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1 Introduction

The impactof humartyd sxcessive consumption and inconsideratet@sards
the world since the industrial ergprovokeal a global climate changeRising
temperature®f the atmospheremelting of polar ice caps and rising sea levels,
species extinction and meteorological phenomanma only one part of the
consequencesaused by the immoderate emission of greenhouse gasesoid
further disasterthe need to aatrgentlyis immenseThe world is concentrating on
renewable energiess a forward step to emit zero greenhouse gabeshowever

is not possible in very neéuture butis considered as longterm plan.

Carbon capturandstorage(CCS)holds a huge potential to drasticatduce the
emission ofcarbon dioxide(COy) into the atmospheréammediately Calcium
looping (CaL), a cyclic carbon capture process one of the carbon capture
technologies,utilizing naturally occurring carbonate as sorbevitich is cost
effective andeasily accessible.Existing power plants can be conveniently
retrofitted with a CaL system, and future power plants designed with full and partial
oxidation reactor.

Worldwide esearch was boosteahd scale up processes alreadijated, though
still being in a precommercial stageFor this reason, this researektends the
knowledge on thealcium loopingprocessesshowcasingthe potential of a new
kind of carbonatoin lab-scalesize It offersvaluable design and construction data,
the studies of the parametera guideline on how to conduct thexperimental
campaigrand finally offers valuable data coming from that experimental campaign.
It is intended to initiate@n upscaling process of thtarbonatoin the nearfuture,

to study the behavior of the system in a large siwatgake it ready for the use in
power plants. Before this, thmrbonatomwhich will be presented herbas to go
throughseverakexperimentand mprovementsto have the system running and to

reachmaximalefficiencies.
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1.1 Motivation

fiNet Zera by 2050is the target by ateadilygrowing number of countries, aiming
to have a netero greenhouse gas emission2b6%Q [1] Focusing on renewable
energies is a critical step to achievestjoal. Theseapproachingglobal climate
targetshowever cannot be achievedly by focusing on renewable energigsa
long-term plan, fossil fuel power generatiomust be replacedwvith renewable
energieshowever, action must be taken quicktp meet heseobjectives Since
todayos gl obal el ect r % cthrotghcoabfited powar st i | |
generatiorall over the worldand it is yet the cheapest way to produce enetgy,
will most likely not be abolishedin close futurd2] Hence the reduction of
greenhose gases from the power generation sector thrQ@@h to reachalarge
scale reduction o€0O, emissions as quickly as possilale well asan emnomical
and safe way to achievbese goalss necessaryDr. Julio Friedmanna leading
thinker on @S technologies, is convinced that 120 % of the global emissions
canbe handled by CS;si nce t her e a toaddm@ds thensanisgionsopt i ons
from the industrial sectof3]

There are two main leadingostcombustionCO; capturetechnologies, that are
most probablyto be commercialized in the next few yeaffiese arg¢he amine
absorptionusing amine as solvent to absorb the.@0t of the flue gasndthe
oxyfuel combustionwhere coal is burnt with a mixture oxygen(O) and CQ.
Even thouglboth technologies aia a mature stateéheyare stillrelated to several
problems Amine absorptiortomes withhigh coss of the solvent,the degradation
of the sorbentt high temperaturesand a requiredlarge amount of heat fdhe
solvend segenerationOxyfuel combustiomdemandsigoroussafety requiremas,
fouling, leaksaffecting CO. purity, and an impairment of energy efficiency of
around10 % duringCO, capture from power planti the meantime, the focus has
beenshiftedto new alternativeq4]

Calcium looping is one of the mst promising carbon capturdechnologies,
offering several advantagesgamelya largecarbon capturefficiency, potential to
implement in large scale power plant facilifiéise sourcing of extremely cheap
sorbentand the opportunity for the integration in the cement indystgtill in a

pilot and precommercialtage[5]



Introducton 3

The calcium loopingprocessoffers a variety of application possibilitidgesides
Cal as a carbon captutechnology such asa thermochemicaknergy storage
(TCES)in concentrating solar power plants. While s#oebent in theCal process

in industrial power plants aims for high capteféciendesandconcentrates on the

s o r b penfdrmdascethe limestoneutilized for the TCES process can be used
without additional pretreatmerind usuallylasts longer befordegradationBoth

technologiesre combined in this project

1.2 The CALYPSOL Project

The Deutsches Zentrum fur Lufund Raumfahr{DLR) is theresearch center for
aeronautics and space®érmany.The center executes research dadelopment
activities in the fields of aeronautics, space, energy, transport, security, and
digitalization.Also, the German Space Agenya part ofDLR, whereplansfor

the national space prograare implementedn behalf of the federal government.
Thevision of the DLRinstitute of Future Fuelsvhich emerged from the institute

of Solar Researchis to develop technological solutions for harvesting large
amounts of solar energy in the sunbelt regions of the earth and use it together with
the renewableesourceswater,and aiy to produce fuels cost efficiently.

