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Riassunto

La comunita scientifica internazionale sta monioi@a i cambiamenti climatici come
'aumento della temperatura media terrestre, liestee dei ghiacciai e I'innalzamento del
livello del mare, da un lato e le emissioni di g&sra in atmosfera dall’altro. Osservando
simultaneamente i due dati si e riscontrata unaelzmione tra i due fenomeni. Le
concentrazioni di gas serra che sono aumentate iotaggnte dalla rivoluzione industriale
sono quelle di CQ una cui quota significativa € legata alla prodogi di energia da fonti
fossili, come carbone, petrolio e gas naturaleddmanda energetica mondiale € in continuo
aumento, quindi per ridurre le emissioni si deveomiere a fonti alternative, come le
rinnovabili, e ad azioni di mitigazione. All'inteondi questa categoria di azioni si colloca la
cattura e lo stoccaggio di anidride carbonicauilscopo € appunto la separazione dellg CO
da correnti gassose industriali, il trasporto e sloccaggio della stessa in formazioni
geologiche o nel fondo degli oceani in modo talaestdarla dall’atmosfera a lungo termine;
in alternativa, dopo la separazione il gas puoressatilizzato in altri processi industriali.

Ad oggi le tecniche piu utilizzate per la catturall'dnidride carbonica sono basate su
separazioni di tipo fisico o chimico condotte adaagemperatura. In particolare, nel caso di
processi di combustione si utilizzano le ammind, gaso di processi di gassificazione si
utilizza il processo Selexol. Tuttavia tali solviepbssono lavorare solo a basse temperature
(dell'ordine dei 100°C) e sono costosi, non solo lf@quisto della materia prima ma anche
per lo smaltimento del solvente esausto. Inoltresbatemperature di esercizio riducono
I'efficienza termica del processo, in particolasg caso di gassificazione di carbone (IGCC).
Una tecnica alternativa per catturare I'anidrideboaica € costituita dall’assorbimento su
sorbenti solidi a base di ossidi di calcio e/o nemym Oltre ad essere materiali poco costosi,
consentono di effettuare la separazione a temperaupressioni prossime a quelle dei
processi di combustione e gassificazione, consdatguindi di ottenere un’elevata efficienza
energetica.

Lo scopo di questa tesi € di presentare uno stddifattibilita per la cattura di anidride
carbonica tramite sorbenti solidi a base di osgdidtalcio e magnesio. | sorbenti a base di
MgO, costituiti da dolomite semi-decomposta, sortati susati nel dimensionamento
dell’assorbitore per un impianto di gassificaziode carbone (IGCC) adottando una
configurazione di pre-combustione; il sorbente sebdi CaO é stato invece utilizzato per la
simulazione della cattura in processi di combustidicarbone, in cui I'assorbitore e stato
disposto secondo una schema di post-combustione.



Nella prima parte del lavoro di tesi, sono statlenzati dati termodinamici e cinetici delle
reazioni di decomposizione e carbonatazione ddieswr utilizzati. Tali dati sono necessari
per poter stimare le cinetiche di assorbimentaneatifinitiva dimensionare gli assorbitori.

La correlazione tra la temperatura e la pressi@neigde di decomposizione di GQermette

di identificare il sorbente da utilizzare alle $s condizioni operative e di calcolare la forza
motrice della reazione, proporzionale alla diffa@tra la concentrazione di G@el reattore

e la concentrazione di GQli equilibrio. Una volta nota la curva di decomipase del
sorbente € possibile anche scegliere le migliondcaoni per effettuare la rigenerazione:
abbassamento della pressione o innalzamento dellgeratura.

Gli esperimenti riguardanti la cinetica delle reszisono stati condotti con analisi di tipo
termo-gravimetrico (TGA), a pressione atmosferiBar quanto riguarda le reazioni di
decomposizione, i materiali analizzati sono la dote e la calcite e lo scopo dei test
effettuati e lidentificazione della dipendenza ldeltemperatura e del tempo di
decomposizione dalla velocita del flusso di gasaitovnella camera del campione e dalla
velocita di riscaldamento della stessa. La secseda di test effettuati riguarda la reazione di
assorbimento di COsu CaO, ed é stata eseguita per stimare la \v&@ldciteazione e la sua
dipendenza rispetto le dimensioni delle particdlliesultati sono stati confrontati con dati di
letteratura, verificando che le conclusioni, sopitad le prestazioni in termini di velocita di
reazione, siano in accordo con i valori in letterat questo € particolarmente importante nel
caso della cinetica di assorbimento di anidridéb@aica su ossidi di calcio, visto che nel
dimensionamento vengono utilizzate le correlazi@metiche) ricavate in letteratura. Nel
caso dell’assorbimento di GBu MgO non e stato possibile riprodurre i datietlieratura in
guando ottenuti ad alta pressione (20 bar).

Durante la ricerca bibliografica € pero emersoimité degli esperimenti condotti in TGA:
questi sono affetti da limitazioni al trasportongiassa e materia all’interno del campione. Nel
tipo di reattori con cui si € deciso di lavorareyvero circulating fluidized bed risersle
particelle di sorbente sono separate le une d#le, ajuindi il sistema non risente di tali
resistenze al trasporto: le cinetiche ricavate westj test risultano piu lente di quelle reali, di
conseguenza il dimensionamento é conservativo.

Note le informazioni riguardanti cinetica e termmainica delle reazioni si € proceduto al
dimensionamento dell’assorbitore. Questo e stabggitato verificando i bilanci di materia
ed energia e assicurando che il regime di fluidikmee consenta di operare I'assorbitore in
modo continuo e stabile, quindi si & deciso di apenei regimi dfast fluidizationo di core
annular dilute transportLa CQ viene fissata sull'ossido di calcio o di magnesemite
carbonatazione dello stesso; il sorbente in ustztbassorbitore viene inviato al rigeneratore
dove si effettua la decomposizione dei carbonatiliamde la variazione delle condizioni
operative, nello specifico diminuendo la pressiored caso di IGCC e aumentando la
temperatura nel caso di combustione.



Per la cattura in pre-combustione si e simulativatiare il syngas prodotto da una centrale da
70 MW. Si e ottenuta un’efficienza di cattura palri68% della C@ entrante in un reattore
che opera irfiast fluidization(1.3 m di diametro per 30 m di altezza) e con aoid costituito

da dolomite semi decomposta (70 um di diametrohsigcierando che il valore desiderato per
impianti di produzione di energia di grandi dimemsié pari al 90%, il risultato ottenuto non

e completamente soddisfacente. Va tuttavia ricordae si tratta di un risultato conservativo,
per i seguenti due motivi:

1) le cinetiche di reazione sono ricavate da d#ginoiti tramite esperimenti di TGA, in cui le
resistenze al trasporto di materia e calore noro goascurabili mentre nella tipologia di
reattore utilizzata nel dimensionamento tali resize non sono significative;

2) l'assorbitore e stato dimensionato consideranda pressione operativa pari a 20 bar
(poiché i dati cinetici utilizzati si riferisconotale pressione) ma solitamente il syngas esce
dal gassificatore a pressioni maggiori; in tali diaoni operative le concentrazioni di @O
sono maggiori, quindi anche le velocita di reazigrsalltano maggiori con conseguente
aumento dell’efficienza di cattura.

Si e riscontrato anche un problema di carattere@antistico: il sorbente deve essere trasferito
dall'assorbitore, che lavora ad alta pressionejiganeratore, che invece si trova a bassa
pressione. Una possibile soluzione € I'adoziondudilock hopperdra i due reattori: quando

il solido si trova all’interno del primo dei dueyesto viene temporaneamente chiuso da due
valvole a ghigliottina e si effettua la variaziotiepressione; il sorbente viene poi inviato al
seconddhopperdove viene accumulato per essere inviato al rig¢oee in maniera continua
tramite una valvola a rotocella. Il trasporto dgeneratore all’assorbitore avviene in maniera
analoga.

E stato studiato anche un caso di cattura in pasibostione, applicato a fumi di
combustione di una centrale di combustione di cabda 70 MW. In questo caso
I'assorbitore ha dimensioni molto maggiori (4.5 hndmetro e 20 m di altezza) per limitare
le velocita del gas: trattandosi di fumi da comluuns, le portate volumetriche coinvolte nel
processo sono elevate, a causa dell’alta temparataia bassa pressione e della presenza di
azoto. Il regime di moto che si instaura all'interdell’assorbitore €& itore annular dilute
transport regimell sorbente utilizzato e I'ossido di calcio (10t di diametro) e I'efficienza

di cattura risulta prossima al 90%, ovvero il riatd desiderato. Si tenga a mente che anche in
questo caso i dati cinetici sono stati ricavati edgerimenti TGA, quindi la conversione
effettiva potrebbe essere superiore, perd nelletica € stato trascurato I'effetto del numero
di cicli sulla capacita di cattura del sorbente. dffetti la velocita di reazione cala
allaumentare dei cicli di carbonatazione/calcioaz cui il sorbente viene sottoposto; la
permanenza ad alte temperature in fase di rigeiogazprovoca fenomeni dintering nel
sorbente. La necessita di disporre di volumi ndtgwer poter installare I'unita di cattura, é
un fattore limitante, soprattutto nel caso di inmpigia esistenti. In questo caso si puo pensare



di iniettare l'ossido di calcio direttamente a wealdella camera di combustione; Il
dimensionamento dovra essere affiancato da un’émpmida analisi CFD per verificare ed
ottimizzare le posizioni dei punti di iniezione erdccolta dei sorbenti, che devono essere
inviati alla fase di rigenerazione.



Abstract

This thesis deals with the carbon dioxide captuoenfgas streams obtained in the power
generation industries, such as fossil fuel combastnd coal gasification processes. The most
mature and commercially ready technologies to sepdhe CQare based on the utilization
of physical and chemical solvents, which can absoelcarbon dioxide at low temperatures.
The technology investigated in this work of themsthe carbon dioxide absorption on
calcium-magnesium based solid sorbents. These ialateallow to operate at high
temperatures; this is particularly advantageousaal gasification processes because the
thermal efficiency of the plant is higher compatedhe physical solvent based capture.

