captaréeh€Ocalcium carbonate cycl e, and me

sgtewmher eexditeher mic carbonation reaction can supp
preheating and steam raising wsictahlien ctahlec isuns tleomo.p iF
(TRE)6 have been ofeMaVt 6d smadéall hetnthe La Pereda pl a
MWt h) and the Darmstadt Techn[ith0d [Und3Jlersity faci

3. Dverall Assessment

The evidence assembled in this chapter reveals a
energy penalty and sustainability profile vary dr
opti mal choice igdeipremacumdi-bic-wlioesd mmmkgwest i on captur
dil uttéd %( O at mospprheesrsiucr e fl ue gas, chemical absor

ausSD -BB/tFa@GO@ TRL 9 remains t he deployed bench
formul ations capable of reduhdisndg adRpgsicad absoption he | o
at 46 . Findaligrite IGAT application dominatesh i g e s su-cempuseti on and n
gas sweetening applications where its | ow regener
adv ant @agianslooping at 27-1 4 3 0 Fdeper@i@g on the degree of process integration

is strategically positioned to challenge amine scrubbing in cement and steel decarbonization,

where its circular economy integration with cement production, [ 1 4add]pilot-demonstrated 99%

capture efficiency represent compelling near-term commercialization arguments. [ 1 3 Bhg

innovative waste-to-e ner gy i ntegrated c ©ORi$thegnostadsticompetitave 27
emerging-technology result in the peer-reviewed literature. [ 1 4 ®i¢mbrane technology with
DOE-targeted costs of ~USD 40/t [125], three-stage configurations achieving 289-45. 1 &/t CO
on blast furnace gas, [127] no hazardous chemicals and intrinsic modularity represent perhaps

the strongest near-term commercialization candidate among emerging technologies, with the ML-

driven biodegradable membrane frontier Ochiai et al., 2025 addressing long-term sustainability

concerns. [ 1 3I2should be noted that these figures originate from studies at industrial scale,
typicaldy NM@j / h, and are therefore no-scaledcaseect |y

oy
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evaluated in Chapters 4 and 5. They are presented here to rank the technology families, not to
predict the costs of the present configuration.

The overarching conclusion of fFfdeparastsiesrs meaed hn sl
be considered wuniversally opti mal; rather, an e
systematic matching of each technology to the o
maxi mum performance angdl yffamieecwbsAcpbdirdn r em;

technol ogy fcomblustgenpaesni ssion sources, and physi
for -thrigshhsure gas streams. At the same ti me, me m
alternative medimodluFaLLPande applications. I n the
HcLoop process, however, the assessment 2h@aompows

already produces a ecnoprec eanRsirt aetee®d; hHihgh t wo t echnol
nat uyalxploit these conditions emerge as the str
operates at compati b9®20A@ mpred adiurest lof 16@OWer ages
stream fd6fi bighcy carbonati on, a nd ntersy oignecnri eca ssi enp
eneregdyficientefiedticketmbase CtOr ati on rises above 40
pat hway tpara thipir@@uct stream with | ower specific
required for the same sdparatgiasn dapprlsieed wtoo ta cdin
represent the most technically and economically
HcLoop system.
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4 Met hodol ogy

The primary objectivseimufl-ebabee evadwyatiison hef t he
economic performance ofsepwo atdioowmsteeamolC®Ogi es,

distillation and calcium | oopoifofgs ppoepdueddotdpyt hbke
chemical |l oopi ngaceducbperating on blast furnace
met hodol ogy adopted to develop and evaluate these
model ing approach and common design basis, whi |
chraacteri zation. Secd¢Lioom 4p.ro cpersess enotdse lt,hevhH ch ger
CGrich stream supplied to both separation routes
distillation and calcium | oopingdmédelresenéspaeadte
economic assessment (TEA) methodol ogy wused to co
t wo FG@paration technologies. Both technol ogi es
conventional monoet hanol ami nel i(sNEAl) |aksearaptuircen

represents the current i-nadmbu stiiBdcra pte@reed 2 d6] f or

4. Model i ng :ApApsrpoeanc hPl us Process Sim

Toensure a consistent and fair comparison,nfgoth s
the samei CO feed stream gener at ed ¢Lboyopt hsei moa o mmo

Therefore, differences in capture performance and
of each separation technology ranher opamatiamg adc o
Di fferences i n revenue, however, additionally a
delivered by each technology and the correspond

products (Section 4.6.1).

The process models were developed using an integrated process modeling approach in Aspen
Plus® V14 (AspenTech, 2023), which is officially licensedby Rouge H2 AG@GgiAs@emi n
Pl us was selected becausmodynamoei pespenl ydmé ot

l'ibrary of wunit operation model s, and-tespablait sih e
gaisol id reaction systems and cryogenic separati o
equilibriumedtesactmurl tinet age distillation col umns
exchangers, and compressor mo2debp,reguwbgedi todriep

calcium |l ooping process confi[gufpatfifdigdglbOoyest i gat

The overall model ing met hodiolllogyt Riagpaedesidmr s h, t hhe
overal/l process configurations, system boundar i e
publishedahdt éemausrte i al pr oc es sRG-HR f oSrunbasteiqoune ng U [y
appropriate thermodynamic framework was selectec
simul ati o2bhoopTlpeg oless was then model edCOtoi @lener
process stream required for downstream separat
independe-st aseemdygyel s of the cryogenic distillat:i
devel oped, simulated, and veriddcaerorhied oa £s @F vmMeret
sequenti al model ing strategy simplified model col
each subsystem, and ensured consistent compari sor

The BFG feed to the H2Loop reduction reactor was defined on a dry volumetric basis using the
representative industrial composition presented in Section 4.2. The base-case plant processes
1,000 Nm?/h of BFG at 2 bar and 25 °C, with an annual operating time of 8,059.2 h/year (92%
availability). This capacity was selected as the reference case to enable direct comparison of
energy consumption, capital investment, and COF capture performance independent of plant
scale. The functional unit for the techno-economic assessment is one tonne of COF captured. To
evaluate scale effects, two larger cases of 68,500 and 274,000 Nm3/h were also investigated,

nn
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representing a single industrial off-gas stream and a full integrated steelwork, respectively. The
BFG composition and principal stream quantities are summarizedinTa b 4.%

Tab4d4kBasecase -blasgpace feed definition (Case 1, 1,000 Nmj

Quantity Val ue Unit Basi s
BFG mol ar composi|CO 22.R3. 57 Hmol "Aspen feed sg
Cr21. 65%52. N9

BFG mass fl ow 1,362.9 kg/ h = 1,000 Nmj/t
g/ mol

BF@&Gnnual throughp10, 983.9 t/y hourly T 8,0¢

Lower heating val|[3.20 MJ/ Nicomposwdiipnt e

Operating hours 8,059. 2 hiy 92 % I 8,760

The selection of an appropriate ther modyrhamiec pr
equilibrium and energy calcul ati ons i -R 0 bpirnoscoens s
equation of state was selected as the gl obal pr
thermodynamic preli EOFEMdFOH O chC@asbmert thesoper a
range -90ffC 2&nd up ,4a mdhda3s bbaeren wi del-prappbbedgi anda
temper at urleoocpalncgi [intb{idqba$ .

As equations of state do net sadleguesat ehy Oeypgesent
FegOand RIf)e, support FROpanhdralOsan@Alcoad pciinugn sor bent s (

CaCl were model ed as conventional solids using
SOLI DS, | NORGANI C and 1PEBREIi dadtatbasébki d species we
MI XED and CI SOLI D sub streamss,i zree sepfefcetcitvsel wer ewh
because t he equilibrium modedcadl@estrmatsp arotn s ipde

The techni male mpdr femrcrha process was evaluated usin
indi gatcoormpr i si ng:

0 COGrcapture efficiency (%Fremovarefirantthae pfod
defined Fbasas C®t t hsee cste poanr abtaitarer y | i mits.
CGproduct purity (volPb)n: tceenddmtarl aatciagnr ecafendC @ |
Specific energy coRcsaupnipurieodn) :( MJdtkagl CQGCher mal a
demand per unlfctapnausrsedof CO

Each capture route was debBpgniedy aspecidi ngattioont h
intended end usemoatpaearitfpanhangebd:

0 The cryogenic distill &tioh gastes compwhéestedh
mol ecuileavre ads-a0bhpr aMSsepatrampar dathurae | dbiwst i | |
col umno2)DCt o vy imedrdc hgarritded pr oduc%) (de 19i9v Or end | a

bar
0 The call@eompimng routk,s ichhewhiccah |IGO separated by
CaO sorbent at 650 AC and released in an elec

is yielding a O 95 mol ®%opaoduesenpipellys epeirpeedl iarn
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Foll owing process devel opment, all -stmubatbadst w
Al t hou HBL otolpe process empl-bgd rpeaaacatidred dpereat i ng

transient behavior was neglected, as the objecti)
and compar eFdéparatoi €O t ec bbreal o giaed .orA cfoinfedgur at i
because it avoids particle circulatiofmandcgleilhegt
equi pment requamedfli-me dnioweé ehgt or s .

Phase | Phase Il Phase Il Phase IV
Process Definition Thermodynamic Screening Steady-State Simulation (Aspen Plus V14) Techno-Economic Assessment
Process Definition Thermodynamic Steady-State Simulation
Screening (Aspen Plus V14) P ——— -
« literature analysis P >
« thermodynamic data process simulation — design specs —
* flowsheet concept &
collection open-loop closure
« system boundaries

* process parameter
definition

Techno-Economic
Assessment

Fail
Revise the model

Verification gate
Rl e R ki module costing/cost

of CO,, LCOC, LCOP,
NPV

}

Sensitivity / Scenarios
Analysis

hand balance £5 %
model confirmation

Equipment specification

data transfer from Aspen Plus V14 /

Rouge H2 Engineering AG tornado diagram —

mpan;
company data flow-rate cases

FigundMet hodol ogical framework used for p+o
economic assessment.

Additionally, agparhtail d eln@gre -naonddet i@ s e@dl| ¢diowmi ng sy
concerns the representation of solid circludapi on
( mat eshterdkeam) approach was adopted instead of i mpl
solds to each reactor were specified to match the
of the corresponding outl et stream from the pai.

calcium inventories. This approachnvwdsvi ado pCtleSdOL
streams often exhibit poor convergence in Aspen
mul tiple heterogeneous equilibr2Lompreaocteps, I n

switchi-hgdfreradtors approxn mattehacwtc! ¢ antoiprer@aus s
Consequent | y,sttrheeamaapphreadach provides a robust re
state operation.

Model predictions were verified through mass and energy balance closure, hand calculations,
comparison with published literature, and internal process information supplied by RG-HFE
Verification was completed before any economic calculationswer e undertaken to en:
process models accurately represented thetamytend
verification were the simul at-eooanomiscal assésamsfhi

equi pment, capital costs, operating costs, and o0\
ensur e transparency and repr csdodwariphktiilointsy,, aanldl smc
information are documented in Appendi X

4. S3tream Characterizati on

The blast furnace gas composition data used in th
project partner of Rouge H2 Engineering and corre
throughout the year 2021 becaestiffihed periepgr evas
stable blast furnace operation relative sersebseoc
profile i s RPirest@nwleidchi ni | 1l ustrat esbatshes meod suumred (

nH
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concentrati ofasn dbdt rCdDss CtOhe full year. The nitroge
the remainder to 100 vol % as it was noThaeimeanly
gas composition was determined from a period of
intervals affected by maintenance shutdowns and
of the intended design case. Thitso plerd wldy ex@2hd
highlighted in red in the graph to indicate its ¢

The resulting average compositiB®n3i $7F% .0a2n9d o2 .% X
vol %(FN gu2ewhi ch is consistent with the typical (
l'iterature fobl cwnvielna sTohnda lar dacapcteesd. composi ti on t h

nor mal operation rather than an annual av-er age
compiotsi on variability and of trace components not
work in Chapter 7, where | ow, cent rTaol eaarsdurhei ghifffa
dri ving ofuogrhc e¢ teh downstream process, the blast fu

an air blower to overcomehthsupsegsaaene] pIprpeofa&s54phar

Anal ysi s wosfertihees Fdiagie&2eimdi cat es t hat anomal ous ex
shotrgrm maint emgemseofstiolpe bl ast furnace, during w

Annular Composition Profile of Clean Blast Furnace Top Gas

S
2
ta
c
2
L
‘@
o
e
=
S
@ '\?’\0@" g *ﬂ?' 4:0' > > qﬂ’\/ g -\1"\/ WA R R A gl R A gl Rl Al gl Al Rl Al gl g
8 W W P S I T S EEEE S S
WY @ (@ .@oéou oéoé'ée, R
SRR PP PO
Date (2021)

—— CO(%v/v) —— CO2(%Vv/v)
FiguR€omposition profile of clewnthl|l abe EBlprat

operating period highlighted.
from sstteaatdey condi ti ons. Periods containing unc
instrumentation unavailability rather than actua
from theenteptri ve dataset used for mo d e | i nput s.
concentrationsgfbbcCOatbedwiCOhin a relativel2y6 narr
vol %, which reflects inherent but conagmntolHdeldawiaar
tuyere operating conditions, and fluctuath ons i
concentration, although | ower6inobh%spl eaxbi bet misc ¢
|l arger relative vari aby ldrtiywen hby arhiaavtiioogns si mprti
the injected pulverized coal and the coke charge.

Tab#d2z2Composition of the representative clean bl ast fur

Fo | FEP | g P 4 %
22287 | 21.653 | 3574 | 52.486

The gas composition was measured by an extractiyv
cleaning system, which is at the point of injectdi
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the cleagnued igays rather than the raw top gas exiti:r
CO andc6Ocentrations are determiné&ds bguamtirfaired
t her mal conductivity detector. Crucially, t he an
remove moisture prior to measur eme gltago panfde ecdb nssterge
is defined on a dry PFasthecomosiest ent owi tlo famiys do
t hecLblop process, bl ast f ur nasctea ggea sc | neuasnti nugn dseerqguoe n
the compositional and purity requirements of the
gas exit sf utrhnea ckel,asitt carries significant quantitd.i
cyanides (HCN)pfp ammomsiud f URH &Tdhhipso ucnldesani ng ®tep i s
only to protect downstream equi pment but also to
deactivating the iron oxide oxygen carrier duri ng¢

The wvariability observed in the BFG cbomppkéti on
efficiencqtoop tedudti on reactor. T hFerr engoudi yrneasmi ¢ & é
reduction of the oxygen carrier into the FeO/ Fe
produEe Hdwever, reductpObsat adeiyloimdyr ¢fhieelskletihe equi
CO/ GOati o, resulting in incomplete CO oxidRtion
str elafng [At55¢] evatrdatG®@/sCGand moderate temperatur
enter t hfeorcmirrbgonr egi on of the BoudGUuassinerqudil adpr
promoting carbon deposition on the oxygen carrie
[ 156]Consequently, stable BFG composition ik esse
producthHhponr,i t@® enall capture efficiency.

4. B2LoopMmdien g

The common front end converts bl astchf yrrmacue tg asst r(
a concentFsatrecamC®or downstream separabeéedonreattorns
configur artiisoinngc oampr edut®lpnaneaoat e g®nN-10Q3actacr |

showkiigmB.e During operation, one reactor undergoe
is regenerated by steam oxidation. The gas fl ow i
reductiodatainan oxycl es-st dthe thAhsepesnt eRldys model , t hi

represented by two continuously operat-amgrageadt o
behavior of the switchasgdrexcxgom earirsédhersBadao

redox cycl es, i-hnermneywlitb shabl bhgy demonlsst7rlat ec
This durability allows the catctriineer cthoarlgpe tre¢ bhte
consumable, with 100 % retention assumed thereaft

peri ode-dciadper sred and regener apeld att @Rr0i c% ,ofwhtihceh
with craegerystati ph5pPpFractice.

The cleaned BFG enters the process at 25 °C and 2 bar, after which it is heated to 850 °C before
entering the reduction reactor. In the reduction step, the oxygen carrier is reduced by the CO and
HF present in the BFG according to Equ. 4.1 and Equ. 4.2:

&N  #10 c&AI# £
&A (oo &A/I( 8

The reduced carrier is subsequently regenerated in the steam-oxidation reactor operating at 700
°C, where hydrogen is produced through Equ. 4.3:

o&AI(10°0&A ( &
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For reactor sizing and materi al balcamcegi ocgl onalt &t
inventory and steam requirement were determined
100% conversion ofdahiengpxlygtem tlerieduction and
val ues pr ovibdea ntdh enad ppeéral regqudasanemrtsc o arhcke vbe
as the basis for Blaes eAlspeain thleus emmacdepd.ret et @wionhviea me
of the reducing gas woul dOur eTglua r @ x yldle b 4 ¢ &krmroil € rh i

materi al FHOmanwh ikard@ Ahs inert stabilisers, and the
a total molar flow ofil0lwt3 ikimaolt/ Is,uppmrtthataswidtels c
magnetite feed is 9.38 kmol/h within a t-ft @l sol
representation this active fraction is completel
repoatedhe beginniinsg loifmiQGheadp theyr tshe active carrie
gasolid equilibrium, wher eas in the pfOusemMaénrep
unreacted and the colnivmirtsad.n Ttse egtuead m bfreaudn t o t h
set to 9.38 kmol/h, corresponding to the stoichi
t he equilibrium amount of FeO produced in t he

stoichiometric for complete regeuielriadr iomm tid s4@&.0%k
only 4.32 kmol O/ h are restored t ®/thhevidadrdmriaavm ad

the stoi-€RIiO0ometdruicd i on step. The remaining steam
consequences ofpeslkeatdi fObrsemate tdheschesgiendni.ng of
Additionally, the oxidation stadef iwaisenal sw¢ snoide
(Fe.«Qrl t s @intebgygy dat & gMFeec @2etqlué | i bri um at a | ower
degree, so that the reduction reaches equilibri
resulting in | ower CO convelfcsoinocne natnrdata olnoower equi
Concentrated
CO, Stream H,
Reduction Wiistite Oxidation
Reactor — Reactor
(R-101) — (R-102)
Magnetite
;k_/ . 4
A
Cleaned BFG gases ‘
Comp: Ny, H,, CO, CO,

Steam

Fi guBEBroemnmd process confi

Both configuratiohsopmpiseg i deadtiearas amaeondi ffer only
the cryogenifcurrnoauctee ,g absl aisst pr e hleGalt e(d2 58 k6VB)9 aAnCd i
850 AC -1b0yl HE9.8 IknwW)t h4 oo@ali eagumout e, f our -HXeOadt) e x c
preheat the gas to 849 AC, reducing the electric
oxidation steam is prehealtOe2d effrfdm end0 bked ouwi reqtte
The complete configurations are (Bhopwdané&i ghee pr o
412The iron oxide oxygen carrier is defined in t
feed stream consiirsotni p(gbkF O 0 (naegh et i t e) and 10 w
material s ( Wriamnh wi%sZrOR)% ®Bhe | att er creerparnei sce nbtiinndge rt
support structcuoepubedepgrl teésHto provide mechani
sintering during repeated redox cycling.

Using blast furnace gas, equilibrium at 850 °C remains within the wistite (FeO) stability region,
providing reversible oxygen transfer while avoiding reduction to metallic iron and its associated

np
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sintering.[64] In addition, temperatures above the Boudouard-f avor ed r a-70p§e€C) (& 40
suppress carbon deposition, whereas temperatures above 900 °C increase heat demand and
oxygen-carrier degradation. Therefore, 850 °C represents a practical compromise between
oxygen-transfer performance, carbon suppression, and material stability. The oxidation
temperature was fixed at 700 °C to balance thermodynamic and kinetic constraints. Lower
temperatures favor hydrogen production by increasing the equilibrium steam conversion of the

exothermic steam oxidation reaction. Still, they also slow the reaction kinetics and, below
approximately 570 °C, wistite becomes thermodynamically unstable and disproportionates into

Fe and FepOU Therefore, 700 °C provides high equilibrium hydrogen production while maintaining

adequate reaction kinetics and oxygen-carrier stability. [64]

The reduction reactor was modeled as an isother
determines the equil i brmium nmdrzd duwge tt heei sttortiabd u tdiobnb s
reacting system at a specified temperature and p
i ndividual reaction stoichiometries or kinetic p
t hegL &lop progersast es under conditions wher e i ron
thermodynamic equilibrium, whil e Gi bbs misnilmidz at i
equilibrium. The RGi bbs mo de | i s widel ybaasdeodpt e d

chemiloalpi ng [sY4[T]lednds].

4. Lryogenic Separation

The cryogeni c r oRftreo ms et phaerrant cebgracdConf the reduction
' i quef yifugn dehre pG®ssure and ddocndéngalygl é tniftrroong & rh
to this tsheectgiaosn liesavi ng t hle0 Ir,e diunc twhoinc hr etalcet ocra rRb o |
hydrogen have bePBandQHaveredt e iCtOon carrier. On a
approximately FdBbde65moliBom@&B@%cKH i s a manuale B&FIGe ul
composition with complete CO conversion; meanwhi |
% CFRrom the Aspen run with t HkacTehsi soff euendc,o navte r~ 4eld
CGpartial pressure high enauglnt tbatc olmeq u énfea antoidgy m «

economically credible, which is the basis on whic
I n process order, the separation train codmptises
(flash) drums i eav emod eehcyudiraat or , a multistage interc
cold box and the dO0&%8)i ptaduonmmigiod wma.i 4 .DLO
Lean CO. Scream Cryogenic Carbon Capture ory co,
Stream
£ o -
| Low Temperature, - ~ e \.
Higg Pressure R . \ High Pressure 7 Mutti-stage ™ Molecular et
Distillation tream €elrigeration Stream - o ater
" Si Unit
. — .—L Unit 101 I.—‘ Compr::zs;on Unit | \e:’(e;1 nt ——
101 N 4 o _ \ )
N //‘ Concentrated CO, Stream

Dried CO;
Stream

Liquid CO. Stream

77 Cooled (/I( 7\\‘.
. A= [ | co.Stream | Flash
Reduction Oxidation Cooling
Reactor Reactor 101 Drum
101 102 \ | 101
e A L /-
- _ /" ‘\._7 //"
Cleaned BFG gases
Comp: Ng, Hz, CO, CO; Water
Steam
Figud®verall process confioguodéapi ymgerii ¢ heai mergec aptedr

nec
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4. 4Récuperative cooling, airowtooler and

The hot regaaxctfiiomstofpasses through t-hél)ecwherat
preheatcsomihneg icnol ¢ eBRFOG eftgsendg,ensi bl e heat and si mul
the first stage of cooling. This heat integration
duty ongasheamd fthe heating duty hen otvlea afl d e de,n ewlgiyc
of the front end. Thepar,e htehaet dd uwtiys iboent wefe nt hteh ef efeede
(HX01) and the el e€torli avatsr if m xteea-tf p ormitctoilsntg -¢ fafaidte a |
showrFiigndbeRecovering a | arger fIrOalc tli mwe rosf-ttthhen edlus
electricity cost. Still, it rai ses the exchanger
approaches the 850asAQ arregdunst.i oAl tchfofugh ptthhenumnd o s
near 780 AC, that -bageédnsupguaklesyncchkeiruction
surface area. The preheat63Wa#tice hbrghese oappet
conventi agarearlpehiag krte ed | lexyx h anagdee quraggmeai nrsecovering
(aboutqudanmrteeer s of the preheat duty) and | eaving a
the 850 AC reactor inlet. This selection is consi
provi dR&eHFwlyi ch meecded fi xing the recuperator outl
within a st@ahogrdebigh envel ope. The modest cost
optimum is accepted in return for the | owhe meta
convenal bawpl desi gn.