CALyPSQ. (CAlcium oxide LooPing through SOLar enejd¥rigurel1.1) is one
projectof the institute andimsatthe separation a£0O; rich waste gas by a solar
driven calcium carbonatécalcium oxidecycle. Two reactors are needed fitre

cyclic process. Ime (CaO) is first produced from limestone (CaCg¢) at
temperaturearound 900 °Gn acalcinerreactorusingconcentrated solar energy.

The produced CaO is then used as a sorbent in a second carbonator reactor to
capture CQ from flue gasesCALYyPSOL shall demonstratéhe completeCaO

cycle The cycle is characterized by an endothermic reaction (calcination)
producing limeand an exothermieaction (carbonation) forming limestone again

by binding CQ.

Onepart of this projecis therotary kilncarbonatorwhich will be thefocusof this

work.
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100% CO,
WP4

CaC0O,>Ca0+CO,

T = 850°C

> O
S 2 WP2
o
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offgas without CO, offgas rich in CO; WP1

Figure 1.1 Calcium loopingcycleand correspondingvork packages

First proposed in 2018 with a duration of three years, the whole project was divided
into four work packages as seenHFigure 1.1. As this work is part of WP3the
structure, content anthrgetsof this work packagewill be presented in the

following section

1.3 Scope

Currently there are several pilot and test facilities around the watthda thermal
energy demand of a femegawattsproving the successful implementation of the
CaL cycle as retrofit however still facing many issuesThus, the request of
enhancement and grovgrknowledge isgrantwith a curiosity ofinnovative and
new technologies this field

As existing technologiefr carbonatiorsuch as fluidized beactorsor entrained
flow reactorswere developed and improved over the years anedn the pre
commercializing stage, other technologies such as the rotary kiln restar
carbonatohave hadly been researcheeyen thoughholding a great potential.
For this reasonthis work offers new insightsinto the calcium loopingprocess,
showcasingn rotary kilncarbonatorwhich was setip in a labscale systenand

wastested during the projects .
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Conditions forthe experimental campaigwill be defined,to proof the systeids
operability, while variables will be adjustedy achieve the highe€O, capture
efficiency. This work presents a new approach and offers data, for further
investigations and eventually initiating a scafe of the system to study the
behavior in a larger scaléhe precommercial stage, before actimiplementation

plans in power plants aenvisaged

1.3.1 Objectives,methodology, and structure of the work

This proposed master's thesis focuses on the construction and test operation of the
carbonator The projectfor the thesisvas divided into three stages. Firstly, the
realization of thewhole set up. Next, defining operation conditions. And lastly
investigating the operation conditions through an experimental campaigor Ma
preparations needed to be done for the reactor. Atetipg@iredcomponents needed

to be collected, which included ordering pieces as well as building support
structurese.g.,for the screw feeder. Once all pieces were availablesati@nator

had to be mountetbgethey followed by the installation of all the components, to
assemble the experimental setup and create a working system.

After realizing the setupcrucial paraméers neededo be investigated and
operatioml conditions definedThese are gas temperatures, temperature profiles
along the reactor, the inlet mass flow of the patrticles, the inlet mass flow of the gas
and the concentration of Ganside thegasmixture, the rotational speed of the
reactor as welbf the screw feeder and the angle of inclination of the rea&wor

soon as this step wakone experimentalconditionsweredefinedi n t he t est 6
experimentalcampaigns including the cold testke hot tests,and the chemical
tests.In order to make statements about the systems efficiency, parameters were

modifiedduring the experimental campaign
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2 State of the art

In this chaptercurrent technologies of thearbon capturg@rocessare presented
Cdcium looping which falls under the category of pesvtmbustion will be
displayed in detailn addition,a detailed overview and analysis of existbadcium
looping facilities, projects and researchworldwide was conductedn a
chronologicalorder. The balanceof the chemical reaction will bportrayedin

detail. Moreover ruling carbonator reactor desigre gresented.