The work of this thesis is divided into two mainrgsa 1) the computation and/or
measurement of the thermodynamic and kinetic ptmseof the absorption reactions, and 2)
the absorber design.

The thermodynamics of the thermal decompositionti@as, namely the reaction equilibrium
constants, enthalpies and Gibbs free energiejsael to understand which sorbent can be
used at fixed pressure and temperature, and toaealhe carbon dioxide absorption kinetics.
Thermogravimetric analyses were conducted to obftandecomposition temperature and
time of calcite and dolomite and kinetic data of ;C&bbsorption on calcium oxides. The
performance obtained, in terms of £@bsorption rate, with calcium oxide produced by
thermal decomposition of calcium carbonate isne Mith the literature results. These kinetic
data can be used in the design of the absorbéneicase of atmospheric capture of carbon
dioxide from flue gases.

The carbon dioxide separation unit is conceivedd@ocomposed by the absorber and the
regenerator. The absorber design is developedamorkinds of processes: coal gasification
and coal combustion. In the two cases the planfigimation is different, with pre-
combustion and post-combustion capture, respegtivdso the utilized sorbent is different,
half decomposed dolomite in the first case andiwamxide in the second. The design was
developed solving the material and energy balanees, simultaneously verifying the
fluidization regime of the absorber, to ensure that absorber is operated either in the fast
fluidization or in the core annular regimes.
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Introduction

Global warming is unequivocal as is evident fronsatvations of increases in global average
temperatures; the scientists relate the climatengd® to the anthropogenic emission of
greenhouse gases, first of all the carbon dioxidhe main industrial sector involved in €O
emissions is the power generation industry, inigadr the power plant which utilize fossil
fuels. To reduce the GHG emissions and to limitrtb&ect on climate, mitigation actions
must be taken. One of these mitigation actioneescarbon capture and storage, whose aim is
to separate the carbon dioxide from the indusg#a streams and to transport it to a storage
location, such as geological formations or oceansguse it in industrial processes.

The most mature and commercially ready technologieseparate the GGare based on the
utilization of physical and chemical solvents, whican absorb the carbon dioxide at low
temperatures. Amine base scrubbing is used to atepthre carbon dioxide from flue gases of
fossil fuel combustion power plants. The disadvgesaof this technology is the high cost of
the solvent and its operative limits. The aminesthermo labile and they must be used near
100°C which reduce the thermal efficiency of thegasss; moreover they are sensitive to
poisoning due to @and SQ, frequently present in flue gases, which causessthlvent
deactivation. To separate acid gases such as hsmireglfide and carbon dioxide from
syngas, the Selexol process is used; the (physoalent used is composed by a mixture of
the dimethyl ethers of polyethylene glycol andsisuitable for operation at high pressure and
low temperature (up to 175°C). This process impadsvere energy penalty.

An alternative process for the carbon dioxide cagts the absorption on metal oxide based
solid sorbents such as calcium or magnesium. Timederials are cheaper than amines, and
disposal is less environmental and safety problem@he separation can be performed at
temperature and pressure close to the processtiomsgipreserving a high thermal efficiency
in the case of coal gasification power plants. presence of pollutant as sulfur oxide lowers
the CQ capture efficiency, but they can be used to cagboth the gas species.

The goal of this thesis is to present a feasibgitydy of the carbon dioxide capture utilizing
calcium and magnesium oxide based solid sorberdgnikium based solid sorbents are used
in the case of C@Ocapture in coal gasification power plants, and@ioah based solid sorbents
are considered in the case of T€pture in coal combustion power plants. The dhjeof

this work of thesis is to present a design of theogber both in the case of pre-combustion
capture in a coal gasification power plant anchim ¢ase of post-combustion capture in a coal
combustion power plant.

In the first chapter an introduction to the subjetcthe carbon dioxide capture is presented,
relating it to the global climate change. The dfeand causes of the global climate change
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are presented to understand why the mitigatioroastiare important. Then, the presently
available technologies for the G@eparation are discussed.

In the second chapter the thermodynamics of themiledecomposition of the calcium and
magnesium carbonates is investigated. The knowleafgehe correlation between the
temperature and the decomposition partial presxfreCO, allows to identify the
(thermodynamically favored) sorbent which can beduat fixed operative conditions, the
driving force of the process (which is used in kirgetic calculations) and the regeneration
techniques, namely lowering the pressure or inangake temperature.

In chapter three thermogravimetric analysis (TGA3 used to investigate the
absorption/calcination kinetics. Experiments wererf@rmed on dolomite and calcite
decomposition to study the decomposition dependendbe gas flow rate and on the heating
rate. A second set of experiments was performethercarbon dioxide absorption on CaO.
The goal of these tests was to estimate the alson@action rate and verify the dependence
of the reaction rate on the particle diameter. Aiddally, a comparison of the measured
experimental data with literature data is presenssdfar as the experiments on the carbon
dioxide absorption this comparison is particularhportant because it demonstrates that the
performance, in terms of G@bsorption rate, of our calcium based sorberitsline with the
literature results.

TGA measurements can be affected by mass and etrarggport phenomena; however, heat
and mass transfer resistances do not affect signily the kinetics in circulating fluidized
bed risers (reactor type chosen in this work fer ¢arbon dioxide absorption). A discussion
about the impact of mass/heat transport phenomend @A measurements is therefore
included at the end of chapter 3.

The design of the absorber reactor is presentetiapter 4. It is developed for two types of
power plants: 1) integrated gasification combinggle (IGCC) plant adopting a pre-
combustion configuration with half decomposed datemsorbent, and 2) a coal combustion
plant adopting a post-combustion plant with calciaride sorbent. The reactor design is
based on the solution of the material and enerdgnbas, simultaneously ensuring that the
absorber is operated in the fast fluidization/cmaular regimes.



Chapter 1

Global climate change: the driver to CCS

This chapter is an introduction to the subject deathis thesis, the carbon dioxide capture.
Actual intensive exploitation of fossil fuels reisim large quantities of C£emissions that are
closely related to climate changes observed. Timeddicarbon capture and storage, being a
mitigation action, is to reduce the greenhouseegaissions.

1.1 Climate change

Climate change is defined by the IPCC (2007) akamge in the state of the climate that can
be identified by changes in the mean and/or th@b#ity of its properties, and that persists
for an extended period, typically decades or longjezan be due to natural variability or to
human activity, and it can be measured, for exaniplestatistical tests. The definition is not
unique, indeed, for the United Nations Frameworkn¥&mtion on Climate Change
(UNFCCC) the climate change refers to a changeliofate that is attributed directly or
indirectly to human activity that alters the comifios of the global atmosphere and that is in
addition to natural climate variability observedeoeomparable time periods (IPCC, 2007).
From many decades, researchers are collectingralgzang data related to climate change in
order to understand how humans have influencedhdt laow climate change could be
mitigated.

1.1.1 Observations of climate changes and their effects

Warming of the climate system is unequivocal asvisent from observations of increases in
global average air and ocean temperatures, widagpreslting of snow and ice and rising
global average sea level (IPCC, 2007) (Fig. 1.4)the period 1995-2006, eleven of these
twelve years rank among the twelve warmest yeaxesl850 as far as the superficial mean
global temperature (the estimate of the global nmaface air temperature). From 1906 to
2005 the increase of the superficial mean globalperature was of 0.74°C. The rise of air
and water mean global temperatures affects alser otimate aspects, as the sea level and the
snow and ice extent: global average sea levelabd®e average rate of 3.1 mm per year from
1993 to 2003; mountain glaciers and snow cover degeased by 7% in the Northern
Hemisphere since 1900 (15% in spring); since 1®&8annual average Arctic sea ice extent



4 Chapter 1

has shrunk by 2.7% per decade (7.4% in summer).tdin@erature increase is widespread
over the globe but it is greater at most high rarihatitudes and land regions warms faster
than the oceans.

It is important to note that there is a notablé&lat geographic balance in data and literature
on observed changes, with marked scarcity in dewgjocountries. Moreover, sometimes it
is difficult to distinguish between changes due th® normal climate variability and
anthropogenic changes.

Changes in temperature, sea level and Northern Hemisphere snow cover
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Figure 1.1. Observed changes in (a) global average surfacepéeature, (b) global
average sea level from tide gauge (blue) and ste(red) data, and (c) Northern
Hemisphere snow cover for March-April. All diffeceis are relative to corresponding
averages for the period 1961-1990. Smoothed curgpesesent decadal average values
while circles show yearly values; the shaded am@a&sthe estimated uncertainty intervals
(IPCC, 2007)

The international organism that collects and aredyzlimate change data is the
Intergovernmental Panel on Climate Change (IPC@3tituted in 1988 by the Word
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Meteorological Organization (WMO) and by the UnitBitions Environmental Program
(UNEP); its aim is to produce scientific, techni@ld socioeconomic guide lines to be
presented to the United Nations Framework ConverdgioClimate Change (UNFCCC).

From 1900 to 2005, precipitations increased sigaiftly in eastern parts of the North and
South America, northern Europe and northern antralefssia whereas precipitation declined
in the Sahel, in the Mediterranean, in southerncAfand in parts of southern Asia. Globally,
the area affected by drought has increased sirc&aF0s (IPCC, 2007).

Some extreme weather events have changed in freguard/or intensity over the last 50
years: it is very likely that cold days, cold nighand frosts have become less frequent over
most land areas, while hot days, hot nights and Wwases have become more frequent; the
frequency of heavy precipitations has increased mast areas and the incidence of extreme
high sea level has increased at a broad rangded wiorldwide since 1975. Some climate
aspects appear not to have changed and, for satejrmdequacies mean that it cannot be
determined if they have changed. For example therano significant average multi-decadal
trend for Antarctic sea ice extent, the meridionakrturning circulation, tornadoes, halil,
lightning and dust storms.