400
350
300
250
200
150

100

Annualised cost (KEUR/yr)

a1
o

200 300 400 500 600 700 800
Recuperator preheat / split temperature (C)
=== High-alloy band Total /yr (KEUR) e HX /yr (KEUR)

Figubeffect of recuperator preheat on annual

The parti alglays dosoltehde no fbrOo uAgth tt hceo vari-t0GC o omede IA€d a

heater blockli Ag is used for this duty becawuse A&
cooled exchanger set by the approach to the ambi e
of the sensible cooling without cbagéengf wabet i o

dehydration is carqgiasdcoolChdyaXdh etohueat okdnuddkl .F VT h e

HX102 trims the gas from 50 AC to 438 AC with a s
the retud miamg o@@r heatdhstréedmn from an external u
air cooler stildl fully vapor at 50 AC, so this f
AC) and condenses part of the water vapor. The cc¢
td&Vvio1l, a velritg wiado kknaostrkum operating at & 35 AcC,
water is drained from tsathasé¢ edhiate 36hdCgass wa

nT
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emoves the free |liquid waterrikbdt ath85r A€i dsat he
he -plpomwv | ev el required by the c#yeyenidelyGels)c t(tiMEnt i
ol |l ows. Removing the bulk water protects the dr)

or mati on downsctese atnthe aduwt yr eadfu t hFec odrpyr eers sard a fr af
owering both moisture and volumetric fl ow.

—_ = = o~ =

4. 4M@1| ecuileecshydr ati on

The gas | eavdwntg drhlednlkmivwseslawtaureat ed at 35 AC, carry
(2.4 mb9 Mg daft ew vapor and must be dried before |

temperatures, any residual moi sture freezes to i
valves, and column internals. Therefore, sthédedeh
specification conventionally adopted to guarant e

t emper atFg e e viegesenting a reduction of more than four orders of magnitude from
the content leaving the drum.

To achieve this msweernctiifd+ioaald i bweimpsawiactaur adsor pti on
mol ecul ar si eve drnyetrhiwa 8A sustibyk € ttehlear beicawes ei § t 18S 6
i pore admits water (kinetxicd udlfe(@3dneg3Oejr) 2armd tihe bue
gas¢d58] so it Frriicens fteteids (@40 h cradd 9@ €OIRN gl tCHPr even
the | oss offt probdecte@®nerati on purge and preseryv
bed. I n TSA operation, two beds run in parallel,
a hot purg80§adcC)iaand cooled back into servBasedg
on the 19 kg/ h water | oad and the working adsorp
2.7 t of molecul axcysi ev & Ayfdeoaar drmeuBl ahc ehnaelnft i nt er v a
parameters were takedetsigmatbk®%lehydrati on

I'n the simul atiideal itzheed darsyseerp aircsantpiore nt¢hSaetp ) r ebnh covceks
water to the specified outlet | evel (O 1 ppmv, t:
modelasd a rigorous, dynamic adsorption bed. Thi s
assumption fsdrataebs@weéladlanisepesni ncleus doesnbt cont
Mol ecul ar Sieve unit. Accordingly, t hef deeg efree d

to the cryogenic secti oRi g@#leveyv ear ,c otnhvee-ha& dtouia®lA u v
mol ecul ar sieve dryer WwiditbB]a regeneration circui-t

A\

Wet
Gas

L
Y

|
/-\ / } Cooler

Adsorption Regeneration Water

A=

< | |
Heater

A

Dry
Gas

Fi guk6eSi mpl i fied process dfledw teimpenra
adsorption (TSA) systlem6flor gas dehy
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4. 4MBl tishntagrcompe@ssi on

The dried process gassileevaevicrgy etr-n e camonmetgrtidugaeen c on
approxi matel v 4514 nmbd I|%onGIO 5 mol % CO, is compressed
the operating pressure of the downstream cryoge
compr esSOOMM ( AspBl@ompusck). The compobassbsenbnep
stages wsttehgd nadoeal ing to 35 AC. The ther modynami
described by the isentropic compression whblfa equa
account -gfacr bredakquw.r 4. 4

r 0 7
A p 18
r p 0
The actual compresssigun: wvarb5k is given by
. @
w0 — ®
S
whepbies t heapaaittygi sathe, sfTage i mMPgEts ttehmp ertaatger ep,r
rati eg,i antdhe i sentAlotphaeugh fAcpemcRl.us cal cul at es
using a ri-oasomaedeale,al it is based on the same is
represented by these equations, whhthrabtsesbedudes
[ 161]
Because compressor work is proportional to the in
each stage reduces the overall proi wiei remvione kj Ui 8 etmie @t
l'imit. For a fixed number of stages, the work is

pressure Egati d. 6

. 7
| — 185)]
For the present case,
10”7
o — ¢puvo
<
whi ch | i es pwiatchiirc a8l h fram gee rotfr i2f uglabll Jcompr essor s.

The stage pressure ratio also detgmumi fley the di sc
4 4 — 182

For the presemntlad g3as) nigit etger € ompr ession from 2 to ¢
an i sentropic di scharge temperature of approxinm
temperature being even higher due to compressor
intercoekbetismi ag the discharge temperature to apft

mai ntaining practical operating temperatures whil
compressaor was model ed as an integrallisegéeanedc
efficiency of 0.78, reprcoempnteasi v@lGelrodortei nuous

4. 4 Refrigeration cycl e

After the compression stage, +imixt ihelatremxl{ilHBg ,i s ¢
where the compressed feed is coe2@dACrbm appoox
refrigeration fr-omchheewobl dasi exogeng the distil

n o
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subsequentl|-§5cAGlied tlhe rREFRINIgTe),atwhoinchuniiss r(epres
Plus by a Heater block with an equivalent coolir
refrigeration system required for both this prec:¢
not model edriegpl does tdiymukRPhati on would require a mu
multiple refrigerant circuits, compressors, inter
packages. However, incorporating thesecuomptexivbul
and computational effort while providienvgel | 4tneicthend
economic assessment. Therefore, the refrigeratio
cooling duty model ed by .i tSsubcerqruesngdrydi nd eh eaasts olc
operating costs are esti-hapedderst ngeftithieg drearnpieamt
devel oped by Luyben (2017) . The <corresponding <
illustrated Brygelmetliée2all 'y i n
192
Condenser
Receiver
o o{ (e
Expansion valve [
i
Figur78chematic -9ff age scvoanppbdbree ssi on r
cycle. Addpaoe8d from
The theoretical mini mum energy —required for ref
performance (COP) . For a rever soipkelreat Cagnaotet wetrr

temper @t uapegd a heat rej &ctiEBogu.t edmp8er at ur e, (

4

#10s 4017 T 8

with the corresponding miniBoguun cdo.nPpressor work gi

7 1 — &

2 T
whebDei s rnéferi geration duty. For cooling from 35 A
COP is approximately 3.4, corresponding to a mini

refrigeration dutyl.awl nefgriadtein®e e nnxcaocatrsdda |t hpeo waea
requirement to -Approxmesattheg ©Oefori geration duty.

decreases, the COP declines rapidly; at 1150 AC (
the theoretical mi ni mumoworfk viey &Lhbhostgaemhtly, o r e
sharply as | ower operating temperatures are requi
T account for this behavior, Weyreardenh20T®) rdeagweal

o]

orrelations based on reptriecrentcadides.edesrricedht

ncor potrrat eommr essor power consumption and the ¢

ncreasingly complex refrigeration systems. | n th

emperature levels. THR&NITEf proeri atisdipCerintt| CREFE &

e supplied by a rebat iswelgye giepliggesabhgba syste
pn

c
i
i
t
b
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refrigeration duty, however, is associated with t
column, which is ope&CiAhg ai nBlpprexsCOan ed lyeh ni t |
vent gas.

4. 4 Py essure and temper &ltiugwee fsadteican on f o

The operating temperature and pressure of the ¢
principal design varvapbegqui dsedgquilgiolvreirmm, tthef ri
compression duty, and ulFpumiatyl gnd hreaachery.abTle (
window is constrained by the mPpihpuw®e.b ePhudieek b bf s ¢
a triplesepB ratndats. 18 bar and A amidt i7c3al®$ 4datirine h at
define the | ower yaandi appemitdefmodconventi-onal d
point press&c@&nnadti gaxidstCO and the flui d&d dersadt i ma
a riski od fdorymati on and equi pment bl ockage. Cony
pressure elimiihagesdtbkeguvapborium required for dis
boundary i s drRNBmil xatclerdes ,n dCpOer ati on must neverthel
the f-0wtezlei mi t Fd @ep @awioti ido rC.O

Wit hitnhearhrrodynamic constr alAprtas ei dp ageda nmhgy atnh @ pQ® a
o443 Wwars sel ected. This pressure represents a com
compression duty, and product purity. |l €€ easi n
condensation temperatur e, thereby reducing the r
increases compression work and nhptrroodguecnt . d i Goshovl eurt
decreasing the pressure | mpr oversefprriogdeurcatt i pounr itteymj
and moves operati omf rceleoster! itmoi tt.hel nCQ he Aspen Pl
sol ukinldi tcyoynsequent é goueérey fpftaradd cul ated directly
Robinson equation oFNFBitmary tihmtoemgactiten CDar ameter

The operating pressure can be rationalized using
of each component to its moBdw. f4.akd@:i on in the gas:c
P Uz0 P

For the dried column fedd mohRaan@@i mmpFEHp pPNr o xi mat el
b U z0 M@ pFto p@®IAAO

i) U z0 meto c& NAAO
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Condensation begins whenFetghuealpsarittisals aptruersastuiroen opfr
t o t hewWagpneenr -prragpsosur e correlation, a satluTaéilbar p
corresponds to apgpgreonpiehatt,dl@pr esenting the dew po
mi xtul @4]

100
80
jg 7 Super-
30 critical
Phase
20 .
Liquid
—~ 10
© e
a 2 ]
2 Critical
o 41 Point
3 3
@
o 27
& od solid
0.8
06 Gas
O] \ Triple
0.3 Point
0.2 -
0.1 T T T T T T T

100 -80 -60 40  -20 0 20 40 60
Temperature (°C)

FiguBPhase diagram of

The compressed f-88BdAPpromolhiadled pbel ow its cgal cul

such thatStiatgeaemBaemparti al Ipyolrcqunddnmedt vunae. This t
selected for two reasons. First, partial condens
column, thereby reducing the internal separati on
condenser,-355¢AiCesd within the practical opaitatgieng r
refrigeration system, where the coefficient of pe¢
deepr yogenic refrigeration required ostt tolfe tchel wsmm
and | atent cooling duteyf fiiscireenntoyv erde farti gtehrea thiiognh el re
overhead condensation is supplied by the cryogen
was not adopted becadiesegpr yobgevniud dr e fegiugereati on w
mar ginal additional separation benefit.

4. 4Dbstill ath@n coésimgn and specificati ol
The final separation of the c¢omppersistegdr @dudc td eahnydd r
nitr-ogeh vent stream is performed in aO0Olk)i.ngTlke c
column is modeled in Aspen Plus usitmagetmedel go mwt
simultaneously solves the MB&HI § matendaént eglupy) |
each stagdgligwiadoequili brium and thermodynamic pr
PeriBobi nson equdtliGdniwhoifc hs tiast ewe-pr essuredciFigkehnhghl
systems. As the column operates far below ambien

Cryogenicomnoptiiadbmztaoi promote rohesnpecanwergemodi

DGO1 is configured with 10 equilibrium stages wh
Aspen Plus convention, where Stage 1 correeponds
The compressed feed enters on Stage 8, where the
the intethnguidapoaffic of the | ower section of ¢t

whi ch mai ntFRriincsh tbhoet t@Ons asi mal Quwhi lag rag@maioni ng

PH
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above tthei €De poi-B6.X8)5. 1t8h ebrachy mi ni mi cénfhot mat ird
within tHe §gAd! umn.

The overhead product is withdrawdemasera (vAasppoern tF
condenser tWappeor )P.arTthiiasl confi guration is appropr.i
predomimianmtdbgen (8,5 mmkl fog Ncompl ete condensat i«
selected operating conditftcitoman. iGniryettuheedonden he
while the remaiohngas, tcomgteRmind nCgO pmiitrhaFrrieésy idiNsa la s
the overhead vent stream.

Once the number of stages, the feed | ocaduammn, art
retains two operating degrees of freedom. Hence,
sufficient vapor generation to maintain the requ
while the reflux ratio washeaeAspam nkRldu a uD e@snagrn cagd

The Design Spec adjusted th8 uvefl Fpurmiat COI nvi ttihe nb
product reached 99. 9 mol %, using a convdé&pgente t
was specifiedGCGmweheowarsy twhees predicted by the si mi
as a design constraint.

The resulting configlaklté of. 3s summari zed in

Tab4IConfigurati-®@h doifstihlel HtCiloenmecnotleudmni na sAsipnepn Pl us

Par ameter Value in the Aspen Plus mo

Bl ock / model DGO1, RadFrac (rigaeanrnngey eq

Property methogqgPenRobinson equation of st

I nitialization|Cryogenic
Number of staggql0O0 (stagecbndemartialktage

Feed stage 8
Feed (stream 1§-35 AC, 43 b&k ;540F2%B%NED C(
Top pressure 42 bar

Condenser type |Parwviaplor (vapor distill at e
Overhead vent (-95.3 AC, 42Fba7.,6®%8%BOCH Md.
Bottoms product+6.9 AC; FModI% CO

Fixed operatingMol e-ulpoi(lreboil) ratio = 1

Design specifiqCOGmole purity = 0.999 (tol

Mani pul ated varnMole reflux 0&8%i ostempadchk

Carbon dioxide and nit rtogemar atren ay stee@towieny te@as

vol atUi & tyadcul at ed f-Robm nshoenl Pgangadr equi | i bri um a
operating conditions. ConseqeenttlOy ,eqtuhid i &d é qguma s\t
evaluated using the Fenske equation, which estim

ref, |l uexqu.[ 146.671

1262 &
9 D
‘Ii Téﬁ)p
Taking nitrogen as the |light key (LK) and carbon

composi F3 ob. §8= O0C® 3 3) and the botftEoms 908®mBo s iNt |
0.00097):
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The ten installed stages thus provi[dleeTTHosghbhbwnf 2 rn
t hat the selected 10 stages provide an adequate
governed primarily by the reflux ratio and overh
stages.

The roveead vapor | eaves the par ti5alME.dhded,sed?2 aliara
condenser provides the principal refrigeration di
action ofritche onvietrtheeqaedn st reamedqwi gedefr@an es ¢ har at
e remaining vapor -reixcih sveanst .t hAet ntihtirsogee@amper a
bstantial l-iyntmemsi weBér gt pirheecool i ng stage, with
approkidampdryed®. Wwirt precooling. Accordingly, t
presented in Aspen Plus as a heat 1l oad, while
timated usingdepmendemperaftt urger ati on cost corr
6 3]

— D = O W ~+ —
= 0 O +hc T

One | imitation must be stated explicitlliyguiads t he
equilibrium and does not predict the formation of
condition of F®5.t3 aAC,prteesuC@ of approxFmately 1
sublimation pressure of approximately O0.2F bar, s

soHiod mati on region rather than merely-pagproachin
recovehreyr eifsorte condi t i-loingaild wonh i tblré uvma pessaufnept i on . F
operation would require the overhead to be hel d ¢
by raising the overhead temper Bd amntee mto vibfy htelaed u c i r
through additional reflux and refrigeration; bott
and the resulting values csainmuwlta thieo ne.s tRaebtl aisrhiendg wi
recovery-satf ea cfornadstt i on woudmds i mlsitmaatdi are qsud atei cam,
a switching, periodically defrost edFiosv ernhteea dmicta nec
renel ted and returned to the column while a paral
from est abtleinspted di rHpav@ O.{ L 6T8h)]e r eported recovery anc
teckmronomic results are accordingly conditional

costing -vdf e dalosmn are identified as future work

At the base of Frhieclt od awtmtng md hkeoAClOa 44 3 @mAay. aDhhea tr el
duty is set by 4wulpe rfait x®d omollarankdqd Ih eanples et afr et h
supplied-gbyde hewting medium suchgradd epgnpec esls wl
rat her than steam. As the reboiler operates at

operating <cost of the crydogeninat dd-8 HiylAlCehteivoemr hema
condenser.
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4. Ealcium Looping

The call@eoapmpimng rout eFfg epna rtahteersn ¢ gacsf éonf the reducti
through the -sehviedsi bdetigas of cal ciFusn okénhiecal hyt ba
as CalC® a carbonator and subsequently released as
sorbems regenerated in a calciner. -gdase tfleatd Itea ueh:
reduction-10da¢t @amd(Rts converged Aspen compmstiht i on
traces of wuncormkrverted CO and H

Unli ke the cryogepioitsuthkisvwhebaenvtehyi bnghtCelIl ev
and | ow temperatur e, c¢al catummo slpohoepriincg porpeesrsautrees aantd nh
Accordingly,re¢ahet-gadaitd ifoinr st cool ed t ded > eA@ nitrera
the carbd08)or whiRs ec Ot ured by CaO. The carbonated
in the c-4Dd)pnpempr 6Ruci ng B&stcromamnftoratddwiCOt ream co
conditionindiagsArnisdhown i n

I'n Aspen CRIOULCaLmh bent i s represlenndpdmastsaragdnaapep ® & (

rather than a closed solids recycle. The regener a:
match the calciner outlet in fl ow r atbeo n actoendp 0ssoirtbiec
entering the calciner is matched to the carbonator

fixeedd configuration adopted in this study. Througt
using t#RebPaesgn eqgueat i owhidfe -lddhsee dc aslocribuenmt s ar e r ey
conventional solids (SOLIDS), consistentempéetrthatessnt &
cal cliwonpi ng [syS2]ems.

Calcium Looping Carbon Capture

CO, Rich Stream

CO, Lean Stream CO, Rich Stream

Reducing Fe,0, Oxidizing
Reactor P Reactor

(101) ‘; (102)

Carbonation | CaCO, | Calcination
» Reactor
«—
€20 (104)

Cleaned BFG gases
Comp: N,, H,, CO, CO,

Steam

A J 2 o

Y ¥
Fixed Bed Iron Oxide Looping Fixed Bed Calcium Looping

Figuné&verall process conf i gcuo acpa locni
|l ooping carbon capture sy:

56
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4. 5CarbonationlO3)actor (R

Il hhe carbohatoemo€®&d from the process gas by reacti
carbonate through the reversible carbonation react
exothermic in the che®dIhat idomedii eat iodnthe rFeacti o
partéeasupe relative to the equilibriwhidbcompesgpte
Equ. :4.12

oA TT X T

O yA Ol TipoxpTrAQDc4+ X 9 ¢
wherﬁeeq'latWis t he equilibrium deconparsdtiTon sprtensesuate
temperature in Kelvin. Carbonat iFprmar prate@dseswhere
Gedlatlwhereas calcination occurs when it falls below

At the selected carbonator operativregﬁeqtmimtp&mrt&nure l

whi |l e t he carbonatdrooopwhpgchyshemsal cBumonve-ntiona
at mospheric pressure,-reecegreot b0 rgeadtRcli drar anc
model |l ed at approxi mately laf% elrart,h et hl eo spsreess saucrreo srse

heat exchangers. At this pparstsivale phesserd gfasapmisc
so that the thermodynamicf dird,vi igrv dm@ Ity o nat iaobnojutal
conventtinoomsegplhear i ¢c operating pressure the correspond

fold driving force, so that the carbonatiUonmdeequil
equilibrium cenditobonsant-peadseFe@C@ihenggasati on to apr
0.01 atm, correspondiFngptwr e dxreceeackitiggad®7%€.0 I n pr
achievable capture is |imited by the available sor

The selected operating temperatur e of 650 AC rep
thermodynamics and kineti,syAOKks steesmprearpa tdd rye firmomr éa ¢
AC to 0.21 atm at 800 AC and ap pabooxuitma8t5e0l yA @,. 5t0h ea te
pressure appr oakphaerst itahle preeesds ICrtOe, substantially red

force for carbonation. Conversely, carbonation ki
temperatures. Consequently, -T0@ A@ngeoviifdayppbotxh me
kinetics and a strong thermodynamic driving force,
cal cliwoanpi ng Fdtguddlide.s (

n Aspen tkleuscarbonator i s -reepraseaned sbyhéoéd mzlk R
perating at 650 AC and 1.5 bar. The reactor deter
he tot al Gibbs free energy ¢f &OF8ndBEON,aredd nmsi peadii en:
eed to specify reaction stoichiometry or kinetic
he process gas cooled to 650 AC, and the regenera
pelnoop mat ched stgteragma m Tchen toalitdisett he carbonated so
epleted gas, which is subgdqwéntly routed to the

o O+ —+t o —
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partial pressure (bar)

0.25 |
0.20 |
0.15 |
0.10 |
0.05 |-
co,

0.00 ' ! L ! !

500 550 600 650 700 750 800

T(°C)

Figund&Equil i bFpiaum i@QO pressure as 4§ 1f

4. 5Cal cinatiomhO0Odpactor (R

The calciner reverses t he cartbhoenas oobenrteaahndonm,el
concentrFsteda®mMO(eq. 3.3). This highly ewdatdlee mmiad .