2.1 Carbon capture and storage orreuse

The process ofemoving CQ from emission sourcds definedascarbon capture
(CC). Its purpose is to limit the release of €@missions into the atmosphere by
capturing the C@and then storing it safely
Carbon capturandstorage oreuse (CCS/CCRjonsists othesethree main steps:
1 Capturing the Cefrom theflue gases or separating the £fm the fossil
fuels
treatment and transport of the €10 a place of further use

storage or utilization of the C{J6]

It is widely agreed that significammission reductions are needed in the energy
and carborintensive industrial sectortr some sectortheoretical efficiency limits
cannot baeached and proceisked emissions are unavoidableor this reasan
CCSappearss theonly available option to reduce direct emissions from industrial
processes a longterm plan.

Equipping the power plants and facilities with tBE€ES technologys reasonable
since theemission is avoided where it originally ariseBhree different CQ
separation approaches are applicable for power plants using fossil fuels.
(Figure2.1)
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o,

H,0 +

N,

Gasification CO, -Separation Energetic Utilization

Combustion
with Energetic Utilization H,0 -condensation
Oxygen
Combustion Energetic Utilization CO, -Separation

Figure 2.1 Schematics of the three different £@paration processg6]

Fossil fuel

Pre-combustion processThis methodextractsCO; out of the fossil fuel before
burning it A syngas is created by heating the fossil fuel in steam and oxygen.
syngas consists dfydrogen(H), carbon dioxide(CO), andcarbon monoxide
(CO). Afterwards a step wherenly H> and CO; are present follows. H2 can be

usal for the energy production process, whil€, can be isolated, captured and
sequestered fdurtherapplications.

Oxyfuel combustion process This process uses puogygenrather tharair for
combustion of fuebr coal The resulting exhaust gas consists mainly o CO

and water vapor. By coolinghe water vapor isondensd and separatefilom the
remaining flue gasin further steps the flue gas is purified by removing
accompanying substances such as &@ a high purity C&stream is produced.
Postcombustion process:CO; is typically produced oncehe fossil fuels are
burnedto create energylhe resulting flue gases are cleaned by various processes,
to separatedust, sulfur oxidesand nitrogen oxidesThe purification of the
remaining flue gas can lwarried outhroughgas scrubbingn a wetchemical state
where CQ bounds to the cleaning ageMthen this scrubbing liquid is heated, it
releases the pumarbon dioxideagain. The detergent is thus regenerated and can
be recirculatedOther processes include dry adsorption, in which the GO
adsorbed onto solids, or membrane technologies, in which a gas mixture is
separated via a membraif@]



8 State of the art

2.2 Calcium looping

Calcium loopingfalls under thgpostcombustion process amims to remove&€ O,
from flue gases which are emitted from power and industrial facibyesingthe
sorbent CaCCal is based othecyclic carbonation and calcinatiaf this sorbent
The reaction starts once thengedtemperature of 87 700 °C is reachedCaO
reactswith CO, from the flue gas and foraxCaCQ. In a subsequent reaction, the
calcination the CaCQ is heated up to temperatures above 88D until it
decomposes topureCO; streamand solidCaQ Thedetailedreaction equation is

discussed in thiollowing chapter

The first approach oextractingCO, through carbonization in large scale power
plants was introduced Wyirama[7] andShimizu[8]. They proposed the resaal

of CO, from flue gas usingwo fluidizedbed reactorsvhich are connectealy solid
transportation linePry flue gas with aolumetricCO, contentbetween 4 15% s
conductedn the first reactor, thearbonatorThe exothermic carbonation reaction
leads to theaptureof COz in which CaCQ is formed TheCaCQis then directed
into the second reactor, where the endothermic calcination reaction forms CaO back
as wellasa CO; rich gas stream, which can be usedftother applicationsThis
was a mileston@ the research of extracti@O, from flue gasessince a model to
removeCQO; through carbonation was firstaboratedFurther investigations were
based on thedendings and micethen,mgor developments were achievedierms

of largescale applicationsOver the past few yearseveral institutes and
universities started building CalL test facilities as retrofitexisting fossil fuel
fired power generation systemstherthanfocusing onbuilding innovativeCO;
neutral power plant$9]

The following Table2.1 gives an approximate overviewf the CalL test facilities
around the world over the past few ye@eme of the facilities will be presented
afterwards, whereby ttdifferentreactor typeanddesigrs will be evaluatd in the

following subsection of this chapter.
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Table2.1 Chronology orCal research& projects

Year

Research Team & Country

Facility

2004

JC. Abanade$ CSIC (Spain)
Edward J. Anthony, Dennis Y.
Lu, and Carlos Salvadar
CANMET (Canady Diego
Alvarezi INCAR (Spain)