Natural systems are influenced by the regional a@rchanges; all the different studies data
(IPCC, 2007) confirm that more than the 89% of sigant changes observed in the physical
and biological system are consistent with a respexpected to warming. Systems connected
to snow, ice and frozen ground are affected byrgataent and increased numbers of glacial
lakes, increasing ground instability in permafrosgions and rock avalanches in mountain
regions, changes in some Arctic and Antarctic estesys, including those in sea-ice biomes,
and predators at high levels of the food web. Wiagns affecting also terrestrial biological
systems, mainly due to the earlier timing of sprvgnts: leaf-unfolding, bird migration, egg-
laying, poleward and upward shifts in habitat oargs and animals. The rising water
temperatures and the changes in ice cover, salmitygen levels and circulation will lead to
changes in marine and freshwater biological systedgsl, plankton and fish are migrating
towards high latitude oceans, algal and zooplanki@nmore abundant in oceans and lakes
and natural fish migration in river happens earl&me of this effects can be induced also by
overfishing and pollution, which are not climatéated stresses, but identifying the real cause
is complex.

1.1.2 Causes of climate change

Usually, human activities result in emissions airftong lived GHGs (IPCC, 2007): carbon
dioxide CQ, methane CH nitrous oxide MO and halocarbons (gases containing fluorine,
chlorine or bromine). The warming influence of a Ghs measured in terms of radiative
forcing, namely the variation of the net irradiaratethe boundary between the troposphere
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and the stratosphere. The climate change respansasfferent for different GHGs, because
they have different warming influence on the glotlahate system due to different radiative
properties and lifetimes in the atmosphere. In otdeompare the different influences, these
may be expressed through a common metric basedeoradiative forcing of carbon dioxide:
the CQ equivalent emission that is the amount of,@mission that would cause the same
time integrated radiative forcing over the sameique(IPCC, 2007). It is obtained by
multiplying the emission of a GHG by its global wang potential for the given time
horizon; for a mixture of different GHGs the emms®s of each gas are summed. The global
warming potential (GWP) is the index used to meashe radiative forcing of a unit mass of
a given greenhouse gas in today’s atmosphere atgzfjover a chosen time horizon, relative
to that of CQ. The GWP represents the combined effect of thierdhify times these gases
remain in the atmosphere and their relative effeciess in absorbing outgoing thermal
infrared radiation (IPCC, 2007). The referenceigdbe carbon dioxide because it is the most
emitted anthropogenic GHG (77% of total emissian2004 are due to human activities and
its annual emissions have grown by 80% between a8d®004, increasing from 21 in 1970
to 38 Gt in 2004).

Global anthropogenic GHG emissions
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Figure 1.2.(a) Global annual emissions of anthropogenic GHfasn 1970 to 2004; (b)
share of different anthropogenic GHGs in total esiies in 2004 in terms of G&y; (c)
share of different sectors in total anthropogenid@emissions in 2004 in terms of ¢&Q
(forestry includes deforestation) (IPCC, 2007)

Global anthropogenic GHG emissions have grown sibh£®0, with an increase of 70%
between 1970 and 2004 (Fig 1.2). The increasirgohCQeq emissions was higher during
the period 1995-2004 (0.92 Gt@£g/year) than during the previous period of 1970420
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(0.43 GtCQeqglyear). The sectors that register the largesttran GHG emissions are the
power generation industry, the transport and tdestry sectors. The impact of the residential
and commercial buildings, forestry and agricultoneGHG emissions has been lower.

Changes in GHGs from ice core and modern data
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Figure 1.3. Atmospheric concentration of GOCH, N,O over the last 10000 years(large
panel) and since 1750 (insert panel). Measuremargsshown from ice cores (symbols
with different colours for different studies) andm@spheric samples (red lines). The
corresponding radiative forcings relative to 175® ahown on the right hand side axes of
the large panels (IPCC, 2007)

The global atmospheric concentration of Jdficreased from a pre-industrial value of about
280 ppm to 379 ppm in 2005; its annual growth raiacreased during the period 1995-2005
(1.9 ppml/year while in the period 1960-2005 is dp#n/year), although there is year to year
variability in growth rate. Increases in g@oncentrations are due primarily to fossil fuedlan
land use change.

The global atmospheric concentration of {ils increased from a pre-industrial value of
about 715 ppb to 1732 ppb in the early 1990s; sthea, growth rates have declined (its
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concentration was 1774 ppb in 2005) consistent vaital emissions (sum of anthropogenic
and natural sources) being nearly constant duhiisgperiod. It is supposed that the methane
emissions are due to agriculture and fossil fuel us

Global atmospheric concentration ofNhas increased from a pre-industrial value of abou
270 ppb to 319 ppb in 2005. The increase in thikentration is primarily due to agriculture.
Many halocarbons have increased from a near zerandustrial background concentration
primarily due to human activities.

It is worth to note that there are significant éiffinces in per capita income, per capita
emissions and energy intensity among different tees1 In 2004 UNFCCC Annex |
countries (Australia, Austria, Belarus, Belgium,ldaria, Canada, Croatia, Czech Republic,
Denmark, Estonia, Finland, France, Germany, Grdggegary, Iceland, Ireland, Italy, Japan,
Latvia, Liechtenstein, Lithuania, Luxembourg, Maldonaco, Netherlands, New Zealand,
Norway, Poland, Portugal, Romania, Russian Federa8lovakia, Slovenia, Spain, Sweden,
Switzerland, Turkey, Ukraine, United Kingdom of @réritain and Northern Ireland, United
States of America) held the 20% population, produsé% of the world's Gross Domestic
Product based on Purchasing Power Parity and atambéor 46% of global GHG emissions.
The combined radiative forcing due to increase8@, CH, and NO is +2.3 W/n and their
radiative forcing is increased since the industee. Also anthropogenic contributions to
aerosols (sulphate, organic carbon, black carbbrgte and dust) must be considered: they
produce a cooling effect with a total radiativeciag of -0.5 W/ni and an indirect cloud
albedo forcing of -0.7 W/fnthat counteracts the GHGs warming effect. Thea,ntét effect

of anthropogenic activities, since 1750, has beglolal warming with a radiative forcing of
+1.6 W/nf.

The equilibrium climate sensitivity is a measurettté climate system response to sustained
radiative forcing. It is defined as the equilibrigiobal average surface warming following a
doubling of CQ concentration. IPCC assessed that climate seihgits/likely to be about
3°C, in any case between 2 and 4.5°C. As far asetltensiderations, feedbacks must be
carefully evaluated because they can amplify ormmthe response to a given forcing. For
example, the water vapor is a GHG with a negligialdiative forcing but when the global
average temperature increases, its troposphericeatmation increases. Warming reduces
terrestrial and ocean uptake of atmospheric,,Gfxreasing the fraction of anthropogenic
emissions remaining in the atmosphere. This peasifiteedback leads to larger atmospheric
CO; increases and greater climate change for a giw@asen scenario; the strength of this
feedback effect varies markedly among models.

The process of attribution of causes of climatengleaevaluates if the observed changes are
consistent with the expected response to extewraings (changes in solar irradiance or
anthropogenic emissions) and inconsistent withraditeve physically plausible explanations.
Global climate change of the past 50 years are amadble considering natural and
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anthropogenic forcings together, indeed simulatraydels reproduce correctly the warming
pattern if the two causes are considered. The wvbdgrattern of tropospheric warming and
stratospheric cooling is very likely due to the d¢ned influences of GHG increases and
stratospheric ozone depletion because solar arnchmiol forcings alone would likely have
produced cooling, instead of warming in troposphere

Anthropogenic forcing is likely to have contributéal changes in wind patterns, affecting
extra-tropical storm tracks, sea level rise, hyalyatal cycle (including the precipitations) and
it is very like that drought areas increase becafi$eiman influence (IPCC, 2007).

Global warming has likely had an influence in olser changes in physical and biological
systems: several studies have demonstrated alspatiaspondence between regions more
affected by warming and areas in which were obsksignificant changes in natural systems
consistent with warming and therefore this link mainbe due only to natural variability of
temperatures and/or systems.

Difficulties remain in simulating and attributingoserved temperature changes at smaller
scales: on these scales natural climate variahdityelatively larger, making it harder to
distinguish between natural changes and changsesddny external forcings.

1.1.3 Mitigation

Because of observed climate changes, there is argeagreement among scientists that
mitigation policies and sustainable developmentioras must be adopted. Societies can
respond to climate change by adapting to impaadtisagiopting mitigation actions, that is to
reduce GHG emissions, in order to attenuate the aatl the magnitude of changes. The
capacity to adapt and mitigate is dependent onossmdnomic and environmental
circumstances and the availability of informatiamdaechnology of each country. Beyond
increasing energy efficiency, the countries cars@®r the use of low carbon energy sources:
renewable sources energy, nuclear power, C&bon capture and storage and widening
forests which are natural sinks for €@ccumulation. Additionally life style changes can
contribute to mitigation in several sectors (changeconsumption patterns, education and
trainings, in building occupant behavior, transpdegmand management, etc.), but it is
essential that policies provide incentives for IGMG products, technologies and processes
(IPCC, 2007). There is not a single technology tkasufficient to mitigate all the global
warming effects, for this reason it is importantingplement different mitigation actions in
order to realize synergies and obtain direct angd term effects.

The macro-economic costs of mitigation usually msth the stringency of the stabilization
target. In 2050 global average macro-economic cfistanitigation towards stabilization
between 710 and 445 ppm of &4Q are expected to correspond to slowing the ageaagual
global GDP growth by less than 0.12 percentagetpglRCC, 2007). Adopting international
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cooperation it is possible to reduce the emissiongring costs and incrementing the action
efficiency. For these reasons UNFCCC instituted Klyeto Protocol: its aim is to find a
response to climate change problem stimulating raayaof national policies, creating an
international carbon market and establishing nestititional mechanisms that may provide
new mitigation actions. To obtain the aims periatlic fixed by the Protocol, different
elements can be adopted, as emissions targetsriagdbcal, regional actions, research and
development programs, common policies and finanicisguments.