Compl
press
appro
oper a
al ter
1.5 b
equi l
press
sel ec
equi l
al ter
to a
mo d e
stre
eith
subst
follo
separ
el ect
the r
prese

p
I

a
e

Il n As
i soth

et
ur
X i
t e
na

e calcination occur§p|oe1$§rfy()wé1ae>(1cetd1deﬁpetthdiIa(DG)r
e in the <calciner. As the pirtodduptr tgiasl isr
mately 1 atm, requiring tempertahteur @ a!| caibnoevre
d at atmospheric pressumrde.beAls atnlde tsher bt ewot pr
ted by valve switching rather than by solid

adre pareds stua i Iz eldar for regeneration at 900 AC. A

i b
ur
t e

b
a
r

n

i
n
p
i
m

r
an
Wi
at
roi
€g
nt

pe
er

ri umondegroenpowsri e i of approxi mately HEp®&Ot iadlm,
e in the calciner and therefore confirms th
d temperature. As t he calcinationd cbnomr si

rium, thleoopgpipmgtpear cad mamene nevertheless cor
tive operating str atCpgereast ianrge adti BQ:&JCB&{Q@I.WGWUI
oximately 2.2 atm but would also increase t|
g advantage. Furthermore, as the objeEtive

for capture-gasoovemrtiadndli rmatgumwals avoi ded L
dilute the prodrwat rgaassHfiiwreit nogx gwkddiftairaant a boiniC Qi n
tially increasing capital cost. Thered or e,
ng recommehid atBloencst rfiformd calcination- el i mi
ion unit whiplue i thpir CtQaicni, ng@al a hobugh at the e:
city deonmiagfnd.s Tchoinss itsruagldnee swionh et ecéni fs$ed cal
eneration duty represents the dominant oper
ed in Chapter 5.

n Pl us, the cal ¢cihée,r d sstmoideH ieadmaeatsr rilalt o(eRgS tRo
mally @&tar90wi A@ ameé EBndothermic heat of ca

58



Gunel Rahi ml i Met hodol ogy

ty. The single reaction is specified in the bl ock
generates the sor baesrets ctohnep Ic&tpe lbye eadradC &ieulmre speci es
the coswvekehtbsBonaCl SOLI D) sub stream. It receive

rbonator and returns the regreen&nhtkd Ch® aeqgdithek
ed edrseewihn t he pr-ocresesrsittmsappxeach provides exp
generation and -d®dnhomwisc trmet htoedconinoogy o f Dai (201
mpl et e regeneration i scal so d @wpipomtsesdt widy c pi lhat
monstratedplnetae cal cinati on at t gy dMadt3urd @ ke ar ¢
rbonati on, whi cH ilméd @me sbyditfhfeusfioornmagpr oduotf laa yWe
| ci nateidosn wiirtohcoeut t hi s Fiismirtealte aosne cb edciaruescet ICYO as a
e favorable thermodynamic driving force at 900
generation in thd7Adpen Plus model

- "+ 0 000 S cCc OO0 " o
O T 9 9 @ O »wW Y S D C

4. 558rbent Design Ass-BewtbE®psganhdofi xed

The design basis adopper faomr mangcenegey eridh ethiicghCaO sc
model ed -parse aai iot ated structure of 85 wt% active CaO
Caikt@F f Tchael caluummmi nat e/ mayenite matri x stabilizes Ca
synt hesi zegd&¢®&agddrCrent s retaining a calryiafgt erapaxdc
and Manovic and Anthony (2009) s howeal urhian a tCea Oc epned
form-aint i nmayenite framework that [mdRKa3Mley 85mAELiso e @ ¢
is a formulation scsheipoetwidt iiamit i sawdl this synthe
conversion target adopted here defensible across s
the remainder of the design basis depends.

The <caapcthuireevabl e per pass i s set bi¥capmteurseod bpeart maoln
For natur al Il i mestone, X decays with cycl-emmiurmbeal a
|l aw of Grasa and Abgaunp ti48.4113( 2006)

8 pIpfp & QO & 90

which f ad¢d sO.f7rOonmt oXod Oe®.7@Ylawi thin tens obBtapecleged
pell et instead retains a mulc.h5)h,i gshoe rt hree sdiedsuiagln caadpoapc
conversion h®eI&0 &2arwXt® an icgdi t0i.®I5 dodercwaeri snigont oX t |
over approximately 50 cycles before scheduled stea

This design value must be distinguished from,what
the carbonator is ameRGybmsn{( ®i zlasi bnegebl ock, used

stream behavior rather than to impose a conversion
di spl aced t gwarhdes RGO s c arsb ard antosrt @drbofatéede circ
neeart oi chi omettreiacr boanl criautm o used. It returns Fa con)
capture of & 98 %. This equilibrium value is there
representnganed skifniesiiitcesd behavior of a real sorbent
4 008@2, together withgdt®. 5 ,cliic aecawnydifmrplry Xadoy
' imited design val ueeacanramied & g es stniieenittse odhbmed asroe d e
engi nemarteed i al design choice rather than a property
Furthermor e, Fern8§ndez etbeall .cairmbwensattiogateperaat p agk

pressur e -7a5n0d A6CS Oa n d reported dgpmmpeaxitrhatoaulgpho-Q¥7 %t GE€
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breakthrough period, with breakt h®&umghnoccder i ade a
preheated [chbhdi[EkdD@adi ng carbonation beyond breakt]
t he pHadweat di ffusi on Fruepgiarnkee, dwelcereeas€® whil e pr o
Accordingly, a carbonation timengfth® miegi wasngdop
breakthrough window and providing a conservative
utilization. As the experimental study did not r e
carbonation convédsgpeonPused modet hawas treated as ar

e process oper at escywiltehs acsoynmsmesttriincg hoafl f15 min ca
n of calcination and purge, giving a total cycl
resguent !l y, each reactor spends 60% of itFsapperati
erefore requires multiple fixed beds operating irt
ssel configuration st aggoeprteedd abte c5a umsien iitn treari vnatlasi
rbonation and two in regeneration at all R imes.
pture while defining the serctoenmtmiicn \aesTsheesrsyneena & v
ate model r e pbreeds ecnat nsf itghuer aftiixoerd by a single car bon
process the total gasavémagadch db ¢ e pvr-woauxel ft hedh e
operating cost assessmentes holwevenf i guer btaisemnd o
ntory, bed switching, and reactivation depend
l'ified reactor repr esoesrtt aitsi oens. t iTnhaet erde afcotro rt wcoa
iding the required total bed volume, whi-l e the
el arrangement i s included separately as the
eforaeeiatfiect $he predicted process pecbdbopomaaoce
Even with a mayenietde cauppamntt oatpemat cycl es p
ering, progres$caetyi mgdaoaapagi thea€®©ording to
rval of 50 operating cycles was therefore adc
i nuotuisom.peThi s value is conservatdwel aedarvivee
rted fadrumé-smlageomt ed [sSlodyBllemnescor e, etacthheopemadat of
rval , the bed is isolated and reacB80D0atA€d fhoy
oximately 20 min, pr omoEqgiung 4t.hle4 hydrati on reac

03 -
o T =T

—
>0

Q T - 0 T n S T T n T AT 0 0<
T S ®OoO S T o oS omO T T3 0 "o o 0

T T S ™S 0WODd®nOo 3 <O
S ®O0o~"®~c - 0<DTO

#AO (ciICOo#A ( O T

Steam hydration causes a vsoulbusniea n tfiraa c tiunrcirnega steh ei ns isr
and restoring pore structure.Fddpompsessebsehaekt tbeapb

recovering sofbentadopbaetdi sothent performance, with
0.8B00. 82, mor9e8 % heecovery after each reactivation, 1°F¢
cycl es, |l ies at the optimistic end of the range re
as an -bupwpred assumption. This assamptalonsdi-bprt | yna
requirement and, consequentl y| obbéengppr atapg.radkke |
scales inversely with the assumed sorbent | ifeti me,
the reported otpwerrea.t iMgs eenxspietnidvii ty analysis examinin
and | ifetime is included as part [of7TE/Klper f meot al wet

have shown that steam reactivation can restore mor
provided the treatment temperature remain&[HdaglBdw 1t |
The rteepdcahydration and dehydration gr adaraddki nvgpe akrec
attrition. A maximum of 15 steam reactivation tre
replacement, giving an overal/l | i f etliSmer e;afct 7 v@t iog
equi valent to approximately 13 days of continuous
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service |ife, the spent sorbent, coalsumitn atge pgs emmani
proposed as a posttdnntuitel, olrionvkadteiss emb wtiirlciud atri @mdr ou't
landfill disposal Overall, Téaekldassumptions

Tabl £44Consol i dated

process

modedbieng cplhcamen gr sy Stoemt he fi

Design param¢Baseline vIEngineering rationale /
85 wt % CaO . . .
Sorbent formu'éd)(’jc‘x(') May ersittaecbi | i zed[ pERI L7 8 hn
. o Design target held above
Operational cog(¥a 0.95) reactivati on
Carbonatioon) ti|l15 min Desi gn [clhfo5 c[el 7 6]
Calcinatiom )+ |10 min En_dothermlp decomp05|t|0n
swing, design choice
Total | ¢ompé awom 25 min 0 o
Daily cycling |57.6 cycles|1440/ 25
Reactivation ijlevery 50 cy/Decawnfof med]
Steam fl ush 25800 AC, ~Below CGaeO@Odmposition page
Max. reactiyat|l5 per batc/Assumed mechfabh7&al | i mit
Ultimate ijuel)legso cycles |59 v 15, 750/57.6
ays
Annual sorbent/ld 28 batche/365/13.02 (exact)
Vessel matri x 5 (3 Carb.onDutbyaIanced from 3:2 ratigd
regeneratin
4. 5 Hkat i ntegration
The Hhedtegrati on scheme of Calcium | ooping matches
against its cold streams (to be heated), recoverin
all ow, asTalmd® cated (
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Tab#4®Process
net wor k.

st

ream

characteristi

Ccs

Stream Stream Type '(I;ecr?perature Intended Heat Exchange
Regenerated CaO ) Transfers sensible heat to the
9 . o Hot (cooled) 900 Y 6 returning carbonated sorbent
(calciner Y R :
through solidi solid recuperation.
Carbonated sorbent Cold (heated) 650 960 Preheated b_y the regengrated CaO
(carbonator before entering the calciner.
Heat recovered to preheat
Calciner COF product Hot (cooled) 900 Y 4| incoming process streams before
cooling for compression.
| Cooled to the carbonator operating
Reduction-reactor off-gas | Hot (cooled) ~850 Y | temperature while recovering heat
for process preheating.
Hot (heat Exothermic reaction heat exported
Carbonation reaction 650 as steam; insufficient temperature
source) : i
to supply the calciner directly.
S : : Endothermic heat supplied
Calcination reaction Cold (heat sink) | 900 externally by electrical heating,
4. 5CeFproduct conditioning

The FGC@&l eased
contaminati on
intercool ed

the compressor design
selected to match the
net wor k, whi ch has
since 2005.

cal cliawanpi ng

Unl i kegrfadeed appl i cati ons,

C&ri s primarily i mited by
occupational CO | imits. Because
contaminants are i mptemo dPd cuesd ,moadred
3100 mol % after steam removal).
as a design assumption.

from -t te)

in an

adopted

ciad ccoersi der ed
i deal i
€OWPpLtepswdt h ( 8Mn

zed

casebartln

for t he

ogy

andl dnpgiemg ehde ahte art e ceox\

essentially

a sstthargdees e q
i sentr epi cteafgfei,ciceomcsy sd
cryogenic

S

operating FEtondAssoms!l afi amet

6 2

Bfurpprm i thle i Rdus¢erdam ICOgi on
Comprédaesiedmrieode2fdi nensttpeobattespeci fi
process.

the cal

The

to

whicomt aeng @miainief exatinemyehtt
phytot oxi cFtsomedihes

sw o

cdeer ved
tphree dAxc tFsstare aens s e
suitability
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4. dec hthmonomi ¢ Assessment

4. 6 Stope, accounting perspective and funct
The t echmomic anal ysi s ( TEA) evaluates t he econc
separation -lamapicrmd cpruacesses using the verified ma
in Aspen Pl us. Capital expenditure 6aCAPEXNVel Dpeda
indicators are determined using the structured TEA
economic viability is assessed thro(l dATOhhe dda vsaclowanttiec
is conducted from a process engineering perspectiyv
fur nmece (BFG) i nl et to the Fdeti hegdy ogéncpnddutcbae!
reacti on, separati on, dehydrabindnti oompgessi 6. atndi
are assumed to be supplied entirely by-epacthasedac
case.

—

h routes are evaluat ed %tavla,idOa iNmjt/yh (BF @ 5wWi tohp ef
d share the salneopiirnogn fcrhoenmti ceand but di ffer only

ctions. For the cryogenic -paut ey patqdiadtt vOore es p
el ciduamoping route del i Fetrise ambcadtoc2h tnit etgedtCON wi t

O+ O ST vw O W@
5 0 ® 0O ® S o

rticultural net wor k. The product sprediffiiccatriedn e c
tur al process out put andoutneg,endatdherndt huasre ionfip oe
nditioning steps that are not intrinsic to the s
e recovered hydrogen is returnedtto utsiee iinntgead rv
nealingr Bedatorihdhgphere processes, and is valued
the economic assessment. Consequently, differences

the downsttrcapmuiC® and conditioning processes und e
Performance is evaluated Hprimmgudthe( U0 @QR)l,i zteldé& cloesut e |
capture (LCOC), net present value (NPV), and payba

The study iiglyearef eesithimate corresponding to Cl as:e
(Association for the Advancement of Cost Engineer
expected accuracy of about T30 % to +50 %.timhhgi s c
technol ogies and identifying the dominant <cost dri
for a final invest ment decisi on; hence, results ar
[ 180]

4. 6C@mmon economic and financi al basi s

A common set of fnisnansciaaplpla sesdunpot iboet mmario®ldise r ou
46. Thechasgeanal ysis assumes a discourctt rdatfe off 5B
which corresponds to a capital recovery factor (CRI
4.15

OYOp QA7 p A p 1L pPCPIH YU WL (4. 15)

The reciprocal of the capBatablr§& eBHeWaxgyx ffapt esent ha
the present value of a U0l annual payment over 10 vy

Capital expenditure +tyseadi sctornish utuecd-2@aa8rp ean stiolrge(e? 02 ®
expenditure profile, with commerci al operation ¢
6 4
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assumptions and cost factors aréaddogobeer hmemtastt a
sources. The corporate tax rate of 29. 9% correspon
while the 2% annual price escalati onr errenf liendtlsattihoen
[ 18[1]8=Rt]r &aliigme depreciation over 10 years fdBI3dws

Process and project contiemgemgcy palblcaoawameeas, aemgicno
cost s, commi ssioning, | amcdapatglui sfiatcitoor s a md e w dbraksie
recommendafAACEs Pa.adBiDc pAvBedrTad b l,es udmnbar i zes t he finan

Tabd4d&Consolidated economichandufeéespnci al basis (bot
Parameter Val ue Not e

Pl ant availabi|92 % (8,059 h/y) design bas
Di scount rate |5 % / 10 vy CRF = 0.12
Construction /{20268 (20/40/40) [/ |phased CAP
Escal ati on 2 %ly ECB target
Depreciation /|straliighhg 10 y / 10 |financed a
Corporate tax [29.9 % on profit
Land / EPC [/ |3 % / 15 % / 3 % o|lfactori al
Process [/ proj|l10 % / 20 % Cl a4sal |l owa
Commi ssioning |5 % of TPC st aimpt

Mai nt enance 5 %Fe&el /y fixed OPEX
Il nsurance & tal. 15 % of FCIl /vy fixed OPEX
Operating | abo3 operators [ 85,0[fixed OPEX
Supervision 15 % of | abor = 38|fixed OPEX
Laboratory / Qallowance = 15, 000|fixed OPEX
Pl ant overhead30 %W ador = 76,500 |fixed OPEX
Electricity 0.14 EUR/ kWh (140 grid tarif
EUETS price 95 EURFt CO on ks ip

4. 6 Caapital cost estimation (CAPEX)

Equi pment such as heat exchanger s, compressors and
the Aspen Plus model ed dat a. I nstalled equi pment c
dat abaRGdHFaorfd suppl emented by Isatainadras dwiltersd i rnegq wiorr e
the cryogenic distillation system is costed as th
reboiler. The two RGi bbs reactors have no physical
externally bxapseeanrorni etrhei nowentory and reactor cycl e
costed as-li efdastedlpnpressure vessels, which.is co
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The installed equipment costs are then combined to
the overall capital investment is estimhitgdnd@si ng |
The bare erected cost (BEC) is increased by allowar
construction (EPC, 15%) ) ,prpoo¢estcecminitngagraxy( 1 2% %
to obtain the total plant cost (TPC). Commissionin
to determine the tot kI gidesitTrhemt, ddhdxet (i Xled) c@apit s
which excludes the cost of | and but includes commi
annual mai nt enance anidstaledeqwri pmMmeatc aotse.s The the cr
calcium |l ooping, estimated usingsumeamien edpme mndiyc al:s

INSTALLED EQUIPMENT TOTAL PLANT COST (TPC) TOTAL INVESTMENT COST (TIC)
sum of installed equipment BEC + indirect + contingencies > g TPC + commissioning
+ licensing + working capital

+ Indirect and contingency factors + Commissioning and working capital
« Land — 3% of BEC « Commissioning / start-up — 5% of TPC
* EPC services — 15% of BEC « Working capital — carrier bed fill +

« Process contingency — 10% of (BEC + EPC) mol-sieve charge + spares

« Project contingency — 20% of (BEC + EPC + proc.)
« Licensing — 3% of BEC

FiguneMet hodol ogy for estimating total

4. 60perating cost estimation (OPEX)

Annu
calc
pric
hour
hour

The
a fr

wher
ener
t he

The
cont
out s
ther
gas.
wo ul
batt

al operating costs are divided into fixed and

ulated by multiplying the annual consumption o
e. Annual materi al c otnhseu nepit mwlna ti esd dnea sesr nfi Incevd rf e
s, while electricity costs are calculated from
s. Tshmee aiofuitee variable cost items are summari zec
bl ast furnastoghsi ¢§BaES3i §eed an opportunity co

ee raw materi al. In the base case, the BFG i s
OgEc LHVE)energ]/'[@U'kzIWHt CEURMWh C(@EUR 0o

e the | caweaure K amdbtviiivgpifes cal cul ated from the BFG
gy PBoEUR/MWhoifs adoptReaHHRE f rTdams value is included a
economic analysis.

system boundary assiucnmgacfitfhetvifee paitwart&@Pen st ep,
fBhesunconverEFEed sCO@ eadarnud nted t a atsh en ed tweoe |kwarnkds cfou
ide the battery HFeimiistssi oonfs tahnids tsEdullays. ¢ @ diish 1GQy E
efore attributed to thevarleceredintg iisnsdsadil g a d nt

This is a conservative assumption because the
d i mprove the economics of bot-BTSaphargerwiut Ris|
ery | i niyt st oaksphleipeCO o n
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On t
cont
on t
pl an
i nsu
and
cons
mar k

he other harmd,stfsi xeodnpa p esrea toipreg ating | abor, sup
r ol (QC), plant overheads, maintenance, insura
hree operators at an annual cost of &%, GO@ EUTF
t overheads are estimatedTaabclceprddhehbet mat heefhaw
rance are calcul ated as percentages of the fix
consumabl es, i ncl waitreg , elsectrinti t yo,xygtesmanc,ar r i
umabl es, are obtained frRGHFahd bBopplembntedt by
et references where required.

Annual revenue was calculated from the annual production of COF and HF multiplied by their

respective market prices (Eq. 4.17). The cryogenic route assumes food-grade COF( 126 0/t ), whi |
calcium-looping route assumes greenhouse-grade COF( 1 80/ t ) . Hydrogen was vall
2 AOAT DAB,, 1 (B, % X
4. 6 Performadceators
Project profitability is evaluated using a DCF mode
operating costs, taxes, and the depreciation tax
Accordingly, each i muedt merctk d oms tt hies bdissec ywe ar .
The principal economic performanclecapntduirceat(orCOG) ,t F
annualizes the total i nvest ment using the capital
annual oper aBgu.g 4c.ols&
#2® ) # 0%82AORT O
B # i P Y
R
The |l evelized cost of product HsleCOR)Ngi prdlcseo tdatterr
present value (NPV) of wheerroe. T h e -wlqelzatopiacerentngdor u s e d
the phased capital expenditure, BEgndl9andEq. 420 e di sco
4) #3 I | 08 a0 2AOART O
a0t i faio B W
A
06 00 g
. e 18 T
Both indicators are evafuanbaprpdiogaanbapneatozedabpee
comparison of the two process routes. To e#&nplwe men
model is also developed. This modkinéndeppecaaesod
years, corporate taxation, and annual price escal a
of the project's commerci al performance.
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4. 6 .Sentsiivity analysis

A si-pgtameter sensitivity analysi-sase abadi peohsr m

the robustness of the economic results. The par ame:
1,000, 68,500, ain ®FG7 4,1000 2%HG, hnd 100% of the ava
price, and the EU ETS carbon price, which affects

residrFali gOand the ecdoamtoreal ue of CO

Capital does not sciadeeh erieefecartel , e qwii pimepk a mb po-wies s c
|l aw scaling rEgluat i4dam®Rslhi p

3 8
#  #Hoa 8 p

" Bork
Wherdescal ed equitppeamftercmnstce eqi¥epmepmenbssize or ca
¥r4 ef erence equi pment size or capacity, and the sc
throughout the economic modé&daptVareabl @ndpley drt o ggn c
assumed to scale linearly wiitntg pladrotr timrcoe@spdt i n
(three, si x, and ten operators). The |l evelized cos
the scaled capital cost , adding the scaled operat

dividing mly EKCeptaumneud. As pl ant capacity increase:
because capital costs i Rpcrroedauscet il cers.s Q oampsi edd we ntthlayn, Cc
pl ant capacities enables the effect oof bpel aenvt a | sucaatle
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Results and Discussi on

al

chapter presents and discusses the technical
ss configurations. The technical and economi
rmance dfootphengcalnedi tmyogenic separation route
t s, including stream tables and wuni.tBobperat
ol ogi es compr i-eaemrd ab xdammolno oifps owetixi acnhi n e d first
rmance fixes the compiochtsbneamdt iaowbotfhtdap
guently fueawbceTlgasbliasfed t-b01XI hewhiedhuchaonart
362. 9 kéth/)h Whie.ree2 tkhmreolreduci ng $§pesctireisp ilnattthiec e
the carrier and Bhreoudteastel viriss oghaptzed. t he
ferred tobagndhéeadoppteed) cacsmesiantdenthewpdhtaistee cas
und; the basis for this boundupgriesuéesscaBai &Sbedi
bd asaa conditional screening on this basis.