Small pilot fluidizedbed reactor

2009

J.C. AbanadesV. Alonsg
N. RodriguezB. Gonzélez
G. GrasaR. MurilloT CSIC
INCAR (Spain)

30 kW pilot dual circulating

fluidized bed reactor

2010

A. Charitos C. Hawthorne
A.R. Bidwea S. Sivalingamb
A. SchusterH. Spliethoff

G. Scheffknecht IFK
(Germany)

10 kW dual fluidized bedeactor

2010

W. Wang S. RamkumayS. Li;
D. Wong M. lyer

B.B. Sakadjian; R. M. Statnick;
L.S.Fani OHIO State
University (USA)

120 kWentrained bedarbonatoyr
a rotary kilncalcinerand
bubblingfuidisedbed hydrator.

2011

C. Hawthorne; H. Dieter;

H. Holz; T. Eder; M. Zieba;
G. Scheffknecht IFK & EnBW
Kraftwerke AG (Germany)

200 kW threefluidized bed
reactos (scale up of the existing
10kW reactor from IFK)

2009-
2013

A.S. Biezma; J. Paniagua;

L. Diaz; M. Lorenzo; J. Alvarez
D. Martinez; B. Arias;

M.E. Diego; J.C. Abanadés

La PeredqSpain)

1.7 MW dual circulatig fluidized
bed reactor

2013

ITRI (Taiwan)

3 kW fluidized bedcarbonato&

rotary kilncalciner
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20137 | Technische Universitat 1 MW T 20 MW dual circulating
2017 Darmstadi SCARLET fluidized bed reactor
20157 | CO2 capture from cement 200 kW threefluidized bed
2018 productionCEMCAP (EU) reactors f@acility from 1FK)
2018 S. Turrado; B. Arias; Drop Tubereactor
J.R. Fernandez; J.C. Abanadle
INCAR-CSIC
20167 | FlexiCaL (EU) 200 kW threefluidized bed
2019 reactors (Facility from IFK)
Regenerator operated in
circulating mode
carbonatoeither circulating
mode or bubbling mode
2019 J. Plou I. Martinez G. S. Grasa | Solid feedingsystemé& entrained
R. Murillo (Spain) flow reactor and
fluidized bed vessel.
2017- | Clean clinker production by Reactors as retrofit of existing
2020 calcium loopingprocess cement plantcarbonators an

CLEANKER (EU)

entrainedflow reactorand

calciner

Most of thelab- and pilotscale facilitiesisedfluidized bed reactor® remove CQ

out of theflue gas A team of he Carbon Science anbechnology Institute

(INCAR) from Spainwas one of the first to build a test facility in the size of 30

kW composed of two interconnected circulating fluidized bed readtt®¥.The

outcome of the exgriments with the test facility showed that ta@bonatoreactor

and thus the Ca@unctions as an effective absorber @0, as long as there is a
sufficient bed inventory and solid circulation rate. There are many more institutes
and workinggroupswho worked on a test facility to show the efficiency and the

advantages of Callhelnstitute of Combustion and Power Plant Technology (IFK)

at University of Stuttgartset up al0 kW lab-scaledual fluidized bedfacility

consisting ofa riser andubbling fluidized bed[11]
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They managed tdemonstratéhe CaL processn thekW dual fluidized bed facility
moreoverachievingCO; capture efficiencies above 90. Throughout thevhole
experimentsparametes wereadjustedo achieve the highest efficiency.

Several studies andesearchteamsused tle samefacility, while focusing on
different aspects of th€al process.Serving as a modek joint industriat
university research angevelopmenprojectbetween IFK andEnBW Kraftwerke
AG from Germanywaslaunchedto scale ugheexisting pilot planto asize of 2@
kW. [12] The kW CaL pilot plant ha the aimto demonstrate realistic operating
conditionswhile removingCO; from real combustion gaas well asmproving
knowledge on a bigger scale through the guidance axperimental data
SCARLET, a project initiated by the University &farmstadivas one of the most
promisingprojects spanning couple of years anggrading a pilot plant the size
of 1 MW to a pilot plantreaching20 MW. The aim was tgorovide essential
information and tools for the scalgp procesf the Cal processAs well asthe
demonstration of acontinuous, seHlsustaining operation of pilot facility.
Furthermorethe aimwasto providea technicaleconomial, and environmental
assessment dhe CalL procesand to offer arexpertise for the scalgp as well as
the integratiorof such systems for commercializifj@3]

Over the past few years, the number of projects in the cement production industry
rapidly increased, aiming to achieve zero #issions utilizing different carbon
capture technologies one of them being the Catle. A few of them are:
CEMCAP, FlexiCal, and CLEANKER.