1.2 Carbon capture and storage

Carbon dioxide capture and storage (CCS) is a psocensisting of the separation of £O
from industrial and energy-related sources, trarisfip a storage location and long-term
isolation from the atmosphere (IPCC, 2005). CCSaismitigation action useful for
stabilization of atmospheric greenhouse gas coratgot; this should be adopted with other
mitigation options in order to reduce global comtsl increase flexibility in achieving GHG
emission reductions. Other possible options inditah the IPCC report (2005) are energy
efficiency improvements, switch to less carbon nstee fuels, nuclear power, renewable
energy sources, enhancement of biological sinkgeahaction of non COGHG emissions.
Carbon capture can be applied to large point ssue= fossil fuel or biomass energy
facilities, major CQ emitting industries, natural gas production, sgtithfuel plant and fossil
fuel based hydrogen production plant. Once captuhedgas can be compressed and stored in
geological formations or oceans, as mineral catesnar used in industrial processes.

O Emitted

[ Captured

Reference
Plant

| CO, avoided !

! CO, captured

Plant
with CCS

CO, produced (kg/kWh)
Figure 1.4. CO, capture and storage from power plants: the incesh€Q production
resulting from the loss in overall efficiency ofwmr plants due to the additional energy
required for capture, transport and storage and degkage from transport result in a
larger amount of “CO2 produced per unit of produdtdwer bar) relative to the reference
plant (upper bar) without capture (IPCC, 2005)
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Available capturing technology allows to capture9B46 of the processed GQa plant
equipped with CCS system would need 10-40% moreggnthan the equivalent plant
without CCS to be used for capture and compressiaime gas. The net result is that the
carbon dioxide atmospheric emissions are reduce®DE§0% compared to the plant without
capture section (Fig. 1.4).

Co,
Sorbent
T

Sorbent
make-u
CO, Capture Sorbent_ P
Regeneration
---e T
Sorbent Il o
Gas with
Co, Spent
sorbent

a) Separation with sorbents/solvents

Gas A
Gas B :DGasA

i Distillation
v
|=> :D ) GasB
Gas Gas
(A+B) Membrane (A+B)
b) Separation with a membrane c) Separation by cryogenic distillation

Figure 1.5. General schemes of the main separation procesdesant for CQ capture:
(a) separation with sorbents or solvents, (b) satian with membrane, (c) separation by
cryogenic distillation (IPCC, 2005)

The capturing technologies to obtain the,G8paration are: sorbents or solvents, membranes
and cryogenic distillation.

The separation with sorbents or solvents is achidwe processing the Gich gas in
intimate contact with a liquid absorbent or a saaibent that capture the €(Fig. 1.5a).
Usually the sorbent can be regenerated, in a amntinor discontinuous way, by heating
and/or pressure decreasing and it can be utilizadnato capture the COIt is always
required a fresh sorbent makeup flow to compensataatural decay of activity or sorbent
losses. One problem of this kind of capture sysienthat the sorbent flow between the
absorber and the regenerator, in the continuumegsycis large, in order to match the
significant flow of CQ processed (IPCC, 2005): equipment sizes and emeggyrement are
therefore large and entail efficiency penalty ardtleml costs. Moreover, some sorbent
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materials, as monoethanolammine, can be very exenst only as raw materials but also
as residuals to be disposed.

The separation with membranes is obtained by setepermeation of a gas through them
(Fig. 1.5b). Membranes can be made with differertemals, as polymers, metals and
ceramics, which determine the selectivity to thBedent gases; the passage of the gas is
driven by the pressure difference across the membrghis kind of separation has not yet
been applied at large scale and research and geveid efforts are in progress (IPCC,
2005).

The separation by cryogenic distillation requirésttthe gas stream is condensed, by
compression and cooling then the gas is separatadlistillation column (Fig. 1.5c). As far
as carbon capture, this technology is used to aspampurities from high purity CO
streams, such as in the case of oxyfuel combustion the case of water gas shifted syngas
(IPCC, 2005).

There are different types of GQapture systems: post-combustion, pre-combustih a
oxyfuel combustion.

Post-combustion capture is usually utilized in amtional coal fired, oil fired or gas fired
power plants. During the fuel combustion, wateraoraig produced and it is used to drive a
turbine/generator to produce electricity; flue gags to pollutant control unit in order to limit
nitrogen oxide NG particulate matter and sulphur dioxide ;S&nissions (Fig. 1.6). This
configuration implies that the treated gas has Wglame, CQ is dilute (12-14 mol% Cg)
and that the other pollutants present can degfradaded solvent/sorbent.

Co,
Compression

CO, to Storage

Air

CO, Capture

Fuel F Process

Power Block

Figure 1.6.Block diagram illustrating power plant with postfabustion C@capture (US
DOE, 2010)

Pre-combustion capture is mainly applicable to fgagion plant. The produced syngas, a
mixture of B and CO, is sent to the water-gas-shift reactioer@ICO is converted to GO
increasing the KHproduction. Carbon dioxide is then removed anchiydrogen rich syngas is
used as fuel in a combustion turbine (Fig. 1.7) $aparation in this case is favoured by the
high concentration of C£(15-60%) and the high pressures used in the gasifi
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Figure 1.7.Block diagram illustrating power plant with presobustion CQ capture (US
DOE, 2010)

Oxyfuel combustion is applicable to new and exgitoal fired power plant. In this case the
combustion is conducted in oxygen with a purity rdegof 95-99% instead of air resulting in
a flue gas constituted by G@B0% or more) and ¥ (part of flue gas can be recycled to the
combustor to moderate the temperature); the, G®paration is obtained by water
condensation through cooling and/or compressioqg. (Ei8). This configuration allows to
process small flue gas volumes and concentratedst@ms are directly produced, but the
air separation unit to obtain,@ very expensive.

CO, Recycle

co, co,
*|1 Compression
CO, to Storage
Power Block
) —

Figure 1.8. Block diagram illustrating power plant with oxyft@mbustion C@ capture
(US DOE, 2010)

The largest cost component is represented by theeirea including the compression (IPCC,
2005). However the IPCC previsions affirm that saokt will be reduced by 20-30% thanks
to new technologies which are now been investigatkile the transport and storage costs
could decrease slowly with the maturing of techg@e and the increasing of the plant scale.
In its report, the IPCC (2005) sets down the,@@pture cost ranges for new power plants,
using technologies in commercial use to estimage dbsts; the power produced by plant
without capture is supposed to be 400-800 MW, lierdane with capture it drops to 300-700
MW. For power plants, that are large source of,, e cost of capturing this GHG is the
largest component of all CCS costs; thereforehia analysis the transport and the storage
costs are not included (IPCC, 2005). Capture umeislire energy to be operated and this is
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translated in plant efficiency losses. More fuelniseded to produce the same kWh of
electricity output: usually 24-40% for a coal plaarid 14-25% for a IGCC plant. In both
cases, the COreduction per kWh fall in the range 80-90% but tagital cost increase is
bigger in the first case: 44-74% versus 19-66%tler second one. This affects the cost of
electricity production by an increase of 42-66% &0655% respectively: for coal plant this
cost passes from 0.043-0.052 to 0.062-0.086 US$/KAHGCC plant from 0.041-0.061 to
0.054-0.079 US$/kWh. The resulting cost of net cardioxide capture is 29-51 US$/tg¢O
for pulverized coal plant and 13-37 US$/t£for IGCC plant.

As far as the carbon dioxide transport, pipelinesthe most common method used and: CO
is in gaseous phase, usually at 8 MPa. It can beedchalso in ships, road or rail tankers and
this case it is in liquid phase. To ensure thetgajé humans and environment the transport
requires detailed route selection and tanks orlipg® must be equipped with over pressure
protections and leak detectors. The transport abspend on the distance, the quantity and,
for pipelines, the morphology land; for this reasona detail treatment we refer to the IPCC
report (2005) Chapter 4.

As far as the storage, the IPCC report (2005)tiates the geological and the ocean storage
(refer to Chapters 5 and 6), but there are alsmmptthat consider the reutilization of the
COy: mineral carbonation and industrial use. When aartlioxide reacts with alkaline or
alkaline-earth oxides, as magnesium oxide MgO @iwa oxide CaO, it forms carbonates
that are stable over long time scales. They cadis@osed or used in construction industries
as cement compound. Captured Q@an be used in all the processes where it is cdaeia
such as the urea and methanol production, homieltrefrigeration, pharmaceuticals
production, food and beverages industries, welding fire extinguishers (IPCC, 2005).
However in these applications the carbon dioxide lsave a limited storage times: it can
degrade sooner to GGand be emitted to the atmosphere. In additiors ihat sure that
industrial re-use results in a net reduction of,@missions; a detailed life cycle analysis
should be performed.

The IPCC (2005) foresees a large deployment of @@if policies are imposed to limit the
GHG emissions, otherwise its diffusion is unlikedyd its effectiveness on mitigation will be
relevant if it is applied to the power generatiestsr. The utilization of CCS could reduce by
30% or more the CQ concentration stabilizing costs and it will be gmttive because this
technology is compatible with most energy plants.



Chapter 2

Thermodynamics of calcite, magnesite
and dolomite

This chapter deals with the thermodynamics of trexrhal decomposition reactions of the
calcium and magnesium carbonates. The knowledgheofeaction equilibrium constants,
enthalpies and Gibbs free energies is requiredhtienstand what reactions can occur at given
conditions of pressure and temperature and to atalthe equilibrium C@®concentration,
which is needed to compute the carbon dioxide gihisor kinetic.