O T T
c ®© —~ T

o - 0 = 0o —
P 0w o> T PO O
® O 5 £ OO

- o= -0 n T
o
3

oo~ hcCc @O

The reduced iron phase in -shbschiempetr Alitx@) swh abge,
compiotsi on varies continuously with temperature an
composition component available in Aspen Pl us rep
i nternalcloynsglsaset simulations were theageftdre readnur
phase as stoichiometric FeO (x = 0) in haOh(xeactoc
0
b
0

o =

.053) in both reactors. The two compositions br a;
racket the fOMwasuréeede bBBugdadeyt he FeO representatio
fgfas oxi dation degree of 0.897 and the w¢gstite refj
approxi mately 0.78 at 850 AC.

I'n the reduc-t0odbh, rebhetbBeO(Represent at ioxn dparte doinc tosf
and the eqg®modli &rfi wanc CiOon i r0.t3h@ed mpeadruecde dwigtahs aipspr o X i
when the reduced phase Tihi g ehirfefseernd nrecde assr iwgesd iftream
determined #®yetrlgy @Eialbhkmas of t he two solid mEphhasgesds nrgat
capacity.-efhlee g@i Wias a f or MWUKEEQ ee qgpulialciebrtihuem Fbeoundar
gas oxidation degree, causing the reaction to reac
in the conversion dfhifcsewesar comlsBa @ fftsGanietrh dtitagr a m,

80
70
60
50
40

m 70.1t/yr

w0

0¢K,

20 16.6t/yr

10

Wustite (Fe0.9470) Stoichiometric FeO
m Waustite (Fe0.947Q) Stoichiometric FeO

Figwbn€ompari skgmed desi ot ewand st oi chi

69



Gunel Rahi ml i Restussl and Discuss

i denti fsitewods chommetric w¢gstite as the thermodynamic
operating temperatures and oxygen|[ p&€pbestgakstlicy,ns
equilibrium predicted using the Aspen w¢gstite comp
conversion anfprroedduuccteido nCO However, in the oxidati

observiebdh.s-€Ghreeg@gy mini mi zation using the w¢gsti-te

tdnydrogen conversion a&ydetdetbharéehe RFRe@heepdHesent
yield aobfouwtnlly. 0FurkdneorisdnielseHe aendHieg brl)le. These edgdppadisng

are summaTraibzddéd i n

The two simulations differ correspondingly in the oxygen transferred per pass. At the simulated active
carrier feed of 9.38 kmol/h FerOW the wistite case is equilibrium-limited. 4.32 kmol O/h are
transferred to the gas, 4.19 kmol/h of FepOnremain unreacted, and the same 4.32 kmol O/h are
restored in the oxidation step, so that the carrier returns to its initial composition and the solid loop
closes. The FeO case is instead limited by the carrier supply, the whole feed being converted and
9.38 kmol O/h transferred, of which only 1.02 kmol O/h are restored under the same steam feed. The
CO conversion of 79.8% reported for that case is therefore set by the carrier feed rate rather than by
the gas-solid equilibrium.

The values reported for the adopted case combine the CO conversion and off-gas composition of the
FeO simulation with the hydrogen vyield of the wistite simulation. This combination does not
correspond to a single simulation and is therefore reported as an optimistic upper bound, with the
phase-consistent wistite case (T a b 5. 32.6% CO conversion, off-gas COF fraction 0.289) as the
lower bound.

These findings demonstrate that the oxygen-carrying characteristics of the iron-oxide material play a
crucial role in determining COFconversion and HF production, and that engineering the oxygen carrier
to maximize reversible oxygen transfer while maintaining structural stability is essential for improving
the performance of chemical looping systems. Future work should therefore re-simulate both reactors
with a single, consistent non-stoichiometric wistite composition, repeat this at several compositions
across the Feg © field, and carry each case through to the techno-economic assessment in order to
confirm whether the levelized costs and the ranking of the two capture routes remain unchanged.

Tabb&Results of t-dhen stiwsot emmhtassei mul ati ons and theumdl ues

(adopted) case

Quantity FeO moW¢stite |Upper bound
R-101 CO conversio?79. 8 32.6 FeO

R-101 F&Ol e fr aegaiso0. 394 |0. 289 FeO
R-102FyH el d (t/ y) 16. 6 70. 1 W¢stite
R-102 S#tathFmonversi|l10. 9 46. 1 W¢stite

T h @pper bound (a d o p)tcasedsi mul ati on converts 79.8 % of the
kmol / h) and 90.F4 f %oof 1t B® 3i mloetD. 52 k moD/ bt. HaBte c au
reacts abstracts one oxygen atom from tWkendatrdér,

kmol / At ®fstHeam. The reactor therefore generates
from the feed aRfd owa%fs@ém tdh el TO59 kmol/h. -TDhé&
strongly enkF(iGCamed ei fir @0tHioquwrBe 3a89Md depl et ed i n
species, with the dwrhrmardiuvtalbh® c ompeosd.tdi & nkmol / h
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transf arhreedyatso reduces t Oe®t 88i kkgnotl idh mé adteor 2
(1) oxide whi ch {192t loxn daxXii dinz esd eipn t he R
Tabb2 nl et and outlet mol act 6-A@Rs( ®50tA@, r2duat) on
Speci es Feed in R-101 Out mol gChange [/
(kmol / h)

CcoO 9.945 2.0009 0.045 79.8 % cd
HF 1.593 0.152 0.003 90.4 % cd
CGr 9.659 17.59 0.394 +7.93 (f
HFO 0 1.441 0.032 +1. @fAor me
NF 23.42 23.42 0.525 inert
Gas total 44.62 44.61 1.000 T
Carrier (SFgOn9. 38 FeO 28. 13]i FeOuY 3 F

45

) 39.4%%

« 40

— 35

<

< 30

e

25 = 21.65%

'~ 20

~ 15

10

5

0

Raw BFG (feed) R-101 outlet (wet)
m Raw BFG (feed) = R-101 outlet (wet)

Fi gbbRECGconcentration betloooep afnmdd napfrtoec
The outletlOffasonfe®ponds to a gas oxidation degree
0.897, whi ch exceedaw ittsh ¢ emédauunrdead yFeof appr.ohkiiamat el

Di sc

reactor

reflects t he i ded&leiOz erde pgteiemt iad meetnreiroonh o slat &Gi pbac
equilibrium at a higher oxidation degree, and
upper bound, as discussed above.

In theisoemameh@2progdkrating at 700 AC, t he

steam (9.38 kmol/h) and produces 8.7 kg/ ht of70.yldr c
t/yr. This corr d&ghpyodnrdosg etho cao nyteeadamon of 46. 1% with
steam consumed and the remaining 91 kg/h | &&visng u
conversion is set by thermodynamicceduiclairbbr ieumaam
rather than by.Arte a&®t0i &%C At heetqgiucisl i bri um establ i she:
attainAblrmti o, beyond which no further hydrogen ca
ti nmlehe steam feed of 9.38 kmol/h is stoichiometric

stoi chiFoen@etrrepxr esent ati on of

which 4. 32
kmol / h of

4 .32
oxidati on

k mo |

reactor

O/ h
hydrogen
i s

ar e
prod
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The conversion of 46.1 % accordingly refers to toh
incomplete regeneration of the carrier; tA@deunr e:
oper at iansgs ecsossmment nevertheless charges the full ste
for condensate recovery, and is FEulretrredromer ec,oncre va
oxatdi on reactor at a | ower temperature than the re
hydrogen producti on, as the exothermic steam oxi d.
yields at | owérn gtbe8ymper atures (

Furthermore, theteepectagdireperadtsiongesulted in the

n

both reactors. No solid carbon phase was predic

100 90.3%
u 79.8%

90
80
70
60
50
40
30
20
10

B 46%

CONVERSION %

CO conversion,-R01 H2 conversion,R01 Steamto-H2, R102
m CO conversion, R-101m H2 conversion, R-101m Steam-to-H2, R-102

Fi gbBReactant convecbsopn&madnprtdee

oxidation reactor (700 AC) at equil i bri uoms wheintahi nc
outside the thermodynamically favorable region f ol
temperature selection discussed in the methodol og:

oxygen carrier.

Aspen Plus reportsetghieracdtt emai mWtuaiyn t he specifie

e

- DT T Q9 9 00T IO XD

a
t

ch RGi bbs reactor. -TGgé)reduenhdonheemctoprr é®uirin
850 AC, whereas the -BG2)am o xdxatth emmire,acrn @lre g Ri

W at 7B0eOc aluG.e the | oop isswmpbcemdnféededsbedbvien wh

I

e
h
e
5
s
n
0
e
u

ternates bet vweyecrl etshe tthweo htealtf rel eased during oxi

at in the bed and reduces thaeaxt eredallctheoat srteq@yl
er mal demand of 359 kW, this -bsedacoonhsggquanicen o1
at exchange between the two reactors, which woul ¢
0 AC demand. 9% ppo yeilnegct r h e a | conversion efficiert

sessment gives t h®u@Bpl7yi9n k W Iceh arr ggdbuyc teiloenc tdruitcyi teyn |
y credit for the oxidation exotherm would add ap
utes and would not alteflleteddeseanktuhleg odpdihket ¢ woe
at required to pr efhuerantacteh egaisncfornrimg2 S|lAGttaa 850
rtmBb&w. 35
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The magnitude and sign of the reactor duties refle
by the RGibbs model. In the reduction reactor, he
temperature whil et rlaantstfiecrer edx yfgeorm insagnetite to th
reducing the oxygen carrier to a | ower oxiFd &t i on
individually exothermic, the overall equil ibrium
reudction of the oxygen carrier under the specified
reactor reverses tioixs dpzesegsddhe SBteelamede i ron oxi de
oxygen to the oxygen carrifesrhiwbi Oei igdrogest ep psoc
heat is released rather than consumed, which resul:
Pl us.

5. XCryogenic Separation

Using $hagéORadFrac distillation3soAdmmreadpeaubi g -
| i guiFdpr@@uct containim®g wWh9i.coh nsollidgh€COy exceeds t |
specification. Of Fetrhtee r7i7mdg. 4t hkeg /cho lof mnCO 735. 7 kg/ h

bottoms product while only 38&.i7 hk gp/vlerves dl ovsatp owi, t It
to a pasgFr€eOcovery of 95. 0 %. Mai ntaining this sepa
approxi matel y9.83 8AGWamd a reboiler duty of appr o
corresponding r edp urxatriaad i obtaanidnebdoiflr om t he Aspen P|
0.62 and 1. 00, respectivel y.

The high purityhapdedeaoeeray darect consedquagmuda o

equi |l i br i uiNFsoyfs ttehne uUO\Gder t he sel ect4ed eperatd myogeem
temper at3lbr eACGfe@@i |y condenses while nitrogem r ema
phase owing to its substantially higher Frel host i Wit
the overhead stream while the |liquid bottoms prod:
predicts thafprtohdeuclti gsutai g pl € @xoi Omadtiemhszl %wlNi ch i ndi cat
compl ete nitrogen removal is thermodynamically wunat
because of t-heqtidi equvapbrium solfRbiAbi ayresahttr bt
purity approachFbatl@@®@emoin®WtC®each it.

The simulated operating conditions are aFlpshoasthern
behavior. The con®&nsSerACopenatvesliatg the refrfFgerat
seliecel vy, whereas the reboiler operates at only 6.
pressure of 43 bar substantially IiEncTheea sreesl athiev eslay 1
ratio of 0.62 represents tbhye tchenvVAsrpeeend PV aulsu eD edsd tgenr
satisfy thepureistiy.edAsCOX he reflux ratio governs the
the column, it directly determines the condenser a
separan. This value indicates that the desired proc
internal recirculation, which confirms ENrFeyé§temrab
under the selected operatingscadmrdionisoemate Orvdraal It,
operating conditions provide Bpureiftfye,ctt & e o vhearlyan ce
consumpti on, which confirms the suitabi-gdurtiyt yofl icaru

CGfrom t-bri e ghoapicress.
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Prior to cryogenikFrisepagraast iiosn,c otnhper eG&G ed t o the col

43 bar wussithggea ifmtuarcool ed compressor, for which th
requirementTlhhd demprkeMssor is sized and costeathi coh a
includes a margyn9o% epprokhematel cul ated duty, and
charges 1,0%.t&ikhwWd by dividing this design rating
throughout the cost model . Charging ednrctthré cd alyc wlne
shaft power is conservative by approxi matrellhye 12 k
compress®ds wase g uendll ¢d pfrreed3nd 36C,AQ equiring 40.9 kW
entering the distillation column. Within the col umi
condenser operating5a3 A@pr whemeaslrtemaui rebBoionl y ¢
approxi mately 6.9 AC. The combined feed precool in
approxi mately 130 kW of refrigeration. The refri
compressor power r equdwermenitt (rlep/r &kswnt shotwhe def i ni
the cryogenic route because it must be supplied at

The composite curves HFiog i) es pcarny oag emmui cch rboruotaed e(r t er
than those dfootphenge alrcoicienss, exte®&i hg B50mA&ppTbei
hea&txchangerrk nreeovwovers 337.9 kW of heat @irmmtcersrsa lhleya t
exchangers, operating with a minimum temperature a
heatecovery regions are evident. AboveeambBi pntheamp
bl afsutr npacse feed and reaclt®Y artldladihXr ewwiotvherHX g 257. 9
k W, respectivel y,r escionvielrayr atror atnlgpee mematpiomg t heocad <.i
ambient temperatur-es¢ hrthbeeaedc osltdr enaint rloegaevni ng t he di st
as95 AC) i s-10e canldd HIXXoo0o @Ir et he c o Fpirets sfe@edCObef or e
the refrigeration system, recovering aweratdidciali osntad

Cryogenic route — heat-recovery composite curves

Total heat recovered: 337.9 kW

800 A

600

400 A

200 A

Temperature, T (°C)

ATmin= 21 °C

Recovery envelope
—o— Hot composite (streams cooled)
—e— Cold composite (streams heated)

0 50 100 150 200 250 300 350
Cumulative heat duty, Q (kW)

Figwbd€omposite curves ofetbeecyyogeworc!
kW of recoveambi beadtjinsapbgration to 195 )
approach of approximately 21 AC.
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the hot composite cub®@eA@tmaphs oxhenatrerdys@Bhdohotwwet v
temperature recovery regions, while the minimum tert
the cryogenic -sempeoat uflbi hierhebomrleyc orveedwyc eds t he ext e
duty required before cryogenic distillation.
Comparison of the compositeexumamrge Wi akbhbWibrekipa otpeos ¢
that, although 337.9 kW of heat is already recover
theoretically possi bl e. Hoeiwnetveegrr,at é wenh hcaomple ¢ d eosdse a &
requires a minimum external cold wutility of approx
duty occurs at cryogenic temperatures, it cannot b«
and instead requireisomechlains catrecedci glee atefrigera
basis for the electricity consumption agdan dmitced
assessment .
TabbIProcewpsocess heagd iex cthhaemgerryogenic model (duties col
ent hal pi es) .
. Hot st Col d st Dut y .
Uni t (cooledHOt T (heateCOld T (kW Functi
. Feedehel
4ireduced 850. 0 25. 0
HX101 (CRrich 330. 1iBFG f 638 7257 efflue
recove
51T HF+steam/ 700. 0 . 200. 0
HX104 102 prod 210. 7ist ea 680 0 47 . ]St eamheadq
. 20 NFri ¢ .
l6compr e 35.0 195. 3 Cold re
HX*103 Crg a s '|'20.0Vent ( 5.3 25 (pco®ol i
OH)
Hxito2{1acarrich| °0 0 | 2UNFiCg 3 ¢ | 7 1/ cold re
38.0 vent
5. Zalcium [ ooping
I n terms ofl otohpe ncga Ircoiun re , -efnodl loorvibidreg |tohoep ifnrgofpti cbe s s,
gas enters the carborasochwemecal pgsabasr B6d biyheaOO
carbonator operating apa$5BcCBpQ uarceh ieefvieidc iae nsciyn golfe 97

gaseoulf | ®Qv
Co n s engtuley ,

solid

l ow FGO i

equi |l i

This h

Ca@alCB3ystem at

appr ox
0.59 b
whi ch
cal ciwu
equi |l i

bet weheer mody nami ¢

from 774.35
approxi mately
sorbentl eaasviGagC@ nl y
p demonstrates
brium under the

kg/ h at the reactor inlet
7P 5s. 4t rkagn/shf eafr egla f @ ours t @
Bc smrad it rreetsii adru ailn CtOhe owut
t hat t he car boomatihem moa@wnrm
selected operating condition
igh capture performance is primarily a conse
650 AC. At this Fpampémat pmre Cdh @ s@ ¢
0. 01 Faamti avlhepreass tae&bhan® atplpe oixn Imeatt ed «
ar. The resulting dri vi ngogr efaotrecre tihsa nt htehree feoqgruei
strongly favors odiboom®ind  COQuBuddry trleeasd sc avi
m carbonate and proghas eicwW@lcye nd e cart d aosne su ntth d
brium residual remains. The selection of 650
equilibrium and reaction kinetic:
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Ckpressure increases rapidly, which reduces the
temperatures improve equilibrium but significantly

In the calciner operating at 900 AC, the captured
regene€a®Oifhgr recycling to the carbon&pmoodwdi | £t r e
of 805.38 kgl h (6,d49nmultdtfedr €EAmheexebgedddchet he 1 eq
specification FfforO9%5hemoelnt QG e. Unli ke (tFmeastr peger
separated from a multicomponent g afFsd i miextt U rye ,t htrloai ¢
t her mal denc oomfp o€ B0 a result, nitrogen remains i
electrically heated calciner avoids dilution by cotl
CGrstream. Furthermore, the calcinatiomuti ¢ mpei atmu rCe
pressure excrpadsibhep€®ssure within thekeaocempgdoirt, i d

towar ds compl etion and enabling efficient regene
carbonati on cycl es. The cal coiner r evast omodaed umi ag
decompositippncohsCa€®nt with common model i pg7p}act
Under this assumption, the simul ated Pprreoldeuacste ds tdruerai
calcination. I n practice, however, the product pur
presence of trace i mpuriti eoy[r $edh ds omedsgiheduaclar\
Nevertheless, these impurities are expected to hav
theFCOrity would remain well above the required spe
not perfeeamnlderpumdustri al operating conditions.

Furthermore, an initial inspection of the converge
bal ance inconsi st eHdcoyopwintghisrmu btshyes tcearl.ckFpiin duech c s tr rea

|l eaving thentcailcecme805F 38xkgetdiaofy COe 774. 35 kg/ h e
At first gl ance, this suggests that Ftthan siytst e ec @ir
apparently violating mass cdresverl v atniaony.s aldeweevirebra, 6 ¢

overall carbon bal an¢Te bib.# Trhieg oarpopuasrl eyn ts adtiisscfrieepda n cy
the carbonator, modred ®&at ars, ains RiGdtbbr estricted to th
all ows all thermodynamically favorable equilibrium

900 B CO2774.4m C0O2805.4

800

700

600

500

< 400

E)300

20 CQ56.2

100 = :

0 e

COo2 CO
m Carbonator feed m Calciner product

Fi gbbb€&and CO flow rat-®ecalaeroarmrsbarl
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Consequently, resi dual carbon mongasdehiéac(WG®)th
(Egq 2.7), gener &andryH d& chd int it hrealcaC®onator.

The simultaneous o cicounr rceonnctei noufo ucsalryb orneanto Fesomheh @& e\
gas phase thfougaatCa€6® reducing its partial pressu
further towards the products according to Le Chot
equblkium reactions promotes additional CO conversi
within the circulating sorbent.

The simulated stream compositions clearly demonstr
56.27 to 24.49 rkgg/t ch,t hceo reroensvpeornsdiion of 31. 78 kg/ h o
This generated approxi mat &tlyg &tOh &@r kwi/ thh B n cadduald tt i@ e
from 0.31 to 2.57 kg/ h.FaCanbablUenfby, camdondtraio 8GO
to approximately 824.35 kg/h before being capture
released 805. 38 kg/Fh eoXfXceodideqttelnd QO Ce carbonat o
of the carbon initially ptedenRathals GQOskagdeheby to
through f@a0Cla€®pi ng cyEIl gbde shown in

To confirm that this behavior does not violate mas
performed across thecahtéegeabat ed swhrbarditiedtdb. A st he

bal ance closes within 0.004%, with 235.31 kg/h ent
is well within the nameeiobhl AspenePlgesceThel ®yner gi
carbonation agnads tshhe fwatreeract i-pasd R€Optasress sy ngbave
resi dual CO into adé&whilomadi melctoxvyree édghd te¢g LKCENiIh@am.c i B @)

i mprocvairnbgon utilization, this behavior also provide
economics by increasing the quantity of valwuable p
feed.

Tabb&Car bon balance verifliooptingn pfrorc etslse cal ci um

Stream Speci es Mass f|Carbon Carbon flo
(kg/ h)|cal cul atcC/ h)

Carbonator|{CO 56. 27 56.27 1 (24,12

CGr 774.35(774.35 1211.19

Tot al car|o o] 235. 31
Carbonator|CO 24.49 |24.49 1 ]10. 49

Ck 18.91 |18.91 T |5.16
Calciner Ctr 805.38{805.38 1219.65
(M2)

Tot al car|/o o] 235. 30

I'n terms of ther mal perforbmalnazrce thleovis ptmaotPli tnlge e (
process is dominated by the |l arge reaction enthalop
The RGi bbs reactors directly report the heat dut i
provides ihnesitghhdr manlt obeahav-i oopiofigtpmhrocad<c.i-0HhiBg ,car
operating at 650 AC, is strongly exbrtéaatmdi cwiwthh c@a
form €aGd contr astl04t)he ocpaelrcaitnienrg (aRt MOOMIAC,and rhe @
1,024.4 kW to deaadmpegenGa@®e the CaOcsoopehtonfl he
contributes an additional 517.04 ,k Wamrdd wd thipRiVf d stey
released duringlO@xi draetgiaometi nEnRIntt her mal demand of
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to
Th
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rresponding to an electriid®algulr/ierpCbneétqgleénrmt PykWt h
presents the | argests.thermal duty in the proces

t hough the carbonator releases al most 900 kW of
l ciner because the two reactors operate at signif
erates at 650 AC, whered<€,thheeatlngnar teempeir ae¢ s
proxi mately 250 AC. According to the second | aw
ontaneously -tfemprnerat droeweisour ce -t empsataitufrye a e mh:
nsequently, detsipailt eh etalte rsedbesatseend duri ng carbonati
drive the endothermic calcination reaction. I n
2,024 chllkkWnation duty therefore clorBr7e88s kdsdu nti s ga
el ectric heater efficiencynaf rea%t dTothe®aht a tnhgevi(t

Ccompressi &r.gpwadnd the two BmaWl thei mohaehtelect(r

of
co
71
t e
co
t h
ro

T34 @~ ~T 0T T
®»¥ 3 ® T~ 035 - cC

n ~
o =

t he -lcoadlpciinugm pr ocess r eh.chz svebb®r .o xAlmah edgh sever
ntributealtloetlreectaviecrity consumption, the electric
f the tot al pl ant demand, making it the -domine
mperature regeneration step is tloemrsapfeocrief itcheelpercit
nsumptli 88 MWRdJdaptGiOneld as di scus sadniomitch ea stseecshlsmme
e primary factor l'imiting the economi c -lcooonppientgi t i
ut e.