CLEANKER a project under Horizon 202@rried out by the cement plant facility
in Vernasca (Piacenza, Italy) cooperation withCLEANKER partners such as
Politecnico di Milano(Milan, Italy), LaboratorioEnergia e Ambiente Piacenza
(Piacenza, Italy), IKNGmbH (Neustadt, Germany)Jniversity of Stuttgartand
Verein Deutscher Zementwerke (Disseldorf, Germasydne of the ongoing
projects aiming to demonstrateiategratedCal process for C@capture in ement
plants First proposed in 201With a span of more than four years due to the
pandemic situationthe facility intents to demonstrate ti@al process in a new
scale, namelyL300 kt/yearThe first two years were focused onletailed design
of the Cd& demonstration system, the characterization of raw meals asaziaents
and theconstructiornof the demonstratoin October 202@he pilot plantwas first

set upandshort and long statests were conductefd 4]
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Yet, there is no existing commercializ€aL-systemn power plants. Howeverhé
growing number of projectand thus the knowledge gaineste anexcellent

prerequisiteand prepeation for grant scale CQ@apture imearfuture.

2.2.1 Kinetics

Now tha the current state of the Caglrocess in operation gettled thechemical
balance needs to be clarified, to create a foundation and understémdihg
following chapters.

The calcium loopingprocesss based on the reversible carbonation of ®aSed

sorbent, mostly derived from limestone. The reaction is disglayequation (1).
6ol 60 B6wol YOy p X QG ¢ & (1)

The carbonation reaction is exothermic, whereas the backward reaction, the

calcination is endothermic.

100% CO,

CaCO;—>Ca0+CO,
T=850°C

o O
= o
o
CaCO;<Ca0+CO,
T=700°C
offgas without CO, offgas rich in CO,

Figure 2.2 Calcium loopingcycle
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Both reactions operate at very high temperatuf@® °C for the carbonation and
85071 900 °C for the calcination, regarding the kinetic and chemical equilibirum.
One commoly known concept to determine the equilibrium curve by using equation
(1) can be done by using tkleermodynamic coefficients pramed by McBride et

al. [15]

Carbonation/Calcination

10

Carbonation
Ca0 + CO; — CaCOy4

=]

Calcination

CECOg — Ca0 + CDJ
0.01

Equilibrium vapor pressure (bar)

0.001
600 6350 700 750 800 830 200 950 1000

Temperature (°C)

Figure 2.3 Equilibrium vapor pressure of G@ver CaO as dunction of temperaturfl5]

The ideal carbonation temperature between 6507 700 °C Figure 2.3)
characterizedby an initial rapid rate period followed @an abrupt transition to a
very slow reaction rateChoosing the ideal carbonation temperature is a
compromisse between a higher duium at lower temperatures and a decreased
rate of reaction. The calcination temperature on the other hand is optimal at
temperaturesf around 900 °C, reacting rapidly and with a highersatehigher
temperatures, however causing a fadegradatiorof the sorben{16], [17]

The degradation of the sorbent, thus the loss in sorbent reaads\atgo caused by

the following reasons: sintering of the porous CaO due to the high temperatures
other undesired reactio(such asulphatiorandsulphidatior), loss of bed material

due to abrasigrand ash fouling[17]
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The Cal-cycle demandsthe sorbentto go throughrepeated C® captureand
release cycledDue to the degradation of the sorbem@ntioned before, the cycle is
not fully reversible, affecting the captuedficiency of the cycle. This phenomam
can be explained with the carrying capicity of the sorbent.

The carrying capicity is defined as the maximemmversiorrate of CaO t€CaCQ
and is known to shrink with the increasing number of cycles the sorbent is running
through as seen Figure2.4. There are two distinct reaction stagésarbonabn.
The fast carbonation stage, where the fresh-@afce is exposed to the cénd
simultaneously reacts and form€aCQ product layer on the surface. Following
the slow carbonation stage, due to the diffusiesistance fbered by theCaCQ
layer. [18]

Carbonation-Calcination

100
95
90
85
80

Slow carbonation stage

Fast calcination stage

75 Fast carbonation stage

70
65
° IMmwmamaMIAAL
55
50

Weight (%)

0 100 200 300 400 500 600 700 800

Time (s)