2.1 Considered reactions

This goal of this thesis is to analyze the applidggiof calcium and magnesium based solid
sorbents to the high temperature &pture. The compounds that can absorb such gas ar
calcium oxide and magnesium oxide. They can beimddafrom the calcination of the
respective carbonates or of the dolomite, whicboimposed by both of them. The reactions
analyzed in this chapter are the calcite (2.1), meage (2.2) and dolomite thermal
decompositions. As far as the dolomite, both themete (2.3) and the half decomposition
(2.4) reactions will be analyzed:

CaCQ, ~ CaO+C(¢ (2.1)
MgCO, ~ MgO + CQ (2.2)
CaMg(CQ), - CaO+ MgO+ 2Cf (2.3)
CaMg(CQ), ~ CaCQ+ MgO+ C¢ (2.4)

The knowledge of the reaction equilibrium constaetgthalpies and Gibbs free energies is
required to understand what reactions can occuhatgiven conditions of pressure and
temperature. More specifically they are requireddéfine the values of andP in which
carbon dioxide absorption (or desorption) is thedgmamically allowed. Additionally, from
the thermodynamics equilibrium conditions, the oadies decompositions curve are
computed. These identify the values of pressureb¢ra dioxide partial pressure), as a
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function of the temperature, above which carborxid® absorption is thermodynamically
favored. On this ground it is possible to evaluatéch sorbents (calcium, magnesium or
dolomite based sorbents) can be used for theabSorption at givem andP.

2.2 Governing equations

The equilibrium criterion for a multicomponent réae system, at constant pressi#and
temperaturel, is the minimization of the Gibbs potenti@l with respect to the extents of
reactiong; (in case of multiple nr reactions):

{GGJ =0 j= 1,2,.nr. (2.5)
T,P.Ei#j

651.

In the case of a single reaction, the extent oftrea describes the progress of the reaction
and is proportional to the variation of the numbemoles of componeritin the systeniN;:

de = 2N (2.6)

In eq. (2.6)v; is the stoichiometric coefficient of the speciesusually the eq. (2.6) is
integrated from the reaction beginning, thus zero and\; is equal to the moles initially
present in the reactor.

The equilibrium criterion can be rewritten in terofsthe activitiesa; of the involved species
(ncis their total number) (Schieber and de Pablogeumdiblication). In the case of a single
reaction the equilibrium condition can be written a

nc

|] a' = K(T). (2.7)

K is the equilibrium reaction constant, defined as:

_ 1 Ag(T)
K(T)_exp{ — } (2.8)

and is a function of the temperatufenly; Ag° is the standard Gibbs free energy change of
reaction andR is the universal gas constant. Assuming the stdnskate, identified by the
superscripf, as the pure substanceRat; = 1 bar, thedg® can be evaluated from the Gibbs
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free energy of formation of each component tabdlatd ;= 298.15 K and the natural state
of the component:

Ago(-l-ref) = ZViAg(f)orm,i(-l;ef) " (29)
i=1

In order to find the standard Gibbs free energyngeaof reaction at an arbitrary temperature
T, the formula that must be used is one of the ¥ahg (Schieber and de Pablo, under
publication):

AQ°(T)= AR’ (T)-TAS(T) (2.10)

AP =AG(T,) ~(T- TIA ST+ | [TTJJA « 7 dl (2.11)

Tref

In these equationss’ is the standard entropy change of reactitil,is the standard enthalpy
change of reaction and they are evaluated as suomutthe entropy/enthalpy of formation
of each component times the stoichiometric coeffits (in analogous way as for the Gibbs
free energy change, eq.(2.9)¥%,(T) accounts for the heat capacity variation in tleetien:

Ac,(T) = ivi (M. (2.12)

To use eq. (2.10), the component enthalpy and gyid formation must be tabulated at the
desired temperaturk if such data are lacking the second equatiorbeamsed.

The equilibrium constant dependence on the temperatan be computed using two
methodologies. In the first one (method A), givea tlependence of the standard Gibbs free
energy change of reaction with respect to the teatpee 4g°(T), it is then possible to
evaluate the equilibrium constaf®(T) through eq. (2.8).

A second methodology (method B) to compute theti@aequilibrium constant as a function
of the temperature is based on the standard reaetithalpy changeh® (Schieber and de
Pablo, under publication):

{&} - [ ATy 213)
K (Tref ) Tref RTI

therefore the equilibrium reaction constant is gibg the equation:
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K(T) = K(T,

ef
Tref

t AR(T)
ex ———=dT"|. 2.14
Jexp [ = (2.14)
The reaction standard enthalpy change can be cexhdubm the heat capacities of the
reactants and products involved:

AR°(T) =AR(T,) + ] Ac(T)dT. (2.15)

Tref

To estimate the heat capacities, reaction enthatly Gibbs free energy changes, tabulated

data from different sources had been used, depgmdirthe reaction:

a) data from the Perry’s Chemical Engineer’'s Handb@ry and Green, 1997) were used
for the calcium carbonate decomposition (eq.(2.1)),

b) data from the NIST-WebBook (which uses as a soicase, 1998) were used for the
magnesium carbonate decomposition (eq.(2.2)),

c) data from Knacke et al. (1991) were used for thierdite decompositions (eq. (2.3) and
(2.4)).

Heat capacities are evaluated in the three cadbsdiiferent formulas thus to evaluate the

standard Gibbs free energy change (when eq. (&113ed), standard enthalpy change and

the equilibrium constant of the reaction (when rodtB is used).

In the case of calcium carbonate and dolomite deoaitions, in both methods A and B, the

heat capacities are evaluated using Perry and Qi€9v) and Knacke et al. (1991) data.

They compute the heat capacity [J/mol*K] of a given substance as a function of

temperature with the same expression:

c,=a+ bT+T—C2 (2.16)

where temperature is in Kelvin.

Correspondingly the heat capacity variation ofrésctionc, is:

Ac, = A+ BT+%. (2.17)

In eq. (2.17) capital letterd, B and C denote the difference between the summation of
involved species coefficients, in agreement with(2dL2).
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In the case of magnesium carbonate decompositi@nhé¢at capacities are evaluated using
NIST-WebBook data. In this case, the formula of hieat capacity of a given substargge
[J/mol*K] is computed by:

c,=at+bt+rcf+ d'13+te—2 (2.18)

where and t=T[K]/18
Subtracting reactant coefficients from the prodaces allow to obtain the heat capacity
variation of the reactionc;:
B'T T? T 10°
Ac,=A+—+C'—+ D'—+ E—;. 2.19
10° 10 10 T? (2.19)

In eq. (2.19) capital letters denote the differermween the summation of product
coefficients and the summation of reactant coedfits, in agreement with eq. (2.12).

2.2.1 Formulas for calcium carbonate and dolomite decompositions
(method B)

Substitution of eq (2.17) in eq (2.15) gives thiugaof the reaction standard enthalpy change:

;
AR(T) =AR(T, ) + | (A+ BT+T£j dT
Tref

(2.20)

T T

ref

_Aho( ref)+ A(T_ Tef)+%(-r2 -ﬁzf ({ ! J

Substitution of eq (2.20) in eq (2.13) gives:

T T
l K(T) = _[ Aho( ref) AT, ref 5 -l;if C : 2 dT+ I (_A+_B_—Cj dT
K(Teer) 2 T, |RT S \URT 2R RP

Tref

:—COS{— } [p} nT STl & C}
R TI Tref R 2 R RTQ Tref

__costf1_ 1) AT, By gy, AC[1 1
RIT ) R T, 2R ™ 2RT2T§

ef

(2.21)

B C

cost :AH)(Tef)_ ATy _E -fef +T_

ref
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from which the equilibrium constamt can be computed, as a function of temperature. The
termcost that compares in eq. (2.21) groups all the ternmsdependent o that compare in
eq. (2.20).

2.2.2 Formulae for magnesium carbonate decomposition (method B)

Substituting eq. (2.19) into eq. (2.15) and theedn (2.13), the enthalpy and the equilibrium
constant of the reaction can be calculated witHdhewing equations:
AR°(T) =AR(T,) + j pe BT cT—'2 DT—IS E1_06 dT
AT 10 10 16 T°¢
B'T? N c'T® N D'T* 10°E i
200 3m6 4116 T et
BT* BTy, CT _CT/°

ref

+
2010 2mG 3116 31D
D'T* DT, 106E'+1cfE'

= AN°(T, ) +| AT+

ARC(T) =AR(T,)+ AT- AT, +

2.22
A0 406 T T, (2.22)
172 113 ' 6 1
_cost + AT+ BT ,CT | DT 10°E
20000 36 416 T
K(T) |_ poosy A B 1 CT1 DT1 mE
n + + —+ —+ daT’
KT.)| o RT?2 RT 200 R 316 R 416 | R RT
[ cost A .. BT  CT DT 10 E|
=|-———=+—InT'+ + + +
RT' R 200 R 6M6 R 12118 R 2RT| (2.29
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In both the last two equations, the terast is:
BT:2 CT,° DT, -
COSE:AW(Lf)— A-Il;f ref ref ref +106E (224)

200¢ 3m6 4186 T,

and it groups all the terms non dependent dmat compare in eq. (2.22).
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2.3 Heat capacity, entropy, Gibbs free energy and e nthalpy of
formation data

The following tables summarize the data used ferclcium carbonate (tab 2.1), magnesium

carbonate (tab 2.2) and dolomite (tab. 2.3) decaitipas reactions.