Tabb®El ectrical demalndomwifnd hpr ca@é g uant 1, 000 Nmj / h

El ectrical |l ol K W|Shar

El ectric c-a0t)nel,0]71.1

Froemmmd reactofl OHda&t2] 378 24. 9
CFcompres-€OMOQAMY 2| 53 .
Feepdreheat axnudperlag 7 .

Tot al electricitl,5

(620161

2
3
0
10

o

t hermore, the composliotoep icnugr ¥ersobitasrae mohnes tcraaltcei utnm a
cess is highly integrated and capable of reco
ernally. Heat exchange-tempenrsateamn®sn0alnyhaviod hi me t
and cold composdsdley cmatvelse d,e mad®drBr. eZd phov) d-b0 @ S 5 0
cess heat recovery. The hot compofptedust psi maa
reduced gas |l eaving the reducti-roinc gaafcft wher amad
|l ctocomposite is dominated by preheating the bl
eration for the oxidation reactor.

> ® ® o T o =

e cl osest approach between the comfHXDilybercaraes
nimum temperature idnaftfeBryddi€de nes &appr @xocess pin
rall el shape of the composite curves over most
er mal match between the available hot and cold s
nshbhe to be recycled internally. As a result, t

ambient temperature to almost its reactor inlet te

Th
5..
| a
t h

e benefits of this integexthamgeanr endtuwd rhlearbsluearma re

6 Si X pppooeess heat exchangedr9s8 . .r7e ckoWtelr HFHX XTI mbri mweic

rgest indiBvi Gu MW dwtcyov(eri ng he&pr ddoamt thter eamcti o

e i ncoriumg altleagtas. The remaining exchangers reco
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the decar bgansi,zean doftf hrei cthy dorxoigdeant i on product s, ther
energy efficiently throughout the pabeessar€oneqaqgu
raise the reactor feeds to their0.f4i3nadB0adpe raéntdk Wg t

(HEO02), ryeOsfpechtiisvealotal , -B8o06ek¥WwW Iistpgoaessdn that
heating requirement of the process streams, whil e
grade heat raised as hot watiechmt. 1DHi $ ACr dammd ¢ & s
an internal duty and is therefore not part of the
waste heat in the operating cost assessment.

Despite this high degree of heat integration, t he

Il i mi t ahtel opnr cocfests. The 498. 7 kWt maoacwerse ch etaltr cewgth amr
only the sensible heating requirements of the pro

Calcium-looping route — heat-recovery composite curves

Total heat recovered: 498.7 kW

800
O
< 600 A
B~
o
—
=l
-
£ 400 -
=3
§
[_‘

200

A min = 15 °C Recovery envelope
—e— Hot composite (streams cooled)
0 —e&— Cold composite (streams heated)

0 100 200 300 400 500
Cumulative heat duty, Q (kW)

Fi gbbb€omposite curvelsoopi treedh ®ad rcyi unme
network recovers 498.7 kW of heat with a minimum
approximately 15 AC.

reaction enthalpy associated withncaChbonaaquemt layn,d, |
MW endot hermic calcination duty remains an externa
energy required tpr atlcompioan Ca€Oheat the materia
although the procdgom sa vhelals iilpreteesgpreactteidv e, subst ant
input is stildl required.
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Tabb&Procee@socess heat exchahgepsngnmodtdel calci um

unidHot strlHot [S0Nd  FCOT Dyt g (mijLmTgUA
(COOIEd(AC‘(heatec(AC(kW(AC) (AC)|(cal /|( m]
800 .. 25 .
HXOJS}fgzctv 535;6 ¥ 18715 99. 1449 |2.2
P 40. | 480
Séfarboﬁso‘ 480
HXO0 24 irasr( NV S2IBFG |Y 37.110 37.12309 1.1
g 491 | 564
rich)
S7reduc|850| 56 4
HX03jgas RCQY S3iBFG |Y 103]10 72.63309 1.6
rich) 650 | 789
S1IEG 900 | 789
HXO04product|V S4BFG |Y 28. 010 26.3256 1.2
(calcin/ 800, 849
S8HFFst e|700| 200
HXO04(RO2 ¥ SgistealY 43.110 57.9178 0.8
product|255] 640
491 . 25.
Hxswféﬁ?ﬁr'cv iifer/'v 99.1{10 50.2475 |2.3
40 . 1101
The overall picture emerging from the ther mai anal

exchanger network performs5e@0d fkf&/iginphl g, seesobbeei hg
requiring only minor trim heagéengndOO@nhhehmi othetry h
sorbent regeneration fundamentally |limits the ener
bet ween recoverable sensible heat and unavoidabl e
energy comdumnptlicdcrum | ooping and explains why the ¢
both the plant electricity demand and the operatin

Reactor heat duties (kW)

1500
m 1024kw
1000
H 517kwW
500
E ® -158KW B -898kW
0 , I ,
R-101 reduction R-102 oxidation C ator Cal calciner (endo)

-500 (endo) (exo)
-1000

B R-101 reduction (endo) ®mR-102 oxidation (exo) ®mCal carbonator (exo) ® Cal calciner (endo)
Fi gwi7eleat dut i e@sooopf atnhdel oHblpc ingmr eact
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5. Bomparative Techni cal FCaeprtfuorremaRnocuet ¢

Overall, thei Aslpatni Phsisdemonstr alt@®opgihmd &dmd hcrntyheg en
are feasible fopupridgu€Bdogt ashigable for transport
However, despite tHreiacthi nsgt rtehaem sgaemmee rGQclea p b fye madhte c o
the two technologies employ fundamentally differe

exhibit distinct eniemrtgeyg rraetgiuamm earteanrtasc t ehreiastt i cs and

Both process configurations successfully ex®88eded
mol % FGOt hough by different mechani sms. THpe odmuyg d g et
cont a99i agmoAwd% t @O apa3s n gt ecH5.ed %whoifl e tlhoeo pcian gc ipurmo c e
chemicall y97c @&t utrheed i nFewinihnign Ghe carbonator before
100% FEOoduct duri FggcbBkci Alat howmglf t he cryogenic ro
hi gher product purity, béshreambhbnobbbi apbopeothee g
mo st CCsl i cations. Consequently, product qguality
selection.

Capture efficiency & product purity

101 " 99.9%
100

99
98
97

96 ® 95% ® 95%

95
94
93
92

CO2 capture efficiency CO2 product purity
m Cryogenic m Calcium looping

u 97.7%

%

Fi gwbBEGcapture efficiency and

As separation mechani sms, cryogenic distillarftion r
and nitrogen under elevated pressure and cryogenic
CGt hrough reversible chemical absorption by CaO fo
As a resul tdlodmiengaprcoaenssei soaddnveohalkkegi dbhl coO
CGrt hrough the si muwlst asrmaédus rwatceari on within the car!l
overall carbon wutilization of the blast furnace ga!
procwbdere separation occurs purely by phase equili

I n terms of energy performance, the cryogenic pro
energy consumption. Chbmipclresgaent of apbpaero CiOnd bevley 4
refrigeration-9%5 Aa(,prroexpirneasteeniltys t he principal energ

process requires redmhbiiertl yhenontdiesd d&abtoives but sign
gas compressiomnandconekerisgeélyadiihreg carl @d aians hii gh d o mi
temperatur e r eacTthieo ne nednotthhaelrpnyi ¢ dgecomp bdhei tciadrci mfer C
approxilmat2 bMMWt her mal energy, substantially exceed

the <cryogenic process. Al t hough t IB&® 8 c &iMr @muagtho rt hre
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exothermic carbonation rea6i0 ., 0h@herhe ss healt cdiosh taivan
ACConsequently, the released heamecammaty, diamectslupss
ener gy i nput remains necessary. Wh e n electricall
approximawel yhe tot al plant electricity demand, ma
contributor twmetdhy oOoPrRs @AMPMNhigo .

These results indicate that the two technol ogies |
Cryogenic senepamhatnicral | Whernetaesnsé aleci tmerd malpliyngi ntse
Therefore, the prefemrdd otné yhmml d dhye daemmwamds of ener
the form in which that energy is available and eco

The pinch analysis further highlights the contrast
cal cliawanpi ng proedd9s8. ftelkrdwveg h -tpgroceesss heat exchange
the cryogenic pBB8ceS8SsKWecdwerged heat recovery achi
reflects the atempeamaturnd mrighess streams generat e

and tdle o reactor s, all owing extensive recovery of
recovering considerably mo#d®opeatyg pnbeesal lIsyt,iltil he
external energy requirement onwhireclsess bappasent heo

of fsets only the sensible heating requirements of
endothermic reacti on emdtehcaol nppyo srietgiuoinr.e dC of nosre gQuaetnCt | vy ,

demand r emainnast itohne dcualycir at her than the sensible he
In terms of the cryogenic process, i t eaxnhbiibeintts htehaet
recovery is | ower, the overall heating requiremen:
tempémnure sorbent regeneration is required. Il nst eac
refrigeration and gas compression. These utilities
ent hal py composite curves bec aaunsde -tltohwpye rian wa lev @ erhed
rather than direct process heat exchange. Internal
net work therefore becomes particularly important,
reduces nale rexftreirgerati on duty required by the conq¢
Overall, both technol ogi-pewsr istigcucieBashfluel | fyo ra cG LS ea php |
they i mpose fundamentally different energy dEemands
captudetiadal CO convgrRsiehiitarthetwatner and gr eat e
although these advantages are offset by the subs
regeneration. I n contrast, -tceamperaadiges reea ma ri aothi cnu t a v
eneriggyt ensi ve gas compression and refrigeration. Th
the capital invest ment , utility consumption, and o
the foll owiomgpmiechimreessment .
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5. frechbBoonomic Results and Discussi o

The t exclhmomic assessment translates the mass and e
Plus simulations into economic pFerafpdruman creo uitredi.c aAt
correspond to the treatment of 1,000 Nmj/h of bl as
%, equivalent to 8,059.2 operating hours per year.

sameLblop émdhtohemec differences presented in this
the downsEgepar &0 on technology. The following sect
operating costs, and overall economic perkiey nramscte

drivers and asfednomhei vitadbdihnmnaoy.

Tabb&presents the calculated factori al cfaipg uraat icoonss
from the bare erected cost (BEC) to the total inves
for the cryogenic process anodo pli.n2g4 pM oEWR sf, orr etphre s
capital differenceMoHURexmrucsxi matgd Ine ed.in?lg, procurem
(EPC) , contingencies, l' icensing and commissioning
installed equi pment cost , this di fference propag:
i ncreasialg itrhvee sttoment cost (TI CP. didf Me ETehRec e ntdoi raepcptr
therefore amplify the capital cost difference betw
The higher capital invest ment requwi raesds ofcdarat edde wc t

equi pment necessary for gas commpes sstFemep aC®Ohy dmat i
showrFiignbe Mat age&cCG@pressi on, the cryogeni®dodi stil
assembl vy, t he mechani cal refrigsili atvieondryaalgagueni ar
contributel ®p@r3oXMi mBeWRer espond6é 2 gt & haer dwntdl bare e
These units are unique to the cryogenflci gpureofcaecstsi oann (
puri ficati epnr elsmsdueare ftcirgghogeni ¢ oper attimg -dctaowangdedk tC @ n s
compressor (350, 000 EUR) and the cryogenic distil

| argest individual <capital items within the entire
By comparison, the capit-ladopinvgst onetnhe¢ niodt hted macdedm tit rd ac
hidRemperature process unitbBcaptqwrieg,edndmeal yc htehmd ca &
calciner, togetherstwagdrc@prmad d err. thilrteneough t hese
el evated temperatures, t hmpy exv agied rtilgee rrad ¢ lan iamal lcy
equi pment required by the cryogenic process. Conse
|l ower, resulting in a | ower total invest mentF despi
capturber rhaumrdg, t-heomgiangi pmoduct compressaor oper at
pressure of around 21 bar compared with 43 bar f ol
power requirements and a correspondingly | ower equ
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Tabb®Factorial -cmpidrayodanild oopiteg cabttcé usnhown for compeée

Al'l values in EUR
Step Factor Cryogenic|Calcium |
Finstalled
Bare erected cost equi pment 1,531,625(1,236, 000
Land 3 % of BE(Q45, 949 37,080
EPC services 15 % of BH229, 744 185, 400
. 10 % of
Process contingen (BEC+EPC) 176, 137 142,140
. . 20 % of
Project contingen (BEC+EPC+F387'501 312,708
Licensing 3 % of BE(Q45, 949 37,080
Totalcpsant TPC sum 2,416,904 |1, 950, 408
Commi ssioning 5 % of TP(Q120, 845 97,520
Wor king capital inventory 40,000 45,000
Tot al invest ment, [ TPC+comm. 42,577,749 |2,092, 928
Fixed capital, FCITPC+comm. 12, 491,801|2, 010, 848
Overall, the higher capital i nvest ment of the c¢r\
mechanically intensi Vvielcsleupdarnagt igears e@urippgmersti,on, r ef
distillati on,t ermaptehreart utrhea nc hheing hc a | conversion. Sinc
3,000,000
2,500,000
2,000,000

Working capital

o Lo
7 1,500,000 Commissioning

m Indirect
1,000,000 nairects
m BEC
500,000
0
Cryo CaL
Fi gwbOBreakdown of the total i n
were applied to both process configurationsecttshe ol
genuine differences in process equipment rat her t
Al t hough the <cryogenic process exhibits the high:i
di fference in total i nvest menct csoungpgaersitsso nt hwaitl |t hbee ¢
|l east as strongly by operating costs as by the ini

8 4
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I'n termer atfi pdga bdb@sdt mmar i zes the annual operating c
Variable operating costs dominate the total expet
distribution differs considerably because off the
capteclknol ogies. The el ectricailoppheaagt edudeael ¢disneémhec
variable cost. Based on an electrical demand of 1,
and, at the assumed electricitan panincueal ofop@.r h4 i k¢

approximately 1.22 M EUR.

Tabb&Annual opesttbnmngakdown (EUR/y) at the base

OPEX component Cryogen| Calcium |
BFG feedstock (op 250, 76 2 250, 76 2
Electricity 1,026, 6 1,710, 5
El ectric calci d 1,216, 6
Steam 57,885 60, 351
Process [/ cool i 96, 710 873
Carrier, sorbent 40,132 22,654
Fi xed costs (Il abor 542, 998§ 513, 417
permits)
Gross OPEX 2,015, 1 2,558, 5
3,000,000
2,500,000 .
m Water/handling
2,000,000
s — m Catalyst
x 1,500,000 Steam
w Fixed
1,000,000 -
m Electricity
500,000 WBFG
0
Cryo CalL

Fi gwbné@perating expenditure (OPEX)
cal cliamanpi ng processes.

I n contrast to the capital i nvestment, the operat.i
showriignbl® Al though calcium | ooping is the cheaper
expensive to operate, with a total annual operatin
for theni cr yrooque e . Electricity is the highest oper
contribution is substantially greater for calcium |

compared with 51% for the cryolgepiogpebeessi ciWiyhi
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electrically heated calciner al one represents ap
corresponding to 1.22 M EUR/yr. Thiis ashibgklawsend d
process and, in tatei pmesemeé rcoqdimged heat is suppl
rather than by fuel combustion or recovered proces
principal contributor to the -hogpeng opearhd gngatcive!
primary factor reducing its economic competitivene
chapter independently confirms that the <calciner ¢
cannot be supplied throudddi htenabhl yhetthertcroedrpp
process configurations are similar, amounting to
EUR/yr for the cryogenic process. At the relativel
retlead expenses constitute a sciogsnti fciocnapnatn epnrto,p omatkiionng
a comparatively |l arge fraction of the total annual

Further mor e, revenue i s generattaend ftrlwen b yodroadguécme do f
during t-heosteximdati on dtoeom.i nign ctomd i gallr@itu m n addi
i s obtainedofrbemtspenthe adnde xwaostte TFhemoapdsrmmar COd
di fferent market values Hetause pheduwbspwotbasdeff
cryogenic proces-puprbdu¢c®©89a9rmgheéesaml aguédd BT, vV a
EUR/ t , wheread obpengapcbaomss del iFsearssam &O05 2Mmolb%
horticultiwemaal oagp valued at 80 EUR/ t.

Al t hough tlheomxiangiruarut e capth(rée s4 9sll itg hyt Icyo nmpoarree dC Qi

the substantially |l ower selling Fpevee@aueesgcbnhnsegnoea
total annual revieooagi od phecesas cismonly 0.81 M EUR,
for the cutyen.gelhhe hydrogen credit (0.28 M EUR/vyr) i
therefore does not influence the comparison. Neve
representing approximately 15% of thantdoB& feven
cal cliwonpi ng process. The assumption that 70.1 t/yr
consi derpagddauchty credit in the economic assessment.
thus driven al most einftfiered rnyEpe pidrub@O phieef owddi dh i n
di fference in product purity and delivery pressure

On a screening basis (exc,jamdi ngfil axeon)f i leatwdii yeo e f
annual net cash flows of 1T193,073 EUR for the <cry
cal cliawanpi ng process. Consequentl vy, neither confi gul
scale prior to accounti ngghfotrhecaddftiadi te xipse ndii g nuir fei,

cryogenic process.

Foll owing the methodology described in Chapter 5,

year construct-2028peacodr d209g6t o an expenfdoltluocwe @r i
by ayéan operating period from 2@2% ht d | 208 .t oDitsheeo L
year at a discount rat-&, ©85,5008 79 i ¥leRs  faonr NPhVe -ocfr y o g
14,232,281 EUR-Ifooorp itnhge pcradl dceisusns elsn b he cumul ati ve d

remains negative throughout the project i feti me,
exceeds -yeheer toener ating horizofhl owhet abbment aff @od ¢ :
process id PpakbB®nwdil e tlhoeeopcianigcicuarsh fl ow foll ows
deteriorates further because of its persistent ann

Under these conditions, tdceeed pnewindhd armay ei mdi glett ubbe
process generates sufficient discounted returns oV
8 6
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not achieve the reqguiwkbdl B Bot At eoafigerati ons yi el

throughout the operating period, preventing the ¢
| evelciomsdd anal ysis to the discounted cash flows giv
3489 EUR/t for the cryogenic process, compared wit
for thel capicngmpr ocieBisg@®dddshown

Ast he captFirosmdha@® f ol | owsp afsrsom etchoev egiyn plfe t he cryo
|l evelized costs reported héelrieqagrud | d dmdiutm @arsaslu mpn ito
in Se446ir the cryogenic process, the difference
0. 7 %, arising because the LCOP explicitly account
constructi otnhe wh@O®asmpl oys an equivalent annual i
agreement confirms the internal consistency of t h

bet ween the two metrics Hoopbeagr wedcktes, t dtelmems$ 1
approaches produce consistent economic esti mates

expenditure. More importantly, the approximately 4
demonstrates that its higher chpitialk i1 owest nprtr ait §
particular the absence of the electricall ypureiattyed

|l i quFgr €duct benefsitdethedreastous such as net prese
but dcmowes enter the LCOC, which by defG@i ¢venwmd Eq.

contrast, -lItohoepicnag cpiruoot ess i s penalized by the el ect
calciner, which domi matigsurteh eanap eoruatwien gg hesx pgehe ben
cost . Consequentl vy, although <calchumhloacpiyroggeaapgt t

achieves the omoeeral lavBoambtl werfe COn deas & haes bulamspet i ons .