Figure 2.4 Carrying capacity of CaO sorbent through 50 £&aptureandrelease cycles represented in
terms of mass changs. time[17]

The sorberis effiency to capture CQlepends on the reactions kintetics, the grain
size of the sorbent, the specific surface area of the ,gaaith the pore space
characteristcq18]

In order to maintain a steady stdresh sorbent needs to be added regurlarly
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2.2.2 Reactor design

Different reactor types were presentiating the CalL sectionThis chapter will

showcase thexisting reactor types and thevorking principles

Fluidized bed reactor

Gas
O
V-
i/ D Q x__.
Solid .
\\ N fg* ‘ O
o\\\\ - O x\ﬂh_g __@___
. < < __— Gas bubble
O O
‘n\\\\ 'ﬁ' 'ﬂ? .ﬁ, -ﬁ,
) ¥ O O .
% K xO
g YAt . o
/ O Ve I e “\\ h*g i
Solid / D-,::: 4 O N \Stﬂld
particle o + o O
Gas ; | l I I "I~ Distributor
AN yd
e —_

Figure 2.5 Simplified schematic diagraof a FB reactor

Fluidized bedFB) reactors aréluid-solid reactorsvheresolid particlekeep being

in motion byan upward gas flow. For this purpose, the gapassingthrough a
distributor at the lower end of the reactdhe distributoreitherconsistof several
nozzles or a distributor plate withanyopenings.

When staing upthefluidized bed,the gas flows through the particle pile on the
distributor plateThe particles get lifted and begin to float in the gas stream when
reaching a sufficient high velocitjl9] With respect taalcium loopingprocesses,

different kinds of fluidized bed reactors weteployed
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Dual fluidized bed reactor

I Air/Gas |
‘\\
Particles

Carbonator Calciner/Regenerator

Air/Gas ' Air/Gas

Figure 2.6 Simplified schematic diagram of a DFB reactor

DFB systemsconsist of twoFB interconnected reactorfor solid transport.
Depending on the application, one reactor corresponds tathenatomwhile the
other one is either aalcineror regeneratorA regenerator can be any device to
release a pure stream of gd@side the reactoSeveral labscalesystemsand pilot
plants have been constructed over the years, presenticg¢hen loopingprocess
successfullyOne of themwas commissioned bthe INCAR-CSIC consishg of
two circulating fluidized bed reactor$ie carbonatoandthe air-fired regenerator.
A mixture of air and C®@ enters thecarbonator where it reacts with CaO at
temperaturebetween 600C and 700C. The formed CaCg&is then treated in the
regeneratoat temperatures at around 8@and 900C.[20] Due to the small scale
and sintering of the materjathe reactorsver e n 6t operating with

efficiency of thecalcium loopingprocess, leading toshort operation time.
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However, these dynamic tests with changes in solids circulation rates and bed
inventory in the range of minutesere an excellensource of egerimental
information for validating the process and deriving appropriate reactor models.
With a thermal demand d MW to 20MW the pilot plant of theTechnische
Universitat Darmstadt (TUD) is one of the biggest BdyBtem®ut thereThe main
setup of the reactorsesemblego the INCAR setup, ina bigger scale and with
additionalcomponentssuch as heat exchangeg dust filter,and aninternal heat
dissipation system inside the rea¢tahich dissipats the heat of thearbonaton
and set the desired temperature levéNith the systers grant CO, capture
efficiencies of more than 8% were achieved[21] Other DFB systems were
investigated fronthe Institute of Combustion and Power Plant Technology (IFK)
atUniversity of Stuttgart[11]

Entrained flow reactor

The characteristics oftgpical entrainedlow arethe low solidto-gas ratiareactor

are the brief residence time of solid and gas phéke residence timean be
understood as the tintke particlesemaininside the furnacand will beaddressed

in theupcoming chapter3d.he CalL system consists of three different parts: the solid
feeding system, the entrained flow reactor servingaabonatorand a fluidized
bed vessegbroviding the reactor the requireddt. The CQ gets mixed up with the
sorbenfair mixture ands then introducedo the reactor, where it starts to react
within secondglue to the provided heat coming frahe bubbling fluidized bed

reactor[22]
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Drop tube reactor

.t— I_ ) C'