Table 2.1. Thermodynamic data used for the calcium carbonate
decomposition evaluation; source Perry and Gre€d9{)

Cp [J/mol*K] Ag’orm (298K)  Ah%orm (298K)
a b C [kJ/mol*K] [kJd/mol]
CaCO 82.341 4.974e-2  -1.287e6 -1133.027 -1211.268
Ca0o 41.840 2.025e-2  -0.452e6 -603.751 -634.713
CO 43.263 1.146e-2 -0.818e-6 -394.384 -393.514

Table 2.2. Thermodynamic data used for the magnesium carlkonat
decomposition evaluation; source NIST-WebBook

G [I/mol*K] s (298K)  Ah%orm (298K)
a b’ c’ d e’ [J/mol*K] [kJd/mol]
M9COs 44937 149.708-74.183 11.977 -0.629  65.856 -1111.689
MgO 47260 5682 -0.873 0.104  -1.05426.849 -601.241
CG 24997 55187 -33.691 7.948 -0.137 213.790 -393.522

Table 2.3. Thermodynamic data used for the dolomite decortipnsi
evaluation; source Knacke et al. (1991)

G [I/mol*K] 2 (298K)  Ah%m (298K)
a b c [J/mol*K] [kJd/mol]
CaMg(CQ)- 155.226 80.333e-3  -2.134e6 155.226 -2327.894
CaCO 104.516 21.924e-3  -2.594e6 93.052 -1208.856
CcaO 50.417 4.184e-3 -0.849e6 38.212 -635.089
MgO 48.995 3.431e-3 -1.134e6 26.941 -601.701
CO: 51.128 4.368e-3 -1.469e6 213.794 -393.521

It is noticeable that Knacke et al. (1991) ensure tlata validity up to the species
decomposition temperature at atmospheric pressure.

2.4 Results

In this section the computed reaction standard &flbde energy changes, standard enthalpy
changes and equilibrium constants of the deconipagi¢éactions are presented. The obtained
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results were compared with literature data in ondewerify the temperature dependences
Ag°(T), 4h°(T) andK(T).

The standard Gibbs free energy changes of the dexsitions were calculated with eq.
(2.11) using the data previously tabulated (tab, 2.2, 2.3). To verity the results computed
for the CaCQ (fig. 2.1) decompositiondg?(T) was computed with Knacke et al. (1991) data
by the formula (2.10) and with Stern (2001) data;the MgCQ (fig. 2.2) decomposition, the
comparison was performed with Stern (2001) (whiefens to Knacke et al. (1991) for
MgCO; and MgO data) and Chase (1998) values. For thetealalculations, the reaction
standard Gibbs free energy change is almost eguivébr the three sources (Stern (2001)
values ist 4 kd/mol less than Perry and Green (1997) and lknatal. (1991) is' 2.5 kJ/mol
less; these differences tend to disappear at Higind the temperature dependence is correct.
For the magnesite calculations, Stern (2001) da&alfted € 15 kJ/mol less) with respect to
Chase (1998) data (remember that NIST refers wdburce, Stern (2001) to Knacke et al.
(1991) for MgCQ and MgO data). As far as dolomite (fig. 2.3 amnd) 2he computed results
are compared with the data tabulated by Knacke. ¢1291) in order to verify the accuracy
of theAg® temperature dependence.

The standard enthalpy change of reactions wereuleddd with eq. (2.20) or (2.22) as
previously explained. The comparisons for the Ca(fig. 2.5) and the MgC®(fig. 2.6)
decompositions were performed with Stern (2001) lkkndcke et al. (1991) or Chase (1998)
data. For the last two sourceth’(T) was calculated multiplying the compound enthalpy a
temperaturd and 1 bah%(T) by the corresponding stoichiometric coefficient:

AR(TY =S (D). (2.25)

The calcite decomposition reaction standard enyhalpange shows differences in the
reference (at 298.15 K) value that affect the foiltg data (Stern (2001) valueas4.5 kJ/mol
smaller than Perry and Green (1997) and Knacke €391) is~ 3 kJ/mol smaller); this does
not influence the correct temperature dependenbe.sBme observations are valid for the
magnesite decomposition as well (Stern (2001) datal5 kJ/mol smaller than Chase (1998)
one). The dolomite decompositions standard enthal@nges (fig. 2.7 and 2.8) match the
Knacke et al. (1991) data, obtained multiplying th@lues of enthalpyh®(T) by the
stoichiometric coefficient of the species involvedhe reaction (eq. (2.25)).

The equilibrium constants were computed from thectien standard enthalpy change, with
eq. (2.21) or (2.23) depending on the reaction, frath the standard Gibbs free energy
change, with eqgs. (2.11) and (2.8). In figures fr@r@ to 2.12, the equilibrium thermal
decomposition curves are plotted as.(dartial pressure versusT because the reaction
equilibrium constant is dependent on partial presssof developed gases:
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K(T)=ale = foo, (TP Yeo ) | ™ _| %o Yoo P - | #ea Feo (2.26)
> R Ry P P | |

ref ref

Equation (2.26) derives from eq. (2.7) assuming &lctivities of solid species are equal to 1.
For magnesite, calcite and dolomite full decompaosst, the CQ fugacity fco, is equivalent
to the CQ partial pressur®co, because the GQugacity coefficientg,,, is approximately
equal to 1 at the considered temperatures andyressss far as dolomite half decomposition
at elevated temperatures the fugacity coefficiemta more equal to 1 and it is computed by:

o= exp(%j (2.27)

based on the virial equation:

z:1+%. (2.28)

In the virial equationz is the compressibility factor ariglis the second virial coefficient and
is a function of the reduced temperattire= T/ T (Elliott and Lira, 1999):

RT, RT
5 =[0.083- 0.422° + w( 0.139 0.17(24-2)]?0.

C C

(2.29)

B=(B"+wB)

In equation (2.29p (= 0.228) is the acentric factor aig(= 304.2 K) and®; (= 72.8 atm) are
the critical properties of the GQ@data from Bird, 2002).

Therefore, for the dolomite full decomposition @teichiometric coefficient of the gas is 2
and P.o,¢.o, ! P, =+ K(T) ; for all the other cases.., =1, thereforeP.,@.o, / P.; = K(T).

For calcite decomposition (fig. 2.9) Stern (2004l &nacke et al. (1991) data are plotted as
well; the four series are congruent with each otlespite the differences in the reaction
standard enthalpy change at 298.15 K. In the pletet are also the experimental data of two
authors: Baker (1962) and Harker and Tuttle (198%)culated values lie between these data
and are in better agreement with the former ség®slegrees of difference at the same partial
pressure of C¢) than with the latter (50 degrees). For the maigmess already noticed, there
is a difference between the computed values offtfieT) and the Stern (2001) data of about
15 kJ/mol (this turn in a mismatch for t1g’(T) as well). Such discrepancy affects the trends
of equilibrium constants (fig. 2.10), namely thécatatedK(T) of MgCGQ; is different from
the Stern (2001) one. The other three data ser@sufated fromug’(T), 4h°%(T) and Chase
(1998) ones) are in agreement and match also wéitkéfd and Tuttle (1955) experimental
data (10 degrees mismatch). This observation stgpfmr Chase (1998) data correctness and
for Stern (2001) unreliability about MgGOnformation. For the dolomite decompositions
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Knacke et al. (1991) data are available only far Half decomposition until 700 K, the
decomposition temperature at atmospheric presgwditionally two series of experimental
data were found only for the half decompositionaiGand Goldsmith (1955) and Harker and
Tuttle (1955). They match with each other and diffem the calculated values (fig. 2.12) of
80 degrees. When the temperature is larger tha® X0@his discrepancy increase (150
degrees) if the approximatiog.,, =1 is used. Computing the correct value of the fugaci
coefficient (black dotted line of fig. 2.12) théfdrence between experimental and calculated
values is reduced (100 degrees). For the compéatendposition (fig. 2.11) the comparison is
made with the equilibrium constant obtained using tabulated data from Knacke et al.
(1991) and eq. (2.10) and (2.8). In both casevdhees are in agreement.

For the four reactionthe resulting decomposition temperatures at atnegplpressure are
tabulated in tab 2.4; they are identified by thedibon of K (T) =1 considering the values of
the equilibrium constants obtained from the stathdarthalpy change of decomposition of
each carbonate.

Table 2.4. Calculated decomposition temperatures, identifiegd the
condition K(Ted=1

Tdec[K]
Calcite (2.1) 1160
Magnesite (2.2) 675
Dolomite, complete (2.3) 900

Dolomite, half (2.4) 690
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Figure 2.2.4¢%T) [kJ/mol] of the magnesite decomposition: caitet! value from NIST-
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Gibbs free energy change of CaMg(CO3)2 = MgO + CaO + 2 CO2
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Figure 2.3. 4g%T) [kJ/mol] of the dolomite full decomposition: Icalated value from
Knacke et al. (1991) data by eq. 2.11 (solid liaejl eq. 2.10 and 2.25 (crosses)
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Figure 2.4. Ag°(T) [kd/mol] of the dolomite half decomposition:lmsated value from
Knacke et al. (1991) data by eq. 2.11 (solid liaejl eq. 2.10 and 2.25 (crosses)
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Equilibrium thermal decomposition curve of CaCO3 = CaO + CO2
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Figure 2.9. K(T) of the calcite decomposition: calculated alftom Perry and Green

(1997) data (eq. 2.21: solid line; eq. 2.11: staiS)ern (2001) data (circles), Knacke et al.

(1991) data (crosses); experimental values fromeB€k962) (red dotted line) and Harker
and Tuttle (1955) (red points)
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Figure 2.10.K(T) of the magnesite decomposition: calculateldidrom NIST- WebBook
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Equilibrium thermal decomposition curve of CaMg(CO3)2 = MgO + CaO + 2 CO2
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Figure 2.11.K(T) of the dolomite complete decomposition: clalimd value from Knacke
et al. (1991) data (eq. 2.21: solid line; eq. 2.tikcles; eq. 2.10 and 2.25: crosses)
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Figure 2.12.K(T) of the dolomite half decomposition: calcuthtealue from Knacke et al.
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Goldsmith (1954) (red dotted line) and Harker andtle (1955) (red points)
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Equilibrium thermal decomposition curves
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Figure 2.13. Equilibrium thermal decomposition curves of dol@m(full: stars; half:
circles), calcite (crosses) and magnesite (diampnds

The thermal decomposition curves (fig. 2.13) arefulsto understand what material can be
used at given temperature and pressure for theaB&brption.