Tabb®Di scounted cash flow analysis for the cryogen

Year CAPEX Net cash |Cumul ati PV of net
2026 515,550 1515,550(|1515,550|1515, 550
2027 1,031,10¢47r1,031,141r1,546,641982, 000
2028 1,031,10¢7v1,031,1(¢(172,577,741935, 238
2029 (o4qQ- 1193,073|12,770,8¢41166, 781
2033 (o¢q- 1193,073|13,543, 1171137, 213
2038 (o4qg- 1193,073|1714,508,471107,510
NPV 13,785, 03
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450
400

350 s Cryo

300

250 - - s Cal

200 - - = = Cryo price

150

100
50

EUR/tCO2

- - - - Cal price

LCOP LCOP LCoC
screening  financed

Fi gwbndCompari son of LCOGPALEOLrBands

5.4 Bhscase comparison and the dominant <cos

Based on the economic iTadibkdt otrhse scurnynoagreinziecd rionut e

favorably thhbhoophegcabotem This difference is pri ma
rather than capital i nvembimeatt o Mar ;id yce tiwhhi § acutoa «
assumed mar ket comuriittiyo nFpifgoudilude el ply t he cryogenic
selling price of 260 EUR/t compalfperdo dwictth f80o rE U RV et
|l oopi nga rfoauctteo,r of 3. 25. Consequently, although t h
9% | eskr{ 5CO®29 compared with 6,491 t/vy), it neverth
revenue compared with 0. 8100w iEWR/ryo uftoay, ttahoernraersdp mtnhd
twice the annual revethwepi Bgcowmdt et hecuaalksciaumubst a
cost of 1.71 M EUR/y compared with 1.03 M EUR/yYy foc
51% of the total opeyatiTmgscdstfderercpeativel al
electrically heated calciner, which alone contribu
of the total oper atliompi agstprofc etstise dhlesieumwo ef f e
t heemgoting balance. Against annual operating costs

2.56 M EUR f olroaphien g arl ccu tuem both processes gener at e
fl ows0.0lf9 M EUR7&ndM EUR, respectnevietlthyer imrda cceasts nrge
operating costs before capital expenditure is cons

TabbkBasecase t-ecdmommi ¢ indicators (1,000 Nmj/h; 5 %,

I ndicator Cryogen Cal cium |
Tot al i nvest ment 2.58 2.09
Gross OPEX (M 2.02 2.56
Revenue (M EUEF 1.82 0.81
Net annual cash -0.1983 1. 750
CGrcaptured (t 5,929 6,491
LCOC (EUR/ t) 348. 9 391. 4
LCOPscreening ( 351.1 393.1
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LCOPfinanced (H 357. 6 397.9
NPVscreening (N -3.79 114. 23
Payback (yr) > 10 > 10

Comparing the | evedsisziendeBseldd $ ngi phhiclese further il
gap between the two technol ogi es .evliehneFpQi xeg € nLiCOPIN o

351 EUR/t while achieving an assumed selling price
aprpoxi mately 91 EUR/t.-lbopcogtraste rtrhqucaksi 83m3 EL
80 EUR/t, resulting in a shortfall of approxi matel.
four times the assumedpsedlibdbg spmecei sparnittsy CiOs r
screening net present values, with3.t?h%e MrygWR enompa
wi tlh4 . 23 M EUR f drootphiengc aloawitiem Al t hough neither pr
under tdasbampstsiuons, the cryogenic route is substa
than t hel caagdicnggnm oute. I n both configurations, el ec

driver through compression and refripgeratoanrei of t |
captured) and through el ectmiopingl ciomudtei o(nl.i8r8 tMWW

approximately 71% is consumed by the calciner). Th
sensitivity analysns5p4ezdentwbdl|l é ntlBect her modynami «
requirements is explained by the pinch analysis di
Additionally, the screening indicators presented a
i nfl ataisere.ssTa heir influence, an additional finance
described in TEA methodol ogy. Each pl anyteawast ecrami &
an annual interest rate of 5% witteld luisn enagr Htyih ee esctlri
met hod over ten years, subjected tot dher &teeg math 2D .n
positive taxable profit only, and an &hdgrthefthanaess s u mi n ¢

case, the calcium-looping route accumulates a far larger cumulative deficit than the cryogenic route
over the ten-year horizon (Fi g b1l &
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-28000
2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038

[ dzY dzf |

Years
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The

most notable outcome is that neither process i

period. Fonakihg 4 @epimmsprohies is expected. The cry

t he
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e behavior. An -1a93nu0a7l3 oEpleR,a tcionngb ilnoesds woift h an
EUR (asilsiumé ngept e @ai ghiton over 10 years on
interest expense of 1-28a887 alkbB5 7e9r, 783856 t EBOUFR . 1
ently, no corporate income tax (29.9%) is p:e
d because there is no poesictainveetakxédbkée.i RCOE
the economic performance only through debt

v o~ 03

financing structure itself contributes negligi
e arising pri mamrirlat hferrom hcaons tf iensacmacliantg ocost s.
amounts to approximately 0.71 M EUR for the cr

0.58 M EUR-Ifooorpitnhge pcraolcceisusm (based on 2.09 M EUR

dule from 128,887 EUR and 10td4e n6tdh6 dEfURt h ens et hvea If
I year. I ncorporating debt service together wi
e from 133781 MMEEBRRt 6 or otchees s¢r yao gcehmaincg eprof 0. O
1T14. 2318 EURMt BUR f drootphengc lr miclerm s, a change
di ffer bfiaefaceéeonrtbbdbufbrtihge cryogenic route
eaterhishewssthawhibe difference is not a fi:
ing is explained by the assumed financing s
nt rate and no interest i s accgr udeab td ufrii magn ci
imeluyrBPVand resul ting-viald uenlbye nae fmdar i+rhal0 9p rl
nic route and +0.08 M EUR for calcium |l oopin
primarily thRomghnnhbeal i cobtutsesepopabhti on. Becau
annual | oss, this escalation increastese 1 mepadt
ortional to the magnitude of the annual shortf
cit of 0.19 M EUR) and 11.06 M EUR for cal ci
equentl vy, t he small financing benefit al most C
genic route, whereas the madltli wenpigeg oOperatiag

Q O O S« o
® < O —

substanti al net deterioration in project value.

Exp

r

essed as a levelizedveaernBEMi cteh e( LrGOPUirroemic Bbbraesagks

EUR/t to 357.6 EUR/t for the cryogenic process and

|l oo

p

ing process, which corresponds to increases of

EUR/t (approximately 1.g29%)aptruersepse ctthievecloys.t Fafn adech tn

al t
eco
bef
t he

f
p
0
0
r
c

c - —0T +~ 0o —
oS ®» =~ —x —

e
n
a

e
e

w

c

g
r

r the relative economic performance of the two
omic advant agd omwpeéerngt tpeg ocalssi,ummhe gap in | evel
rneanfci ng and 40.3 EUR/t after it. This confirms
process configurations rather than a consequen:
time, the cryogenic pgobeesw&kn,enalilnoswicn go steh e od eoc
nse to more than offset the gradual i ncrease |
i mpr-Ov.es8 fM cEMUR -On 520 M9 EUR i n 2038. Hmopad migr a:
emasi me subst-makimadg) ywilolssthe 2% annual escal ati
er operating cost base exceeding the reduction
eas2. 06oM RURBR 1t dM EUR. I nfmhagionlthesefengt hens

sition of the cryogenic process without affectin
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5.4S2nsitivity analysis

The bcaassee | eveli zedpobst seariemaiegleonditioned on a
and their credibility rests on knowing how st+rongl
facatwtrti me sensitivity analysis was therefore perf o
defined &sektheng&Oprice at mehti cphr etsheentdivsaclowentecual s
each economically significant input across a real.:¢
bascease values. The caseek@ORdiagebase. 1 EUR/t for
393.1 BUREaBal Eium |l ooping.

Two deliberate boundaries define the analysis. Fir
process simulation, including the capture efficien
conversions, areedédfeddasndnaeetaobh variables. The s
confined to market and financi al parameters that a
controlled through processcastsi fgmr mBleaxtoina@e nermamIf esv
each variable to be interpreted directly which all
drivers to be assessed transparently. The analysi
electricity price, thdeagapegal e espeéematiengtbestpl at
and the EU ETS carbon price before comparing their
process routes.

Firstly, electricity is a variabl e oyepradp orgt icorsal,

specific electricity coabuldp.t i ome odr yagen iptir,okcdiBtse (-
kWh/ tF(QO 24 MWh/ ¢ ) calwbeuma | oo0lp,i8n8g2 rkeVghy/itr 8 8O MWh/ t )
Consequentlloy ,EUR/eNiVENn ge i n el ectricityl2prdi ckddRa Ittt heer s
cryogeniclBoB8t Ed&he¢ al cium |l ooping. The ratio of th
corresponding ratio of the processes’ electricity
inherently almost 1.5 times as sencslttd.ve to electr

Tabb®lSensitivity of LCOP to electri diotopimrgi e ofcers stelse

El ectricity pric|50 90 140 (bj180
Cryogenic LCOP (|239]289|351.1 (400
Cal cilwmping LCOPR223]299(393.1 |468

The key economic indicator is the electricity pric
val ue. For the cryogenic route, FpgoduchgvaheelLGOP2
yiel ds -eavebnr eelkectricity price of approxi mately 66 E

becomes profitable even at the base plant scal e, \
electricity pride aofon’0 aBUROMWWeRn g aprcowuenss does no
assumed product value of 80 EUR/ t over the inves
assumpti onootf eleeotricity, the extrapolated LCOP re
50EUR/t aboveevtehne vbarleuaek, i ndicating that reducing e

to overcome the high energy demand of the electric

This contrast highlights fundamentallyodo§fiesent h

cryogenic process is primarily constrained by el ec
under favormalrlkeetpowerdi ti ons. However, calcium | ooy
deficit that cannot rbieepirteysel vedutcthiromghalkbdbeet Thi s
underlying process design which is electricity sup
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such as compression and refrigeration in theiwemyog
l ooping. I't is making power consumption the domina

I'n terms of assessing the effectcodt uamsteirmat evt yat
i ndividual cost component s,t twhae tvatrdle dg riBHP ¢ padso a t
shownTaibns.#2Si nce operating costs contribute direct
deter my ntelde bspeci fic oper aRciampg ua edt. préeri s3 .ac4o0r aEcldsRy ot C
per dh&nge for the cryogenic route3. (24 ORURN fEURry D
calcium |l ooping (2.56 M EUR/Yy over 6,491 t/ly).

Tabb¥e2Sensitivity of LCOP to variations in gross operatir

Gross OPEX relali3o0 120 110 Bas|+10 |+20 |+30
Cryogenic LCOP (249.283./317.351|385.419./453.
Calcilwmping LCO/274.314.1353./393|432./471.511.
Aggregate operating cost represents the | argest e
encompasses all operating expenditures,diivnicduuadi ncgo ¢
component . It should therefore be inteoptretrderatsaic
rather than as an independent wypaiicabkenséepavatyg Oi

The analysis also higdififgdtent hec dmuammiacnmemao ail i yons
For the cryo®e€lniEdgR/mult eet, wd deatskee LIC®OPeand t he produc

corresponds to 2ahppedkuaataited yi m operating cost, w h
pot elnltyi abe achieved through | ower electricity pric
scale. I n contrast, calcium-dootpirmegduwotuiladn 7&fquwd pper
to reachvémeakndi cating thatructsretonamherdeéhnai ta
co®tsti mation wuncertainty. The comparison further

overall project economics N2Boovrartitagd i @©my d qie mipce rmrt d mea

the LCOP by aN6p8r.oOx jEméRt/@td yd si x times tNE@Ovmpaat i @M
in capiNkl. T pBUR/ t

Additionally, the install edAAXGHh iCGladcscuoiatt ywsd & n@par iod
to +bThe% adjusted investment was annualized using t
and financi al assumptions as the baseFcapteurbed.or Bh
corresponds to a capital 5c8o 6t rH WRiteéi ocnr yoofg eanpdpSr or xoiunh:
EURfbr calcium | ooping. The B8byp@WRMI®B 83 L& OPIURMN a%)g e s
and880.4 EUYURIt%), whideophagcalCOPRB#MArl etc® KO bIn EUR/ t
and#dl14.8 ,EURdOtrespondeésngoli7ro 6ch2agd8n dBBR/OY +21, 7 EUR
respectively.

Capital expenditure is therefore an i npbnrieadmutcth wn
in capital cost | owers38heEudRyoheniemal GOF &@ EhiUlRXt ona

above its product selling price. Similarly, the re
throughout t he entire capital uncertainty range.
conclusions are insensitivapitbalreasbinmdl eonnaredt ar e
primarily by operating costs.

The bcaassee economic evall@yadarper atsismugé b bfascandt ar at e
assess the influence of financing axGgampnhitohsfeamn
am ®i scount rate was evaluated. This affects only
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annuity f7r7actt@®r82wlhiml e operating costs remain unchar

is higher, the Il ongeduamser tihzatainouaperciapd t al bur d:¢
fradmlt @®39. 7 EMJR/the cry-dppedi EURDURAUNBE 4 rd MEUR/ t

calcium 8odpiBWYR/([ ) . Therefore, t he modest reduct
assumptions have only a |limited influence on proj
relatively smal/l proportion ofy,t haed otpdti anlg Ifd welnicd en
more representative of commerci al utility project:c

without altering their relative rawskbngmoc Bthsesgga

Furthermore,cdarhlkeorEUprEiTcSe wa60vanded?2 0 edERBREWLR/ tt he
bascease value. Since the ETS chaRegm sap wplnisgs idrsl ye ftf e
solely on theliesirdudalerCd®han the total dcambhbesi pne
amoun3l1t.o95t 0y % of feed carbon) 1f502r. 4 Bte/3ycroy offeni c a
|l ooping. Consequently, the LCOP seds0bBvEAHUR/st ver
carbon price for tAe&McrEyURyreand &l ciowmel aonmi ng.

These capture effi cheeneiresgr efher ste@ atr lae-gd I0&n ts ecd ri bbmi
basis, the feed c&r bcoomtoafi nledd. &iOns kOn@ taon@le r&Q@ t o appr
% in the cryogenic rout-leoa@amidngd 3r oc%uu tien tthhee cdalfcfieune
|l eaving as unconverted CO, 2. thk maldl é@r. 8g/u &nmoilt Y/ cf 1
CO in thdooalimigum othetpartiak cenfversmre df esidual CO in the carbonator. I n
accordance with the system boundary defined in Sect
fughs network and combusted outside th&TBattabyl it
attributed to the receiving installat i7In3 ®yaGOoirt b
the cryogenic r Bwtfeorantdhle®JmiltcgClmout e woul d add apj
and 29,000 EUR/ Yy, equivalent to about 11 and 5 EUR
for the cryogenic rfoaurn etthsoexpant ad cO@ndn ngite woul
the difference between the two routes.

Doubling the c&0 btom pbihcEUR/tesm t he cry8HEBR({I &4 LCOP I
-352.5 EUR/1) a-hdopgihreg claC@PR EWRIBIB. 7 EUR/t) . De sy
wi despread perceprtiioinngt hiag tcleg bpmi mary economic dr
influence is negligible in tcapiue9 & a %e o boe ma theee i bnoctohmi

Cr As a result, very little carbon retmlae mo®mms cbBj ec
|l argely insengirficee fi aoctaabibans. Whil e high <captu
exposure -ppicarbbsk, it also means that higher <car
either process economidc aslelnys ivtiiavbiltey. rTehseu Ictosmbeisntea b | i
economic drivers affecting boltatbbte8chnol ogi es, whic

Tabb®e3xXompari son of LCOP sensitivity to selected-economic
|l ooping processes.

oriver (rangd CTYIIEERT Caletumps
Aggregpéeating co i68. 0 [/ + 178.8 [ +7
El ectriciitlgOpEUREI 1111. 3 / 1169. 4 /| +
Capital estimate it7.6 [ + 113.0 [/ +12
Plant 1ife & di T11. 4 i8. 5

93



Gunel Rahi ml i Results and Di sc

EU ETS car beln2OprEW 1.8 [ + i0.8 [/ +0

Aggregate operating cost includes electricity anct
sensitivity should not be interpretpagd ces sahdii ttii on
sensitivity aopéyatiisngdeost fiparticularly electric
for both technologies. I n contrast, capital cost,
mi nor influence on the LCOP and do ntods.alTlea drhyeog
process is close to economic viability under favor
remains structurally wuneconomic. These findings ar

which identifies ehleecprriinccditpyald edmeatredr o svrmina  md r ft cercnh
Sensitivity results are al soFipgrussant#éedwdsg a tornad
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Cryogenic LCOP sensitivity analysis
Base case LCOP = 351 €/t CO,

Electricity price  _
(50-180 €/MWh) 1113

Aggregate operating cost
(220%) +68.0

Capital estimate
(-30% / +50%)

Plant life / discount rate
(20 y, 8%)

EU ETS carbon price
(60-120 €/1)

-140 -120 -100 -80 -60 -40 -20 0 20 40 60 80 100 120 140
A LCOP (€/t CO3)

Il Downside Bl Upside

Figwbn&sensity analysis of the cryogenic route showing tt
bascease LCOP (31.1 0/t CO

Calcium-looping LCOP sensitivity analysis

Base case LCOP = 393 €/t CO,

Electricity price _
(50-180 €/Mwh) ~ 1694 1753
Aggregate operating cost
(£20%) es
Capital estimate
(-30% / +50%)

Plant life / discount rate
(20, 8%)

EU ETS carbon price
(60-120 €/1)

-200 -160 -120 -80 -40 ¢ 40 80 120 160 200
ALCOP (€/t COy)

Bl Downside Bl Upside

FigwndSensitivity anail yoips ngf rbluée ecashoiwaimg the effect of
the ase LCOP (33.1 0/t CO

5.4STalep and economies of scale

The base case of 1,000 Nmj/ h corresponhlea tdeoh goen | y
basi s, which is one to two orders Foapmagei fadeéel st
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di stinguish the intrinsic process pesrcfaolremadcesi gfnr,o
teckmronomi ¢c assessment was rdepeladt ¢éNjm atepb6 @ s2@0i ngd
100% of a reference blast furnace gas stream. As de
scaled using -tdhw MOel6dt powsehi p, variable operating ¢
t hroughputd, cwhsitlse weirxee recal culated from the scal ed
The resufFpioadgucdG on was assumed to scale linear/|l.\
summar i TaelbB4n

8

Tabbk4dScaleg results. TIC and OPEX in M EUR; LCOC in EUR/
E /

0 (Cal) UR/ t .

Metric 1,000 Nm 68, 500 N 274,000 N

Cryogeni cpRodttet 260 EUR/t, O 99.

CGrcaptured (t/ 5,929 406, 147 1,624, 5¢
E%tR‘;" investme 2.58 40.22 99.03
Annual OPEX (WM 2.02 103.99 410.50
LCOC (EUR/t CG 348.9 221.6 213.3
Margin vs 260 188.9 +38. 4 +46.7
Annual profit 1T0.53 +15. 6 +75. 9
Vi abl e? No-I os s Yespr ofi Yesprofi

Calcium LoopipmgdBecat 80 EUR/t, O 95

CGrcaptured (t/ 6,491 444,614 1,778, 4!

Total invest me

EUR) 2.009 32.66 80.41

Annual OPEX (WM 2.56 142.80 566. 40

LCOC (EUR/t CC 391. 4 286 . 1 279. 8

Margin vs 80 K 1T311. 4 1206. 1 1T199. 8

Annual profit 1T2.02 1T91. 6 1355. 3

Vi abl e? No-1 oss No-1 oss No-1 oss

The swumlaenal ysis demonstrates fundamentally differ.
technol ogi es. Owing to economeéexexbi lmift scal eubg¢thantciry
|l evelized cost of capture (LCOC), decreasing from
68,500 Nmj/h and 213.3 EUR/t at 27 4Fs0eI0l iNnmg /phr.i cSé nrc
constant at e260ntEURIetd,isaitdd eaca sfelsl Ibecome profitabl
profits of 15.6 and 75.9 M EUR, respectively. Alt
99. 03 M EUR, it grows much more sl owlayw tdpcaanlri¢nhu ©iumg d
the <capital costFcpetrurteodn.neThoef rG&A atively smal.l L C
i nter medi astcealandc afswelsl (222 t o 213 EUR/otis)c ailned i bceant eef si
are already realized around 68,500 Nmj/ h.
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I n contacalsdium | ooping remains economically wunattr
range. The LCOC decreases from 391.4 to 279.8 EUR/
capistcall i ng effect observed for ¢he calogeniemaproct
the assufmseadl IGOg price of 80 EUR/ t, resulting 1in

throughput risedg, gabslé®allbnol iskheownhe ncryogenic process
cost is the electricity demand of the electriFcally
production and bteh esruebfsaraentcdannot reduced through eco
increasing plant capacity only magnifies the opera
Overall ,.uphetsdgl ehows that plant size is the key ¢
but not flooropcianlgec.i uUOFy®pgamnati €«® becomes economically
at industrially relevant t hr oulgohoppuitn,g wchoenrfeiagsur tah &
uneconomic even at full scal e. Achieving hecerd @omiec
require a fundament al reduction in calcination en
i mproved heat integration, -vtad guefim®£eOk ewi.t h access to
Al t hough 't he proeospe mtg ccaolncfiiugnur ati onnattmaaaatsi vee,0 ntohn
should be interpreted in the context of the specif
as a gener al |l i-mbobpt hgntethonal ogym The process con
system empl oycianlgl ya nh eealteecdt rcial ci ner agirda dpeFp@lI@ctu tg. a
Consequently, the economic performance diefcfoenroani scub s
assessments, which typically re@drtEURE gt udoesp etmiwa thg
industrial]l] ldappkéegati shinction is that mecsumlilbobepamn
with | arge industrial facilities, such afsutiernedt
calciners rather than direct electric heating. The
enable recodxempepnht hiigdotwastwad achieve higher over
resulting in significantly | ower capture costs tha
Furthermore, tHseldsasaygmepdi €@ of 80 EYRaderpfodeécts a
considéeowblrythan thpuwviat wemehdlthagt® pt ed i n many ec
assessment s. Consequentl vy, the economic performanc
of process configuration, energy suippatyi obheram@her
intrinsic | imidapiimyn todcltmdlcogyn itsel f.
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5.

Economy of Scale

—@— Cryogenic process
400 - R .
Calcium-looping process
348.9 === CO; product price (Cryogenic)
350 @ 0 e e CO; product price (Cal)

221.6

213.3

LCOC (€/t CO, captured)
N
o
o

1,000 10,000 100,000 1,000,000
BFG feed rate (Nm3/h)

Figwbné&Economy of scale effect on the-l b@PCngf ptbeessgs

Bhcertainties and | i mitations

The techhmomic resulltesvredr esdisnatédy and carry the
Class 4 AACE estimaaet Jbermestobigmcéitainty are

they influence the quantitative results and, in s
of the evaluated processes. The | argest single u
byrodt credit, because t he hydrogeamaryiielrd pdhap

representation adopiddtifon thdactsoramThe economic
stoichivwegsettdietisee gn value of 70.1 t/yr ,m whhiec hadiospttet
oxidation model. An alternative, idealized stoich
gives a more conservative 16.6 t/yr, and the hy
bounded by these two repmwes e nbfaasteido nvsa.l uAed orpatiisnegs tthi
LCOP from 351 to 387 EUR/t and widens the gap to

127 EUR/ t. This uncertainty does not <change the
|l ooping remaiynsmosrueb seaxamansailve on either basi s, b
nearness of t he cryogenic r otwtoen s it ot en-t abdd yeden
represent ati esnpeocri fai cprhoycdersosgen credit i s recommen
mo d e laisssgumpti ons carry disproportionate weight. F
is an assumed industrial gri d-stparcii fffi cr ptrh ere, t faat
electricity is by far the morsgeliynwfdateart mia e s rti hvee r
cryogenic route would meet its 260 EUR/t product

EUR/ MWh, so the finding that it is not viable at
assumed t ar ief fc aapst uarbeo utte cthhn ol ogy-fiutr nalcfe. g@Aesc o rsd ,c ht

its full 22.8 EUR/t opportunity costmirsati loears tshare
938



Gunel Rahi ml i Resulhtds Da scussi o

This assumption is conservative and inch ed®es th
were instead treapedcesiappraachadbiwe cryogenic L
approxi matelRy SWBstidntiCOl ly reducing the gap to t
the process would -sevehl undéer-cesxeombdbst eéaks. Despi
uncertainties, the relative ranking of the two
principal conclusions are goveépneduby wvheukbangd
intensity between st,hewhtiwoh csourbfsitgaunrtaitaildny exceed t
with a Class 4 cost estimate. Consequeatbywpmivbi l
indicators may change following further process 1
studywndrigkkely to be affected.