Particles/Air Gas/Air

. Heating
" elements

. Gas/Particles

Figure 2.7 Simplified schematic diagram ofdeop tube reactor

This kind of reactor belongs téhe category ofntrained flow reactors and is
characteristic fothe carbonation of fine CaO particles wigw seconds ofjas
solid contact which isrequired in the cement production indust®dy drop tube
reactorhas been deployday INCAR-CSIC,investigating integrated CalL systems
using entrained bed reactors in tement production industryhecarbonatois a
down-flow reactor,with heating elements installed along it, to maintain a uniform
axial temperatureRarticles and gas get injected at the top ofdlaetor ananove
downward togethefThe flowis controlled by a vibrating feeding system and the
gas by a mass flow controlleiVhile moving downward together, the contact time
of particles and gas is aroutd 5 s. Even though, this reactor wése very first
prototype the results from the experimahtampaigrnwere successfund hae
demonstrated thathe carbonation conversiois dependenton the materials

carrying capacity and theéO, concentration isidethe mixture [23]
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3 Experimental set-up

This chapter focuses on the -sgt of the whole carbonator system and each
component, which are deployed here. Before going intese¢kep, the concept of

the carbonator, the main part of the system will be elaborated in detail.

3.1 Design andconception of the carbonator

As the main pdrof thecarbonatorthe reactor was designed in a waghsure and
favor thereaction.Already «isting projects and designs were investigateging

to achieve an ideal reactor for high efficiencgpturerates. A rotary kiln is
commonly used for thealcinerof a CalLsystem, thecarbonatousuallyis either a
fluidized bed reactor @ntrained flow reactoTheadvantagea rotary kilnhas to
offer can beappliedfor a carbonatoias well which are adjustable reidence time
of particlesby controlling the rotational speed of the reactor andiliiregy angle
achieving highemperatures in the cavjtyontinuous solid conversion in controlled
atmosphereuniform radial heatinggood heat transfedlueto the contact othe
rotating particle bed with the hoeactorwalls, optionof operation in cecurrent or
countercurrentflow, which allowsheating of particleby the exhaust ga24],
wide range of particle size distributiomdjustable residence time of gas by
adjusting gas flow, and less particle abrasion due to the slow rotAgdhere is
no solid ground on knowledge and researchatary kiln carbonatas, this work
will be a milestone, providinghformation and data for future applications and for
the scaleup processThe following Figure 3.1 shows thesetup of the carbonator

reactor, which was designed during the projects-$ipae.
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Figure 3.1 CAD drawing of thecarbonatorwith particle flowand gas flow

As alreadymentioned, the calcium loopingreaction is only takinglace oncea
certain temperature level is reach@arting from 650°C). This condition is
crucial, sincet determines the design in terms of thaterial usedor the reactor.
For this reason, thehosen material needs to withstand temperatofd©00 °C
and even highesince the temperature inpugeds tde higherdue toheat losses
Therefore, heat resistan steel (1.4841, which can withstand temperature$
around 1150C was used for partsf thecarbonatorwhere highemperaturesere
expectedThe reactor itselis a rotary kih with shovelsattached to the inner wall
to guaranteea homogeneouslistribution of the materialvhile it rotates.While
particles enter from one side, the gas enters from the opposite dirédcsorew
feeder will feed the particlaato thereactor through a pipe, which is fixed on the
reactor with a certain angle, ta@rantee the particle flowhe carbonator is slightly
lifted on the side of the particle flowto ensure thdorward movement of the
particles inside theeactor Thesefall into the storage on the other side of the
carbonatorA window is mounted on thegpticle inlet side, to allow an insight into
the reactor, during the experimenie rotation ensures th#e particles get
distributed evenly anthat each particle faceélse flue gasensuring a higleapture
efficiency. While gas is entering the reactor, the systeastbe gastightTo ensure
thetightnessthegas inlet and gas outlstructureexert a certain forépressureon

the reactor
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A spring structure ifixed at thegas outlet sidewhich can badjusted, depending
on the required forépressureSince the reactor sxposed to high temperatures
bearingwithstanding the temperature and the fdseeveen the planar faces of the
reactor and the gas inlet and gas outlet side is ne&tdednotion of the reactor is
transmitted through a gear deainsferring high torqued-our wheels carry the
whole reactor, allowing horizontal movement of the reactor, since the reactor will

expand while experieing heat.