For example, at 1 bar and 400 K every decomposgmbiate (CaO, MgO, fully or half
decomposed dolomite) can be used; if the operagéingperature is 700 K the calcium oxide
and the fully decomposed dolomite (CaO and MgO)mmamised. At 20 bar and 400 K again
every oxide can be used, but increasing the opgrag¢imperature to 800 K only CaO can be
utilized and it can be obtained by calcite or daterfully decomposed (CaO and MgO).

2.5 Conclusions

From the analysis of the thermodynamics of the ogmmsition reactions and the comparison
with literature data it is clear that the computedues from Perry and Green (1997) data of
Ag°(T), 4h°%(T) andK(T) are acceptable in the case of calcite. Some diffes are present in
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the standard enthalpy and Gibbs free energy chahfggmation of the different sources but
they do not affect significantly the computed value particular the equilibrium constants.
For the magnesite decomposition, the Chase (198%8) ate in agreement with experimental
data (Harker and Tuttle, 1955), instead Stern (28@lues are not in agreement because of
the difference of the MgCf{X>tandard enthalpy of formation.

As far as dolomite decompositions, only one sodocethe thermodynamic quantities was
found, namely Knacke et al. (1991). In the casedhef dolomite half decomposition, the
calculated values of equilibrium constants diffgngicantly from the experimental data of
Graf and Goldsmith (1955) and of Harker and Tuyitl@55), even when the corrected fugacity
coefficient was used. It is possible that the disament is caused by the dolomite formation
enthalpy and entropy values (as in the case of ssgm carbonate) but no other literature
data to confirm the ones used were found.

It is worthy to note that no experimental datatfue dolomite complete decomposition were
found thus it was not possible to check the acguodthe computedg®(T), 4h°%(T) andK(T).
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Thermogravimetric analysis of
calcite/dolomite calcination and
carbonation reactions

Process simulations of the carbon dioxide capterpiire estimates of the carbon dioxide
absorption/desorption kinetics. These data can Hiaireed by thermogravimetric analysis.
Additionally, in the carbon dioxide capture regextme processes, the sorbent is continually
cycled between the carbonation and calcinatiorestdaut its capture capacity decreases upon
cycling. Theoretically, it should be possible tgmove the sorbent performance by modifying
the conditions of calcination and carbonation stEps chapter presents thermogravimetric
measurements of the sorbent thermal decompositindsabsorption reaction; the obtained
results are compared with literature data.

3.1 Introduction

In carbon dioxide capture regenerative processesdrbent is cycled between the absorber
and the regenerator reactors. However, their maxirnarbonation conversion (the ratio of
moles of carbonate produced over the initial maéLa/Mg oxide) or sorption capacity
decreases upon G@apture and release cycles.

Dean et al. (2011) report that the loss of sorbeattivity can be caused by a number of
factors, the most important of which is sinterifgtlte porous metal oxide during the high
temperature calcination stage. Metal oxides foriogcdtalcination are very porous because
there is a marked reduction in molar volume duthgy decomposition from the carbonate to
the oxide form.

The sintering is characterized by changes in pbepe and grain growth, which causes a
reduction in the reactive surface area and a dfbmb the sorbent reactivity. This
phenomenon is caused by high temperatures but thetlso a contribution due to reactive
sintering specific of cycling experiments. The sbreactivity can decrease also because of
the loss of bed material due to attrition, thatsesuelutriation of fines.

Therefore, the sorbent reactivity and mechaniedibty are critical factors in the selection of
the sorbents. Ultimately, the implementation of emgrative calcium/magnesium based
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sorbents for C@removal is possible, but such processes couldcbaaically viable on
industrial scale if highly durable, reactive andcimanically strong sorbents with elevated
CO, sorption capacity will be developed.

As discussed by Dean et al. (2011), improving surperformance upon cycling can be done
by sorbent enhancement or by alteration of thege®conditions. In the first case, the typical
used technique is solid doping, obtained by impaéign with catalytic agents, in particular
with traces of inorganic salts. The second optsorelated to the sorbent regeneration process:
modifying the regeneration conditions, namely dasig the calcination temperature
(reducing the C@partial pressure) or changing the residence tit@gh temperatures. An
experimental investigation of the sorbent calcmadi based on the thermo-gravimetric
analysis can be useful to identify optimal regetienaconditions.

In 83.2 the results of the experiments on the tHtbblomite thermal decompositions are
presented; more specifically, thermal-gravimetnalgsis (TGA) was used to investigate the
thermal decomposition. These experiments were pedo to reproduce some experimental
data available in literature, namely to verify thalues of full decomposition temperature,
time and the degree of carbonate conversion. I iiaditerature these two materials show a
moderate variance in the values of these propettiesreason is that the decomposition rate
depends on parameters such as the amount andribhegiuhe sample, the particle size, the
type of the crystalline structure, the heating rdatee temperature range considered, the
atmosphere at which the calcination is carried etat, (\Wang and Thomson, 1995; Gallagher
and Johnson, 1973; Samtani et al., 2002; Galah,e2@.2; Wilburn et al., 1991; Romero
Salvador, 1989). In addition, the carbonate decaitipa is influenced by the heat and mass
transfer resistances (Wang and Thomson, 1995; gbadtaand Johnson, 1973; Wilburn et al.,
1991, Gallagher and Johnson, 1976; SatterfieldrFeakes, 1959). The heat transfer from the
surface of the grain through the layer of reactant$ products up to the interface of reaction
controls the achievement of the decomposition teaipee in the inner portion of the particle,
while the mass transfer of the released,C@hich moves away from the reaction zone
through the particle itself via a diffusion mechanj is related to the local value of the £LO
partial pressure that affects the kinetics of th@rdecomposition. The problems related to the
transport resistances, which affect the thermogratric analysis, are discussed in 83.4. In
this work of thesis it is important to considerrthbecause the kinetics in circulating fluidized
bed reactors (which will be considered in the psscsimulations of Chapter 4) is not
significantly influenced by heat/mass transfer sesices. Therefore, the TGA data do not
reproduce correctly the kinetics in CFBs.

In 83.3 the results of the TGA experiments on @mdaen dioxide absorption by calcium oxide
are presented. These experiments were performegpimduce some experimental data
available in literature, namely to verify the TGAtd obtained by Grasa et al. (2008).
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3.2 Thermo-gravimetric analyses of calcite/dolomite calcinations

A widely approach described in the scientific Bterre in the investigation of the thermal
decomposition reactions is represented by therrawhmetric analysis (TGA), differential
thermo-gravimetry (DTG) and differential thermabéysis (DTA); the tests described in this
section belong to the first group. In thermo-graetnit analyses the material samples are
introduced in a reactor chamber with a controllatasphere, the temperature program is
planned and the resulting changes in weight arsstexgd. Through the observation of the
derivative weight loss curve it is possible to itignthe points where the weight loss are
complete (when complete release of stoichiometric .Ci@ achieved) and then obtain
information about the maximum temperature at whiahcarbonates are totally decomposed
at a fixed heating rate, and the time requiredtiseove the total decomposition at a fixed
temperature.

As already mentioned, many authors underline totofa that can affect the decomposition
rate. As far as TG experiments on calcite, Galaal.e2012) distinguish between intrinsic
and extrinsic factors that influence the decompmsitIntrinsic factors include chemical
purity and defects content of the carbonate, salidace area, particle size and/or crystallite
size, morphology, etc.. Extrinsic factors are thaengle packing in the holder (i.e. sample
quantity), flow rate of the sweeping gas which uefices the gas interchange between
furnace/cell atmosphere and the sample, the gasmousnment in which the reaction is
carried out, severity of the thermal gradient depetl in the sample that is correlated to the
decomposition temperature range and the heatiegetd..

During the conducted TG tests, two operating végiakere modify to evaluate how they
affect the decomposition behavior: the purge gas flate and the heating rate.

3.2.1 Effect of purge gas flow rate

The effect of the purge gas flow rate of the puggs on the calcite decomposition was
investigated performing tests at the same heattg of 10°C/min with 15 mg samples of
high purity CaCQ (> 99%) provided by Sigma-Aldrich (C6763) with arpcle size
distribution around 10 pm.

Two DTG test were conducted to verify the decomjmsitemperature dependence on the
purge gas flow rate. The experiments were performéthi air, but the first one was
performed at a 70 ctfmin flow rate while the second at 23 ¥min (Fig. 3.1).
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Calcite - heating rate: 10C/min
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Figure 3.1.DTG analysis: derivative weight loss vs. tempa&nf CaCQ calcined in air
at a heating rate of 10°C/min with purge flow rae70 cni/min (blue line) or 23 cftmin
(red line) (sample size: 15 mg, particle diametd:um)

The purge gas influences the ambient conditionsjetya it determines if the environment
around the sample is inert or not: the purge gassésl to quickly remove the product gas
from the decomposing sample and to ensure thae tiseno reaction between the gaseous
products and the gases that compose the enviror(@anttani et al., 2002). Therefore, if the
purge gas flow rate is adequate, the purge gabdtusway the COproduced during the
decomposition, maintaining a very low partial pressof carbon dioxide in the sample
crucible and hence making the gi@fluence on the thermal decomposition of the cadbe
negligible. On the contrary, for low values of peirgas velocities, the sample is affected by
the increasing CO partial pressure in its surroundings and hence dbeesponding
decomposition temperature peak is shifted towalighen temperature. In Figure 3.1, the
lower flow rate leads to a 10°C increment in theaeposition temperature (from 770 to
780°C), which corresponds to a time delay of aldbumin in the achievement of the full
decomposition, considered negligible in first apgmation. The trend of the experimental
test of Figure 3.1 supports the interpretation ity Samtani et al. (2002): performing TG
experiment at three different typical values gaggpulow rate (25, 50, 100 mL/min), it is
expected that the flow rate of the purge gas doesffiect the decomposition reaction and it
should not influence the DTG curve shape as well.
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3.2.2 Effect of the heating rate

The effect of the heating rate on carbonate decaitipos was investigated by many authors,
in nitrogen or in mixed NCO, atmospheres, concluding that increasing this pei@nthe
decompositions of calcite and dolomite occur ahbigemperatures (Gallagher and Johnson,
1973; Galan et al., 2012; Samtani et al., 200120Q2).