5.aiterature comparison and benchmat

The two separation processes ar e benchmar ked aga
technol ogies and against t-bemhbhmsgtuisomi abptrefer emompo
( MEA) abgd5pt]ijpuyohr ee key boundary conditions expl
bet ween the present rkisusgt,s @hant hec dliThea iadtdassees s u
design procé&sngésh DFfODMA ast furnace gas (approxi mat
annuafBca®@Qure rates of 5,929 t for the cryogenic rol
the benchmark studies gesrcearlal |sy$ esecwanidieataah @imn ¢ u antert ir

di f fTehres .present study reports the Il evelized cost 0
Cproduct produced in conjunct-i oopiwng hf tdret sédmdedw
published studies Faepiodedtate tcOBtpldniCiOgat@aer gy su
Both capture configurations investigated here are
price of 0.14 EUR/ kWh, whereas the benctrmade sstyesane
or fuel combustion. Accordingly, direct cost comp:
greater emphasis is placed on comparing tHFpaunrsifteyr,ahb
capture efficiency, and specific energy consumpti o
The cosftawdi dCeOd rel ates the additional cost of t h

emi ssions relative to an unabated refhea eamies spil mams
associated with the energy consumed bycabéurcagti ubsg

contrast, relates the annuali zedFadelsitv eorfe dt haes pp raonc
defined in Eq. (4. 18)at eNdo ianv otihdiesd wcoorskt biesc acuaslec unlo u
was defined, and the |iterature values are reprodu
report t hem, since they remain the only published
avoeeidd cost of a given plant necessarily exceeds its

is conservative with respect to the present study.
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Tabb¥eSCompari son of the cryogenic process performance in
basedrc@@t ure systems.

Par amet This stu Published cr MEA (liter
(cryogen

Crpurit

(m£|%) y 99. 09 99.[91B3 [ 134 >99

Capture

ef ficC@&n 95. 0 909 1B3 [13 ~ 90

(%)

Speci fic

eﬁergy ( 4 .54 1.0833] 3.-2.2 (qtler

Cost df i 47-411(di | #4t6e)g 10015 (st ecg
avoided 605 %F[CD3 3] [ 109]

Cost &f || coc 349 ¥

captured scal e - -

(EUR/ t)
Regardhagtransferable indicators, the cryogenic pr
top of the publishedFpruarnigtey. olft s9 9s.i9munhoalt% danGdO capt u
are consistenteaoduwer t her ynagehnni ¢ systems reviewed b
energy is dominated by refrigeration and calnmgpa es s
showmaibbe5 13BHe | iterature r d@mesretds ctrlyatg edii <t iclalpd tuir
roughly O0. 3RK{ 1MWIB/ tGJC®) an-tilroshts fadocoourdb U7s4tt ieo p ossttr e
but hésaée ¢tosts fall steeply as f eed9 5 o%REDet rsgpteicad rf i
refrigeration duty per tonne drops by a fac#d®dr of
G/ t, competitiyée3@®&iTthh sakomcemmiteomti on dependence is
becatde -licomi ng front endleenviedhass reaed OBEGA &u CHOl vy
placing thehee gcaoenacteinofneatded egi me the | iterature i d:i
bascease LCOC of 349 EUR/t khinds &bhbovehibBeipgpubl issheée
technol ogy penalty. The scale study of Section 5. 4.
throughput, converging towaaocmmdrhei dli tppemdlutrye io:ncreer
requexelicit reconciliation: the specific electrici
the &40.30 MWh/t reported for the cited cryogenic s
adopted here, which includedst3c dmpr esosgiedrheaf wtiheh fgr
|l ooping front end rather than a |l ess efficient sep
Benchmarked directly against MEA, the difference i
3.-2. 2 GJI[t1BG this is overathel smi egimy at owdbosmalll20
electricity demand, whereas 5tGRle tcreyndgereily mrso e sesmi
Because a host plantgabhdealdgyappsMEASeEsehewgy i s int
is reflected in the rFépor taend neoscrobhdwngeiiaeade@®oi r
its full commercidll5mavtvuari ry.ackhbhonwyt ULOAU. 6/t and id
option for iron and steel in the compa0ABglaiiwmestr evhiie
the cryogenic process offers advantages the headl:
therefore avoids the solvent degr admits oingn chhurodesn <
domi nate real MEA opehiaghungt gobi qulbthrdskad veiandgy sdacaw mMs3t
compression and decisively, F ¢ & n ceecnotnroantiicosn , i nwphreorvee

100



Gunel Rahi ml i Results and Di sc

optimized fidr moil %)t & |l U2 gas and gains |ittle fron
pr eszsaubxlie stream produced by the | ooping front end
physical mat c h, a nsde cbteocra UMERA tbheed dsbtnederlk ) ( 180 f ar hi g
cement or power figures often qu2olt3 dEUR/hte aptr escalte
closer to the mature -frledes elnictee nt ehtainr e¢ hwo udlid ud eg g e s
advantage only where cheap st eanmnids camumedanta;l tchee
paramount .

Tabbk6Compari son of thel papipmog epdr accad scs U b hi hgt-eade MEA s o
CCcapture systems.

Par ameter Th'S. sty PUbI'.Shed MEA (lite
(calcium | ooping (

fi‘,/st”re efCOd 4 97 (6ar boy| 90-99[ 13[813 9 ~ 90
Calciner hea . .
( kW) El ectric Oxy uel -fl/i rfe -
Specific ene (6.8, el 0.-B.[43,6]1109| 3 .-2. 2 ( dJtle
Cost dave€iOde i 360 109185 10015 (st
ul/ t) a2-46[ 110] [ 109]
Cost d&EagOur(LCOC 391 i i
(EUR/ t) at scal
Maturity (TR ~6-7 6-7[ 37] Commer ci

The cealleopimng process model ed here reproduces the
but not its cost, and the divergence is attributahb
simul atedrcaabpbooaeocoof 97.6 % is at orl cacbpoivheg tshyes treal
whose markedly | ower energy penalty Gélat-dgtdi 6861 b &
for MEA, asTahmhieed 81641dQi1mMOn cost, the comparative re
Hanak (2022)fFapbadasc€Ofor sol i d -flnomogcden gg e pddi/ ed 0 t
roughltyhiornde-htad fonene cost of amine scrubbing for th

War k esti maltoeo pcianlgc ic2o? 6 s 0 &30 &®/9t ) , about 50 % chea
captut@e9]11mOhle present LCOClofes39hrEEdRbObve this band,
the configuration modeled here supplies the 1,025
which is 48 % of the operating cost, wheredasuetlhe ¢

oot her wifsier efduecilombusti on and recovers the reaction
specific ener gy -vaasl uée. 8 I@&J/ttr iocfi thyi ghhe-basedganesgyt bé

integrated cases. Becausetriitci ¢ wb dgjtoiatdegt helese dgbrierne @ut m f
designs conseulneect rtihce ceolnlf i guration is intrinsicall.\
study | owers the LCOC only to 280 EUR/t. The compa
as ahntoelcogy; it indicates the el ectri ealrleyd -fhaeeltoexdy,
calcination with heat recovery and industr i50 i nt e
EUR/t capture costs reporteleimpredent ieleeat uire.c &gt
expensive because it uses pr-emisumselkant rainadi tlya cikrss

benefits. This compapéciohi ¢ s aomifngagaal echumukbopi
reporteadnt o @s/tt v-2tSug/ L10Dor MEA. Al though -l ess n
|l ooping technol ogi esT RLaribys 2816, h aavse dreandnisktatda tpeid obty
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treati n3g0 Ou pNwoifd I e afl u rbnlaacdet3 Wrads @ neonomi c stiCy of
|l ooping process FHsretpeagradti ech Wiyt pa@®8 @] condensati on

5. MTechnol ogy selection and recommenoc

For ctomecentrated, pf essgaacse zsatbrleeanb liansvtest i gated i n t|
identifies the cryogenic route as the most i mmedi a
strongtererimegndi date once reconfigured. On perform
hi ghte purity (99.9 mol %) and a capture efficiency (
above typical MEA (~90 %), and at industrisa&lctecale
MEA benchma-L k5 o[iZ0I@0@ recommendati on i s aeBveéehehelwes
variables identified as decisive in the sensitivit

concent rekstteca@®Ocan be pressurdqLoeogp, coxnfiimgutrtag-i prne s an
pur i ty,r elsisgghh e pr oduand ivsherceoguiamwlidhbwn el ectricity

These conditions are expected to become increasingl
remains the safer choipae sfsaurr edifll wtee ,g asst meg plredr iby ¢
caomerci al certainty is paramount.armChalicndened ototpé ngh
option repofuedat-endg §é a sftuaen ;o rhyeeagtr at ed f orm with a
outlet. On balance, for diyheaspeoarfrcoeddatpeesmodt zai
integrated steelworks with access to electricity,
for -mermam depwbymental cium | ooping is identif-ied as
term frndustntegration, contingent on -Coneerheagi ng.
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6 Concl usi on

This thesis assessed the most technically and eco
concent riptreodd u€@ d ¢cb g ocphhreemildoa@lpi ng procdédss nhhicemghbkaat
integrated steelwork. Two capture technologies, <cr
common i r onl owpdmigc aflront end (redxcdabnomtat8500 @ C/
model é n Aspen Plus at a 1,000 Nmj/h desi-gnopoimht a
assessment, benchmarked against the mature referen
At the process |l evel, both routey ared @Qnd0 e% ceeptewr

targets. The cryogenic rout Eprdedu oteawitd H39%9 .09 %nocla%

and calcium | ooping a HawliOh mo7l.% pP% ocdawctturaet, 2whi | e
enriched theudhridd 3IdI PharC-poomdduced 70.1 t/yr of f
configurations are fully electrified, and their el
cryogenic route conskmevs tbnl4 odWitcht toroth e@®ei nlga rrgeepsrte
electricity demand (42%)c,0lfuarinl cawexd IHyartilees di22t%) ! laan
refrigeration (18%). I n contrast, cRalwium tbepekehegc
heated calciner al onee atcactoaulntd mer dtoirn g4 8¢%o sotf. t h

Economicall-gpopmamerchal sdhb000 Nmj/ h base scale, neitt
cost of capture is 349 EUR/t for the cryogenic rout
for calcium BOoRURfHtagBHowever, sensitivity analysi s
scale as the dominant economic drivers, whereas ca|
a comparatively smaller influence.i Thwki dé¢bk tcloenf ¢ rwy
LCOP falls fat 2ilBduwgdttriCOl throughput, reaching ecol
remains uneconomFlte ma u s2e8 0t hieg tc oCsx of its electrice
scailrevari ant. Compeile@ wFavoCGREed), the difference i
of energy form, wi t-dho SME As treed ny,i nwh eorne alsow he el ectr
premium electricity, making their competitilwemess |

intensity.

On this evidence, the cryogeniac ddpamatsition mmeuwt et ies
option for the concentfruartnepdcse it e eawmr iisnavbelset | lglaa «etd
delivers the highestepebflucitepuyi ¢egquahbh tapthe best
typical MEA and it i s t he only rout e t hat reach
concenfeatdedegi me in which physical separation 1is
noc hemical Cabtvemtl ooping is ideneimiedndbsdahe, sbut
electric calcinefuie$t -bepbkdebdawirnahgd,eo kryesa chtiigohn he a't
for power generationh anlhost prsodesegtrladtedc avn tut il
Under these conditions, B850 |HURFrtaatklidneg rietp ocrotnsp ectois
amine scrubbing.

The principal cwoonrtka iibsy st emabBfF mhNMEeEgdemcaonomi ¢ compar.i
of cryogenic distillati ghoamdc emd e rdutmad amd pat@ ga fsotre e
including valorizat-promduwdt .t hTeh eh yndaiong elni meiot at i ons a
reactor modedtsat & hree srteesaedryt ati on of a cyclic proces
cost accuracy, and the sensitivi-dar rniferhyplhage nr @proea
Future work should incorporate Kkinetic tand |tont andsait
optimize heat inthegtatriecomvemy, wpatreicularly for <ca
val ueduCiOl i zati on pathways, refine the economic ass
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t-ecbnomic analggaebaswsaedhsmenti fteo account for th
c tsruipcpil tyy.

guantitative results of this study are accordi
nd (adoptedijsd lc ansoel Py 0@ e 8Opar atafonhydreepgery Oardd f
0 %-pxaismsFiCeOcovery, the |l atterildomudidi i obali umnatstba
the column modebnsiwhstbtat eveapbhbasefi nes the | owe
conversion and kanpoplr/ohioofateysdépa®ation step. Th
robust across tchalscirnaantg eo:n tpheen dddtaymitaorfg ctrlbaut € a laa
cenfeatdeddvantage of cryogenic separ at ioofn tpheer si
routes is uncmlaamgte dcammom Wwaoil £, capture amount
cryogenic and -19aBop Mo rr adwhtee caarlcce utmhe car bon | ec
nted. Asptbaesesal phboidh babe wvppenrp trlkeesuddasl eceonst
ditional screening rather than absolute cost pr
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7 Optimization and Future Direct

I n addition to the directions discussed in this c¢hi
coevt the bounded estimates of Chapters 5 and 6 in

iPhas®nsi stsemul nei on-oxifdd hloap omsing a single sol
stoichiometric w¢gstite model, with a closeedné&mi © b
assessment; this is expected to reduceb7h®w &€O0dcbhe
CGfl ow to the separation step accordingly.

iTAn equidhdedgoinnmhe cryogenic column at the frost p
cost iarg erithil i mati on or defrost gegaetei smwi tfchrn ngx amsIiu
exchanfnd&mB]lrequired to riécogaeui Itihber i wanp obuoru n-p a sosf 95
recovery.

TA thermodynamically consi stpemdsswald &€ i amred theamp esr,atcom
satisfying Eq.sWwdepd2dpeoatisacremawmi th downstream cond
address t hpeurngiet raongde npur ity i ssue.

iLow, central fanmndpktegfteobppasti ti on caseme,ntamd arheased
of trace components removed in the upstream cl eani
and product purity.

TEqui pmereci fic scale exponents in placdedodbftake ghod
price studyousppegerfng mar ket scenari os, i ncluding
and temporary utilisati & SwiotbhH itglma i ®mmrsr,responding E
TA sensitivity study on sorbent resi dual conver si
ver sushgaued basis of the equipment cost dat a, alig

Secti mamd4 .ab quant i-etcaotniovnei ct eccohmmpoar i son of mul tistage
on thdr rpoomd composition.

The t eclhmomic assessment demonstrates that cryogen

fundamentally differenatibam.ori @ryodenico mdnegtciilallat i o
by pl ant scale and electricity price, whereas cal
process itself, particularly the electricalclayn heat
be optimized through depl oyment decisions, whi |l e
process redesign before it can become economically
For cryogenic distillation, plant -spgaltedulseddiehpedr
cost fromFad91upLOOCOAM]/h to 2IGxka/hnty dtheb drH»ET® sNmjelc
attractive und&&s dlhlei mg spurmeade of 260 G/t . Because

operating costBP( la.nd4 ndWh/ tt hGO dadal by-efhdomteast conbk et
rat her than by the sepatxatsiton eintewalbfie &deess i tiot
integration on the front end provide the main remai
Given its commey,cisadcoeasuf ul depl oyment t hesrceafloer e o
i mpl ement ati on and favorable electricity procur eme

I n contrast, calcium |l ooping canmnotraembhtak epbdhm
alone because the electrically heated <calciner do
cal ciner -fwiirtehd -faauré luoexdyonf i gur at i on, c euvepripeed awiutrhe rpercoc
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at , represeac¢tsi tder onotsé¢ ted fi mproving economic pe
e integr-hpbpegiaa@l coumi gurations reported in the 1
utes could be further enhanced 2ldop oluypdyg emr d wwti dv
additional annual revenue ofabppgu€iol maael pnOpas
ch as mineralization, synthetic fuels or constr
rticultural applirestinoensassymed in the p

yond these model refinements$ mprotvimeg heosdat ble ¢ lec
d economic confidence of the present assessment.
is study provide ther modybnea neixct eunpddesars €bdo kriachse ta ncd ne
corpor astoilngd gesaction kinetics, socanbener ddagt adae
kewi se, -stthaet es treeapdryesent ati on should be replaced
pturing theaetcygnol bt -cdxpied ateidounc ta mchalc@air hb@atniad m omr ocC e ¢
|l idated -agailestexpielrdoment al dat a. From an engine
nch analysis should be -@devkrd-npeenoi hisy wti dédas aoimbd
at and power iintegration, particul atrenyp efroart ucrael chie
mains available for reecveowyi clmasaedistmeon, sthhhe | d
e current AACE Qilgahs sd edt aeislteidnaetgeu itphmmeont desi gn anc
peri ment al validation Foaphydeogenf pr-mdonmé mandr iC&
ability, t ogyed lhee ra sns ¢ shs mae niti,f ewoul d provide a mor
e¢echnical, economic and environment al perfor mail
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Appendices

9 Appendi ces

(
€

Tab9kTop six blast -gruodhwaciend BFQuntrroines in 2024, includin
ironmaking capacity, share of gl obal BF capacity and f|
Rank Countr Pig iro BF ironme Share of FIl eet status
rout e) capacity BF capaci
[ Mt ]
1 Chi na 851. 7 898 55 Rel atively vyoung fle
capacity added post 2
2 I ndi a 144.9 152 9 Young fleet: O072% i
decades; ~11% >40 yr
3 Japan 61.0 8 6 5 Mature fleet; hedB@®F
several units wunder r
4 Russi 59.0 71 4 Ol der fleet-erwd t huniSto
moderni zed
5 South 44. 1 45 3 Moder n, -ofshaeat{eP OSCO/ Hy
Kor ea operations)
6 USA ~20 ~25 2 Ol dest fleet globally
yr)
Tab®2ZEconomic and financial basis used throughout the as
Source: Assumpti ons; (t hagn dd igsnado u rhtei mcgprfsdsaitiogt sSacre defined in Sect
Par ameter Sy mbo Val ue uni t Basi s
Di scount rate i 5.0 % Screening basis
Pl ant operating In 10 years 2023038
Capital recovery CRF 0.1295" i i (1+i )W /[ (1+i)W T
Annuity factor AF 7.7217 T [1(Laf)/ |
Construction phasi 20 | 4« % 2026 / 2027 / 2028
Construction PV fi 0.9437 T 0.2 + 0.4/ (12+i) + 0.
Operating PV facty 7.0038 T AF [ (1+i)]
Capital charge refl/y 0.1347. T )
Electricity pricei 0.14 EUR/ kWIndustrial tariff
Annual operating 1 8,059. h/yr 92 % availability T
CGrpri-ceyogenic pii 260 EUR/t Food/ merchant grade,
CGpri-cal cliawonpi ng 7 80 EUR/t Horticultural grade,
Hydrogen price ) 4,000 EUR/t Byproduct <credit
EU ETS price ) 95 EUR/ tF tUncaptured slip onl)\
BFG opportunity i 22.83 EUR/t LHV 3.20 MJ/Nmj T 3!
Steam price ) 42.5 EUR/t Process steam
Mai ntenance i 5.0 % FCI/ Factori al
Insurance and | oci 1.15 % FCI/ Factori al
Operating | abour i 85, 00( EUR/ per 3 operators at base

yr
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Parameter Sy mbo Val ue Uni t Basi s
Corporate tax rattd 29.9 % German combined rat ¢
Escal ati on T 2.0 %/ yr ECB target (financet«

Tab®9®Reactor heat duties from Aspen Pl us

. £ 207 5580NA LI 2Y ¢SYLISN 5dzié { A:
WM 1 M wSRdzOs 2y NBI O 2 ypn pMT 9y R2GKS
WK /1 H {GSeXARFa2y NBI TAnN Mpy 9E20KSN
bSi BMRY Rdzi wmn mmbn HW G op o 9y R2 (K
9f SOGUNROIE ySi Rdzié k nodp G oT T C
WK /1 0 I FNB2Y Ll G2NJ cpn ®als y ¢ 9E20KSNM
WM 1 1 /' £ OAY SN dbnn c/ MZH 9y R2{GKS
9t SOGNRAOIE wmMZnundn k nddp G MZAT

- {¢ { dzNIKfSdzai NB O2 @SN naopmody I b wS02 0

Tab94eCryogeni-equbpment, desstafjedc b a b iHEiRGtnedr nal dat a) .