3.2 Setup of the system

The carbonatorconsists ofeveraldifferent individual parts that are connected to
eachotherto create a working systeriach of them has a crucial tasketwable a
reaction at lalscale.In this chapter, each component will be preserdasdyell as

their role for the whole experimental agi, which can be seen kigure3.2.
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Figure 3.2 Experimentaketup
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a) Carbonator

The central parbf the carbonator is theactor wherebythe cylinderis themain
partof the reactgrmade oheatresistamsteel(1.484). (Figure3.3) It is the place
where thereactiontakes placeTo distribute the particles evenly inside of the
cylinder, shovels witla certain geometryerefixed evenly onto the inner walls of
the cylinder.High heat wheels carry thehole cylinder on a frame structure and
enhance theotation.A motor KEB S22AV DM8K4 TS with a maxmum speed
of 1405 1/min is mounted below the reactor amhbles the rotation of the
carbonator The motionfrom motor to reactois transmitted by two intermeshing
gears There is a gamlet and gautlet structure, which hold the cylinder in his

position.

particleflow
=) gasflow

Figure 3.3 CAD drawing of thecarbonatorwith particle and gas flow

To ensure the rotatiorto avoid any wear between the planar faces of the
componentsandto ensure the gas tightness of thieole system, a cylindrical high
heatbearingmade ofKelutherm®is placed in betweethe planar face®uring the
reaction, the reactor is heated up to temperatfrasound 700 °CSincesteelhas

the property to expand when gettihgated upa countermeasur® ensure the
system is gastight during thhole processust be impliedA pressure plate with
springs is fixed at the particle inlet side and exerts a certain force onto the cylinder.
The pressure distribution can be adjusiade the reactor expands.
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While gas enters thehole system through one end, it exits through the opposite
direction through piped-he particles enter on tlmpposite sidef the gaghrough

a screw feeder.

b) Screw Feeder

The screw feedefProcess Controlas seenn Figure 3.4 is responsible for the
particleinjectionduring the experiments. It consists of two parts, the storage, and
the feeding unitwvhich are connected to eacther.

The storage has a volume afound 15| and can take up to 10 15kg of
CaO/CaCQ, depending on the grain size of the particldgere is a bridge breaker
inside thelower half of the storage andst above the screasonnected to a motor.

It consists ofwo counter facing paddles on a shBftie to the size of the particles,
they tend to stick to each other and faanbridge above the scregeventing a
steady flow.The bridge breakeis designed to provida constant uninterrupted

flow of particles.

Figure 3.4 Screw feedersedfor experiments
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The second part, the feeding unit is responsible for the forward movement of the
particles Depending on the shape and the diameter of the ahdftthe blades

(Figure 3.5), the particles flow in different manrsdust likethe bridge breaker,

the screw is also connected to a mpémsuring the rotation of. i

Figure 3.5 Screws withvaryingdiameter

Both motors are connected to two individual frequency convel®m®mens
Micromaster 420)nside the control cabineto control and set th@put speed of

the motor (Figure3.6)

SIEMENS SIEMENS SIEMENS

Figure 3.6 Siemens Micromaster 420 Frequenoyeertes
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The connectiorbetween screwekeder and reactanust be flexible, due to the
expansion of thearbonatoonce it reachekigh temperaturesThereforeg afitting
metal below was usedvhich is visible inFigure 3.7. The metal belowcan be
stretched a few centimeters in both directions.

-‘.v

Figure 3.7 Flexible mnnection of sew feeder and reactor

c) Heating components

While particles enter at one side of the reactor, the gas enters from the opposite
direction. The gas enters thouglgas heate(KANTHAL) , which can heagasup

to 1200°C. (Figure3.8) The core of the gas heater consists of a heating coil made
of anlron-chromiumaluminum(FeCrAl) heating wire, which is wound around a

ceramic rod and then inserted into a quartz tube.
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Figure 3.8 Gas heatefrom Kanthal

Sincesteelis inert, the wall temperature increaséswly. Therefore more power

to achieve theequiredtemperatur@andenablethe reactions neededThe cylinder

is covered witha mineral insulatedheating cabl€lsoheat) which carbeheaedup

to 1000°C andis responsible for the main heat supfiis heang cable will only

be used duringhe preheang process anaill be disconnectedbefore starting the
rotation of the cylinderThe cable is connected to the power supply of the @win
has to be unplugged, onea appropriate temperature is achievéavo heating
sleeves (Isoheafirewrapped arounthe gasnlet and gasoutletstructureto speed

up the whole heating process. Thes& be heated up to temperatures of around
900°C. (Figure3.9)
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Figure 3.9 Heating sleevérom Isoheat

All the heating elements amdnnected to an individuaontrol unit, (Horst HT
MC11) (Figure3.10) which monitors the current temperature of the elements and
regulates it based on the inplihese control units areonnected to theontrol
cabinet to monitor and regulate every device using one universal control interface.
The control cabinet will be introduced in the followisgction

Figure 3.10 Control boxes for heatinglements from Horst




























































































































