Tag Equi pment Design basis Cost (1
WK /T M Reduction reac 2 mj 150, 000
WM /1 H Steeomidati on r 2 mj 150, 000
Cwmnm Knoekut drum 2.4 mj 26,500
| Mmnm Feed/ effluent 50 m] 77,625
| ™mnH Product gas co 1 mj 14,000
| ™mno Colbdox exchangel mj 14,000
| mnn Cryogentoopee 2 mj 25,000
amt tmnm Fousrt age F 138.5 kW 350, 000
compressor
5Mmwm Distillation ¢ sum: 350,000
column+condens
wIlCb L ¢ Mechanical ref 15.3 kW 125,000
a{mnwm Mol ec-sl ave dry 0.65 scaling 105,000
I mnm Air cool er 122 kW 31,000
| Wmnwm El ectric trim 98 kW 75,500
| 9 nH Electric trim 10 kW 30,000
T Switchhiahge man 8 valves 8,000
Bare erected c 1,531, 6
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Tab9®Cal ci ampi ngegwiugment , desi gn basiHEi mtnadr nanlstddtlae)d. co:
¢ 3 91lj dzA LIY Sy 58aA3dy o/ 2aiG 09!
WIEI N1 M wSRdz0a 2y NBFOG2NI H Yuw MpAZnann
WK /1 H {GS®KARIa2Yy NBFOGH Yuw MPpAZAnn
WIH /1 0 CABSSR O Nb2y 2N H Yuw HAANSAnn
WM 1 1 /'t OAYSNI 6cbnn c/ 3H YwWT €MHAAZSAAN
| m ™ CSSRkSPdzSy i NBOdzL HdH Yu omMIAann
| m H Ly @m&inMigasS 022t SNJ MOH Yy McZpnan
| mo | SWNBO2FSNE SEOKIYM®T Yy HoXpnn
| mn t N2 RdzOG 3l a 022f Emdo Yu MT ZpAan
| mp /| 2Y RSy &aSNJ M Yu MnInnn
almnm ¢ KNSBFr3IAS /hi O2YL TH 12 OHHDAZANAN
I 9nm It St SOGNRO KSFiGEnn 12 HT Zpnn
Il 9nH It St SOGNRO KSIFGEmn 132 onznnn
T {6AG@RAWSE YIyAT2imc Gt @S mcInnn
T { GSINBI Oa @l a2y LI CfdzYLl &adzy nnzZnnn
.FNB SNBOGSR 0Oz2af MZHOCZIAN
Tab®&Fact or iuap fbruomh dboare erected cost to total investment
Sour ceHFCRBEX wor kbooks (cryogening amdteasl)ci um
Step Fact Cryogenic Calcium |
(EUF
Bare erected cost Finstalled 1,531, 1,236
Land %B&TC 45, 9 37,0
EPC services 15 % of 229, 7 185, ¢
Process continger 10 % of (BI 176, 1 142, :
Project continger 20 % of (BEC + 387, ¢ 312, 7
Licensing % of 45,9 37,0
Tot al pl ant cost, sun 2,416, 1,950
Commi ssioning % of 120, ¢ 97,5
Wor king capital invent ol 40,0 45,0
Tot al invest ment, TPC + comn 2,577, 2,092
Fixed capital, F TPC comm 2,491, 2,010
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Tab®9®El ectricity-ccogogempci oout e

58YF lyyd | 2¢

I 3 9l dzA LIY Sy i /It Odzt | a2 ol aha.
¢ J yu z °2y ola 6012 012Kk 09] wi

I 2y RSYyasSNI @Al [

5mm | d/2fdzyYy O2yRSYya N} 02T NEO2AL SNI :

My MZpdp HHOZXZ

wmn MKk M) CNBEAVIR NBF Ol 2N ySi opd 12 k no OTT O0XAnNp MNHCZX

/ hi Oz2YLHBaaASN

afnt hat oF NI {KI D LR26SNJ MOAp MIMTP McnZX

| nm CENRY KSFGSNI 68 ¢NAY Rdziea Mo YOHSZ MMC T

| 9N H {GSIFY &adzLISNKSHE { GS&a ®LISNKSI sy 3 c o pozXc TIp
a2t SaddSIaN NB3a: . _ . . L

a{mnm _ wWS3ISYSNYa2y Rdzi pTc ncczx cpXc

0t 26 SNJ

/ 2f R Rdzié mpodowm

worCb L ¢ WSTNIHSNJ-Q@}EEfNJ_ae My cC wMncZ HNXg
! o wm | AONI2 €t SNJ Tl ya M®p #HH2PM 12  Rdzi H O MC ZC HZo
¢c20al ¢ bnd TZ000 MINHC

F{LSOAUOQY St S®Od NRE Dd di 8 1M KH T plZ2diapid m/ph it dmdun a2 Kk (o

Tab9&El ectricitycatbuolswmompit m@ nr out e

. N - 5SYI " , /| 2¢
¢l 3 91j dzA LIY Sy (i /1 Odf | a2y sz | YYat oo
[ lhawm 9t SOUNRO OItOA /T OAYlLaz2Y MINT yZcdn MZHMC
wmMaMKMI CNBOYIR NBFOG2N) ySi opdp |32 oTT oXnnp nHC X

/ hi O2YLHMBRASN N

aTthanMﬁl_ll\lJ {KI'D L3 gSN pHC nHNZX pdxr
| 0 H {GSIFY adzZLISNKSIF {GSFY &dzJS co poXc TIp
| 80 m CSARBKSIG GNAYCECNAY Rdzied nor ozc pn
¢c2aI ¢ MZP M MHZSHM' MZTMA
{ LISOA y

O St SOGNROAGREY miHySyHHw y12vKpknl  1/2hK pod medBynyd nad® TKuk G0 T
K 2F StfoOMKOAGRY mMInTydo Kk MIpmcdnap T
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Tab9®Annual o-pes batkbdnogwn at t he base scale

Sour c eHFORBX wor kbooks (crylogiengcrantespal ci um

Component Cryoge Calcium | Basi
( EUR/ ( EUR/
BFG feedstock (opport 250, 7 250, 1 22.83 EUR/ t or
Electricity 1,026 1,710 Preceding
0 of which electric c o} 1,216 CAH 0]
6 of whiemdf rmhemtti ng 426, : 426, : shared,
Steam 57, 8 60, 3 Process
Process |/ cooling wat 96, 7 87: Ma kep + cir
Carrier, sorbent and 40, 1 22,6 Consumahihesapt
Cr
Fi xed costs 542, ¢ 513, ¢ Next |
Gross OPEX 2,015 2,558

Specific operati3dd®. o, £ttR/ItoiyuBPednd2cpk R/ t

Tab®9kWMDerivation of the fixed operating costs for both rc

Sour c eHFORBX wor kbooks (cr ylogemiing arnau tcead )c.i um

I tem For mu Cryogeni c Calcium |
( EUR/
Operating | abour 3 operator 255, ( 255, (
Supervision 15 % of 38, 2 38, 2
Laboratory [/ QC Al | ow: 15,0 15,0
Pl ant overheads 30 % of 76,5 76,5
Mai ntenance 5.0 % 124, ¢ 100, ¢
I nsurance and | oc 1.15 % 28, 6 23,1
Permits / ETS adr Al | owse 5, 0 5, 01
Total fixed 542, ¢ 513, ¢
FCI is 2,49trgo0pyeBUR) and 2,010,848 EUR (calcium |l oopini
identical percentage rates, so thbkeasddd fietreems.e ari ses sol
Tab9®lAnnual revenue streams for both routes

Sour c eHFORBE¥Xor kbooks (cr yogleonapci nagn dr ccuatl ecsi )u.m

Stream Quant Uni t Cryoge Calcium |

( EUR/ ( EUR/
CGproduct 5,929.15 / 260 [/ 8¢ 1,541 519, :
Hydr ogpnobwuct 70. 11¢ 4,000 | 280, ¢ 280, ¢
Spent CaO to c 14.53 10 EU o) 14°¢
Wastheat export 2,895. 5 3 EUR/ 0 8, 61
Tot al revenue 1,822 808, ¢
Wastheeat eQ2poBtkW I 8,059.2 h I 3.6 MI/kWh = 2,895.5 GJ/

The hydrogen credit i s whagdofkreéodn to ne ntdh e 7h0a.rlmosnitdeyd ), t he ba
the FeO variant as originally modelled yields 16.6 t/yr.
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Tab9®k2Wor ked

Levelised cost =

Cryogeni c

derivati

( CRF

on of t

he

TC OfFrl eQv etnagler so)s s

| evel i sed cost of

OPEX 1 non

Te m Val
CRF I TIC 0.1295046 1 2,57
Gross OPEX 2,015
Less-Chdernevenue 1280, ¢
Numer at or 2,068
6 GOaptured 6 5, 9:¢
Resul t 348.9 |
Calcium |l ooping
Term Val
CRF T TIC 0.1295046 1 2,009
Gross OPEX 2,558
Less -Ch®Brnevenue 1289, ¢
Numer ator 2,540
6 GOaptured 6 6, 4¢
Resul t 391. 4 |
Tab9®k¥3Wor ked derivation of the | evelised cost of product
Levelised cilo/sytgr+os(sTIOPRP EXTi e ne mik s )
Cryogeni c
Term Val
TI CGly 0.1347495 1 2,57
Gross OPEX 2,015
Less -Ch®Brnevenue 1280, ¢
Numer ator 2,082
6 GOaptured 6 5, 9¢%
Resul t 351. 1 |
Calcium |l ooping
Term Val
TI CGly 0.1347495 1 2,009
Gross OPEX 2,558
Less -Chernevenue 1289, :
Numer at or 2,551
6 GOaptured 6 6, 4¢
Resul t 393.1 |

DifferenckeCOCOPcrydq®dendnided)r495

phased constructi

on

period.
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Tab9k4Screening-cagtgéhioov rout e

Year CAPE: OPEX Reven Net ¢ Cumul a- DF | PV
%)
2026 515, ¢ T T 1515, ¢ 1515, ¢ 1. 0 1515, ¢
2027 1,031, i i 11, 031 11, 546, 0. 9! 1982, (
2028 1,031, i i 11, 031 12,577, 0. 9¢ 1935, ¢
2029 T 2,015 1,822, 1193, ( 12,770 0. 8t 1166,
2030 T 2,015 1,822, 1193, ( 12,963 0. 8. 1158, ¢
2031 T 2,015 1,822, 1193, ( 13,156 0. 71t 1151, ¢
2032 T 2,015 1,822, 1193, ( 13,350 0. 7: 1144, (
2033 T 2,015 1,822, 1193, ( 13,543 0.7 1137, ¢
2034 T 2,015 1,822, 1193, ( 13, 736, 0. 6° 1130, ¢
2035 T 2,015 1,822, 1193, ( 13,929 0. 6: 1124, ¢
2036 T 2,015 1,822, 1193, ( 14,122 0. 6: 1118, ¢
2037 1 2,015 1,822, 1193, ( 14,315 0. 5¢ 112, ¢
2038 1 2,015 1,822, 1193, ( 14,508 0. 5! 1107, ¢
NPV 13, 785
LCOP 351.1 |
Tab9®k55ceeni ng eaalhclifaloppw ng rout e
, SN /0t hto wS@gSs bSi /| dzY dzt 5C o t %
HNHC nmMmy q q bn my X bnmy X M PN bnmy X
HAHT yoTtZX q q byoTZX BMZIHPpF nodg bT ¢pT X
HNHY yoTtZX q q byoTZX bH Z n dt nodg br p X
HAHCO q HZppY ynyz EMZITpr boXynt noy EMZpwmn
HAnon q HZppY ynyz EMZITpr bp Z p dbc noy bMZnoc
HAOM q HZppY ynyz EMZITpr brZonc nor BMZoTn
HNOH q HXppYy ynyzx BMZITpr bhZ n e nor bMXZonrg
HNoo q HZppPpY ynyzx EMZTpr bMmnzyn noTr bBMZHNC
Hnon q HXppYy ynyzx BMZITpr BMHZp @ noc bMImMyTr
Hnop q HXppYy ynyzx BMZITpr bMnXon noc BMZIMHY
Hnoc q HEIppy ynyz bBMZ T pr bmc Znd noc bMZAaTr
HNoT q HEIppy ynyz bBMZ T pr bBMT Zyn nop BMZ nHC
Hnoy q HEIppy ynyz bBMZ T pr EMpZp d nop bpT n X
bt + bMn XHO
[/ ht oo dm
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Tab9k6i nanced <ccasyhogfelnoow rout e

Year OPE X Reven I nter Princ Depre Tax Net ¢ Cumul at PV
2026 ] ] i T T T 0 0

2027 ] ] i T T T 0 0

2028 ] ] i T T i 0

2029 2,015, 1,822, 128, & 257,17 257,17 0 1579, 7 1579, 7 1500, 7
2030 2,055, 1,858, 115, ¢ 257, 7 257, 7 0 1570, 7 11,150, 1469, £
2031 2,096, 1,895, 103, 1 257, 7 257, 7 0 1561, 7 1, 712, 1440, 1
2032 2,138, 1,933, 90, 2 257,17 257,17 0 1552, €& 12, 265, 1412, ¢
2033 2,181, 1,972, 77, 3 257,17 257,17 0 1544, C 12,809, 1386, €
2034 2,224, 2,011, 64, 4 257,17 257,17 0 1535, ¢ 13, 344, 1362, ¢
2035 2,269, 2,051, 51,5 257, 7 257, 7 0 1526, 7 13,871, 1339, &
2036 2,314, 2,092, 38, 6 257,17 257,17 0 1518, 2 14, 389, 1318, 1
2037 2,361, 2,134, 25,7 257,17 257,17 0 1509, 7 14,899, 1298, C
2038 2,408, 2,177, 12, 8 257, 7 257, 7 0 1501, 4 15,400, 1279, 2
NPV 13,807,
LCOP 357.6

Tab9®e7w i nanced Ticaaslhclifalojppw ng rout e

Year OPEX Reven I nter Princ Depre Tax Net ¢ Cumul at PV
2026 ] ] T ] ] ] 0 0 0
2027 ] ] T ] ] ] 0 0 0
2028 ] T T i i i 0 0 0
2029 2,558, 808, E 104, € 209, 2 209, 2 0 12, 063, 12,063, 11,782,
2030 2,609, 824,17 94,1 209, 2 209, 2 0 12, 088, 14, 152, 11,718,
2031 2,661, 841, 2 83,7 209, 2 209, 2 0 172,113, 16, 266, 11, 656,
2032 2,715, 858, C 73,2 209, 2 209, 2 0 12,139, 18,405, 11,596,
2033 2,769, 875, 2 62,7 209, 2 209, 2 0 12, 166, 110, 572 11,539,
2034 2,824, 892,17 52,3 209, 2 209, 2 0 12, 193, 112,766 11, 484,
2035 2,881, 910, & 41, 8 209, 2 209, 2 0 12,221, 114, 988 11, 432,
2036 2,939, 928,17 31,3 209, 2 209, 2 0 12,250, 117,239 11, 381,
2037 2,997, 947, ¢ 20, 9 209, 2 2009, 2 0 12, 280, 119,519 11, 333,
2038 3,057, 966, 2 10, 4 209, 2 209, 2 0 12,311, 121, 831 11, 286,
NPV 115, 213
LCOP 397.9 ¢
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Tab9¥k8ensitivity of LCOWRonlbecdlwvaltuesity price
0600 0600 B ™1 OfKSPB woPA2Kkid OONE2IAGYRAQuEil yBI MOk
t22LAY 30

Case CryogemCOF LCOF Cal cil wrap@n@OF LCOF

50 EUR/ MWh (0.05 1 0. 14n11l. 239. (0.005 114) 1T 1698 223,

90 EUR/ MWh (0.09 1T 0.1461.T¢ 289 . (0.09 T 0.1494.1; 299,

140 EUR/ MWh o) 351. o) 393.

180 EUR/ MWh (0.18 1T 0.14) 1 400. (0.18 1T 0.14) 1 468 .
FBreaken electricity price (cryogenic, LCOP6632GEUR! kWh1l4 66 ( EGE
Tab9¥Sensitivity of LCOP toweglhedgwbbueperating cost
FOB00 0660 Q Qi é£0d000 ALISOAUO ht9- ' ooddyTt 9! wkid 6ON

6O £ OA dzy

f22LAY30

f

CryogehCOF

LCOF

Cal cil wmp @n@OF L COF
30% 0.30 T 31301 .¢ 249, 0.30 T 310148..: 274.
20% 0.20 T 3&8M..! 283. 0.20 1 3P0&%..: 314,
-10% 0.10 T 3xBD..! 317. 0.10 T 3%%... 353.
Base - 351. - 393.
+10% +0.10 T 339. 385. +0.10 T 394. 432,
+20% +0.20 1 339. 419. +0.20 1 818%. 471,
+30% +0.30 T 339.: 453, +0.30 T 394. 511.

FReduction required to

394.79.4 c%l cium

Tab92z0SensitivPtyoofthéeCOapital

reach) tde3 dP®eo.8icsypgeniec) (3639350

|l ooping)

estimate (AACE Cl ass 4, 1

[ FLAGEE O2 yRl. NG\ obZapy Yo ply o@IN® R @8 PA PO DI WiIOh dzY f 22 LAY 30
Case CryogehCOF L COF Cal cil wmp@n@OF L COF
30% 0.30 1T -58.'! 333. 0.30 1T -43.1 380.
Base o) 351. o) 393.
+50% +0.50 T 58. 380. +0.50 T 43. 414,
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Tab92lEffect-yefaral20e at 8 % on the annualised capital C |
Ter m Substit Val
AF (20 yr, 8 % [ 1171 6§B60. 0 9.81¢
G (8 %) 0.2 + 0.4/ 1. 0.913
Yy (8 %) 9.81815 8. 41"
a/l y 0.913306 0 0.108
K, cryogenic 2,577,749 1 0.1¢C 47.17 EURI/ t
K, calcium | oo 2,092,928 160490 34.99 EUR/t
LCOP, cryogeni 351.15 1 (58 339. 7 (EUR/4
LCOP, cal cium 393.07 1 (43 384. 6 EBURY

Tab922 COP sensitivity to the EU ETS carbon price

The ETS is chacgepduordtiséi p only: 311.9 t/yr (cryogenic)

g COP = (p 1 45X 9B)G.iape&0yogenicp; oRpEdBI 66 mil ooping)
Case CryogemnCOF LCOF Cal cil wro p@n@OF LCOF
60 EUR/ t -3501. 052408 349. 35 1 0. @23 392.
95 EUR/t (be ) 351. 3 393,
120 EURI/ t +25 1 0.052 352, +25 1 0.023 393.

Tab®923Xompari son of LCOP sensitivity to the selected ecor
Driver (range) CryogemCOP ( EULI Cal cil oo p@n@OP

( EUR/ t)
ElectriciilQg0OpEUREMWBD -111.3 / +49 -169.4 /| +75
Aggregate operating cost 68.0 / +68. -78.8 [ +78.
Capital estimate (130 % / 17.6 [/ +29. -:13.0 / +21.
Pl alnitf e and di scount rate 11,4/ 8.5 [/ 0.0
EU ETS carbolh2PprEUWR/ t()60 1.8 [/ +1.3 0.8 / +0.6

Tab9248Scalpep andkcyyiogemoaute (product 260 EUR/ 1)

Metric 1,000 Nmj. 68, 500 Nmj 274,000 Nm
CGrcaptured (t/yr) 5,929 406, 147 1,624,588
Tot al investment, T 2.58 40. 22 99. 03
Annual OPEX (M EUR) 2.0 103.99 410.50
LCOC (EURI/ t) 348.9 221.6 213. 3
Margin vs 260 EUR/t -88.9 38.4 46.7
Annual profit (M EU -0.53 15.6 75.9
Viabl e? NO-I os s YESprofit YESprofit

128



Gunel Rahi ml i

Appendices

Tab925Scaleg andlkwns$iclsauaonpi ng route (product 80 EUR/ 1)
Met ric 1,000 Nmj. 68,500 Nmj 274, 000 Nnm
CGrcaptured (t/yr) 6,491 444,614 1,778,457
Tot al invest ment , T 2.009 32.66 80. 41
Annual OPEX (M EUR) 2.56 142.78 566. 38
LCOC (EUR/ t) 391. 4 286. 1 279. 8
Margin vs 80 EUR/ t -311. 4 206. 1 -199. 8
Annual profit (M EU -2.02 -91.6 -355.3
Vi abl e? NO-1 os s NO-1 os s NO-1 os s

Tab®28 nternal consistency checks on the cost tables
Check Resu
Cryogenic OPEX col 2,015,113 = grosasa
Cal c-iampi ng OPEX ¢ 2,558,596 = grosas
Cryogenic revenue 1,541,580 + 280n4
Cryogenic electric 909.9 kW oven
Cal ciiamping el ectr 1,516. 05 kW o
Cryogenicosfti xsedn 542,8¢
Frommtd symmetry R-101/ 102 charged at 3’
LCOP 1T LCOC (cryog (0.1347495 1 0.1295046) 1 2,57
Capital charge rat i/y = 0.943764 &6 7.n0

Figures are reported to the precision carried in the workbook;
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D H- N b 4= Calcium laeping trails CL_FEO LAST.apwz - Aspen Pius Vi4 - aspenONE -8 %
m Home | View  Customize  Resources Search Aspen Knowiedge B @ =
X 1 ~
kan  [mercsar -| [ sep N Chemistry L Metnads Assistant IR NIST C processium |G Analysis m 3 I‘ oot [Eewe  Lesolubiity A Temary Diag
A &3 Unit Sets. @ Components Jf Customize = 4 Clean Parameters &) DECHEMA @ Estimation 3 - a {@) History |7 Binary () PT Envelope £l Residue Curves
- vt jext Run Reset Control
4 Paste 3 Methads iPropSets  Suycture  #y Retrieve Parameters B DIPPR | Regression Panel [l Report [, Mizaure
Clipboard Units Navigate Todls Data Source Run Mede Run 5 summary Analysis
Properties < Components - Specifications < |+~ =
Al ltems - |Q§eledlun | Petroteum | Nenconventional | enterprise Database | comments. | (i}
b [ Setup
4 [ Components Select components.
@] Specifications T
+ 2 Molecular Structrs Component 1D Type Component name Alias CAS number
(3 Assay/Blend H2 HYDROGEN H2 1333740
Eluight £na Properties H20 WATER H20 7732-18:5
+ [ Petro Characterization
ZPSEUUOCOMDOHEMS co CARBON-MONOXIDE e 630-08-0
@] component Attributes coz CARBON-DIOXIDE coz 124-38-9
A Henry Comps o2 OXYGEN oz 7782-40-7
@] UNIFAC Groups
+ g Polymers N2 NITROGEN N2 7127319
@] Biocomponents 3 IRON FE 7439.80.6
# [ Methods WUEST-01 WUESTITE FE0.9470
A Chemstry FE304 MAGNETITE FE304
|2 Property sets
[ Data FE203 HEMATITE FE203 1309-37-1
b [ Estimation ALz03 ALUMINIUM-OXIDE-ALPHA-C...  AL203 1344-28-1
[ Anal
e ZrO2 ZIRCONIUM-DIOXIDE ZRO2 1314-234
» [ Customize
4 B8 Results c CARBON-GRAPHITE c 7440-44-0
[ un Status FEO FERROUS-OXIDE FEO 1345-25-1
cao CALCIUM-OXIDE cao 1305-78-8
e —— caco3 CALCIUM-CARBONATE-CALCITE  CACO3 471-34-1
[ simulation
Ja ) satery anaiysis Find | | Hecwizard | | SFEAssistant | | UserDefined | [ Reorder Review
&9 Energy Analysis

Resuits Available | Check staus | 0% © ¥ @
Figwnei st of chemical components used in the Aspel

B H- N TP M- Calcium looping trails CL_FEQ LAST.apwz - Aspen Plus V14 - aspenONE -8 X
- Home = View  Customize  Resources Search Aspen Knowledge B o =
ut METCBAR + [ Sewp Na” Chemistry (Z Z Methods Assistant S Processium |&h Analysis m } I‘ :l Dlinput  Epuwe  L-Solubility A Temary Diag
o P Unitsers @b Components [’ Customize 5 & Clean Parameters () DECHEMA. @ Estimation o P [@l History | Binary [/ PTEnvelope 4 Residue Curves
= raw ext Run Reset Control
[ Paste & Methods it PropSets  structure  ®) Retrieve Parameters 9 DIPER | Regression panel [ Report [, Mixture
Clipboard Units Navigate Tools Data Source Run Mode Run r Summary Analysis
Properties. * X+ B
Al ltems A [ ]
> 0@ Setup |2 L New ‘ Copy | Paste Expart ditInput | View Results | Reconcile 1
4 [ Components
&) specifieations MName Status Description Delete
b [ Molecular Structure PENG-ROB | Input Complete x

[ Assay/Blend
[&] Light End Properties
& [ Petro Characterization Input Complete X
[ Pseudocomponents.
[&] Campanent Attributes =
L4 Henry Comps
[&] UNIFAC Groups
[ Polymers.
(@] giocompanents
4 [ Methods
[&] specifications
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