In this work, the effect of the heating rate on ttedcium carbonate decomposition was
investigated carrying out experiments in air, vétbas flow rate value of 70 éfmin, at three
different heating rates: 2, 10 and 15°C/min. Theema used is commercial CaG@owder
provided by Sigma-Aldrich (C6763) with 99% puritgcaparticle size distribution of 10 um
in diameter. All the tests were performed loadimghie TG crucible samples of about 15 mg.
The obtained results agree with those availablétenature: as mentioned by Galan et al.
(2012), modifying the heating rates leads to a shifthe temperature range where the calcium
carbonate decomposition occurs, namely, when thé@ngerate increases, the decomposition
occurs at higher temperatures (Fig. 3.2) and islacated in terms of time (Fig. 3.3).

DTG plots are more sensitive to sample weight ckamgpmpared to TGA ones, therefore this
type of graph is more precise to identify the dffetthe heating rate on the temperature
decomposition. Calcium carbonate thermally decompds give CaO (solid) and GQgas)
according to the reversible stoichiometric reactfeg. 2.1). The molecular weights of the
involved species are 100 g/mol for Ca§,66 g/mol for CaO and 44 g/mol for GOThe
complete conversion of the carbonate occurs wheright loss equal to 44% of the mass
fraction (corresponding to the stoichiometric amooh CO, in CaCQ) is recorded, or
similarly, when the final mass percentage is eqodahe CaO/CaC®ratio of 0.56. Different
results are indications of the presence of immsgitn the sample. The used material is high
purity and the obtained results confirm the achieset of the complete CaGO
decomposition, or the achievement of stoichiome@i®, loss, in agreement with the
theoretical considerations.

However, the graph of Figure 3.3 present an anamaéspect: the TG curves seem to be
affected by a drift after the achievement of thegl@ complete decomposition and before the
beginning of the calcium carbonate conversion @ntipular for the test at heating rate of
2°C/min). This unexpected increase in sample weightbe explained by the fact that there
are a number of sources of error in TGA which aadlto inaccuracies in the recording of
temperature/time and mass data.

A common source of error during TG experimentsug tb the buoyancy effect. When a
thermally inert crucible is heated when empty (@artiplly loaded) there is usually an apparent
weight change as the temperature increases whicuesto the effect of change in the
buoyancy of the gas in the sample environment:diwesity of the gas within the sample
surrounding decreases during the heating andyibisally results in an apparent gain in the
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Figure 3.2.DTG analysis: derivative weight loss vs. tempa&nf CaCQ calcined in air

at a heating rate of 2 (blue line), 10 (red lingydal5°C/min (green line) with purge flow

rate of 70 cniYmin (sample size: 15 mg, particle diameter: 10 pm)

Calcite - air flux: 70 cm®/min
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[9%] Bram

Time [min]

Figure 3.3. TG analysis: weight loss vs. time of Ca@@lcined in air at a heating rate of
2 (blue line), 10 (red line) and 15°C/min (greenel with purge flow rate of 70 émin

(sample size: 15 mg, particle diameter: 10 um)
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sample weight. These effects are reproducible amtdnthe TG curve can be corrected by a
blank curve, performed at the same conditions biiih \®n empty crucible, that can be
subtracted to the sample one.

The values of the sample weight (as % over thelnitass) after the complete decomposition
of calcium carbonate, the corresponding calcinatemperatures and the times required to
obtain the complete decomposition are summarizedaible 3.1. The full decomposition
temperature, or time, is defined as the value athvkhe maximum in derivative weight
versus temperature curve (Fig. 3.2) and the minintumweight loss versus time (Fig. 3.3)
curve is observed.

Table 3.1.Values of final weight of sample (%), decompasitemperature
(°C) and time (min) required for the Cag@€alcinations in TG analysis

Heating rate Decomposed sample T Time

[°C/min] weight [wt %] [°C] [min]
2 56.0025 698.67339.70
10 56.4014 777.39 76.78
15 56.3197 821.39 54.29

When increasing the heating rate from 2°C/min toCIfin, the time required to obtain the
complete decomposition of Cag@duces from about 5 hr up to approximately 50. @in
the other hand, at 15°C/min the temperature hasctease of more than 100°C in order to
observe the complete calcination of the sample.

3.2.3 Comparison with literature data

An overview of the scientific literature highlightsow the investigation of the thermal
decomposition of calcite and dolomite, in particulae investigation of their kinetics, is a
highly complex and frequently controversial suhjéiffering shapes are reported for DTA
and TG curves and this is reflected on differinuea of the decomposition temperatures, of
the degree of conversion and of the kinetic parareetis well. Several authors (Wang and
Thomson, 1995; Galan et al., 2012; Wilburn et #091; Romero Salvador, 1989) suggest
that these differences are due in part to the ehofcequipment and operating conditions
(atmosphere, heating rate, sample size, etc.),am @ the sample properties, namely
crystalline states of the precursor calcium carb®/dalomite and particle size of the sample
powder.

Despite the same operating conditions in termseatihg rates (10°C/min) and furnace/cell
atmosphere (air or )l samples of approximately 10 mg constituted byycapquality calcite
single crystals (Iceland Spar) of about 2x2x1 mnsire (Rodriguez-Navarro et al., 2009)
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give a different decomposition trend compared tséhof 100 mg of commercial CagO
powder with particle size of few tens of um (Gaédral., 2012). As reported by Rodriguez-
Navarro et al. (2009) the conversion for calciteghe crystal starts at approximately 600°C
and is completed at about 850°C while for Galamle{2012) calcium carbonate begins to
decompose around 700°C and reaches the theoretioahiometric loss of CO at
temperatures higher than 900°C. Similarly, thisgeags also for dolomite. At heating rate of
10°C/min, it is reported (Rodriguez-Navarro et aD]12) that samples of approximately 10
mg constituted by optical quality dolomite singlgstals of about 2x2x1 mm in size start to
decompose at approximately 500°C with an initigwslrate up to approximately 750°C
beyond which, the conversion reaches the stoichioenealues (at approximately 900°C)
with a faster, nearly constant decomposition ratstead samples of grounded rock dolomite
(amount of approx. 14-20 mg) with grain size of rapgmately 80 um start to decompose
again at approximately 500°C but reach the fullodegosition at temperatures lower than
800°C (Gallagher and Johnson, 1973; Samtani 2G02).

These discrepancies arise from the fact that thgplsaamount and the grain size strongly
affect the calcite/dolomite decomposition. Wilbueh al. (1991) observed that when the
sample mass is increased, the peak temperaturd @ ots increases, suggesting that the
larger the sample mass, the higher the decompodéimperature or, similarly, the higher the
time at which the full-decomposition is measureustéad, when the particle size of the
sample is reduced, the DTG peak temperatures decr&atterfield and Feakes (1959) also
report that calcium carbonate with a small partgie (approximately 0.2 um) decomposes,
even at high rates, at reaction temperatures andp@fial pressure approximating those of
equilibrium, while CaC®@ samples with bigger particle size (about 10-15 pequire
temperatures in excess of equilibrium.

In order to gain sensibility on the decompositioh tbese carbonates, in terms of
decomposition temperature and time required, @dak3IGA experiments were carried out in
atmosphere of air (gas flow rate of 70%min) with samples of approximately 15 mg and
heating rate of 10°C/min. As previously indicatéde calcite samples were high purity
CaCQ (>99%) provided by Sigma-Aldrich (C6763), with arficle size distribution of
approximately 10 um. The dolomite samples, insteate provided by UniCalce S.p.A and
consisted of powder with particle size up to 300 (mmore than 50% in weighs below 70
pnm).

Figure 3.4 shows the comparison between the decsitiggotrend of calcium carbonate (in
blue) and of dolomite (in red). It can be obsertteat the CaC@decomposition starts at ~
600°C, as reported in Rodriguez-Navarro et al. ©200ut finishes at a temperature lower
than 800°C, almost 100°C less compared to thedietomposition temperature recorded by
Rodriguez-Navarro et al. (2009). However, it mustunderlined that the particle size of the
samples used by Rodriguez-Navarro et al. (2009) diffsrent from those utilized in our
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experiments (namely, single crystals of few mm agfapowder with diameter of about 10

pnm).

Therefore, considering what mentioned previouslyustthe effect of the particle size on the
thermal decomposition, it can be reasonably to massthis aspect as the source of the
differences measured. In fact, the TGA curve predoby Gunasekaran et al. (2007), in
which the sample used was characterized by partideneter of approximately 50 um,

reveals that the thermal decomposition of calcilarbonate in a Natmosphere starts at

approximately 600°C and ends near 850°C, namedyt@nperature value at midway between
the measurements by Rodriguez et al. (2009) andesulit.

CaC03, dT/dt = 10C/min, flux = 70cc/min (air) vs D olomite, dT/dt = 10C/min, flux = 70cc/min (air)
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Figure 3.4. Comparison between TGA curves (weight loss vgpedsature) of calcite (blue
line) and dolomite (red line) obtained with a aioirate equal to 70 cffmin, 10°C/min
heating rate and 15 mg samples

Concerning the dolomite thermal behaviour, in oasec the material seems to begin
decomposing initially at a temperature lower th@°&, while the full decomposition is at
approximately 800°C, substantially in line with tredues measured by Samtani et al. (2002).
However, the sample weight change (i.e. the degireenversion) recorded is slightly higher
than the theoretical stoichiometric value expectAd. for as the calcite decomposition
discussed previously (83.2.2), according to thecktometric full decomposition reaction
(2.3), the evaluation of the molecular weight facle species involved suggests that the
complete conversion of dolomite occurs when a wdiggs of 47.7% is recorded. This value
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corresponds to the stoichiometric amount of ,G@® CaMg(CQ),. This result can be
explained considering the phenomenon that charaesethe dolomite decomposition known
as decrepitation, which emerges from the DTG cushesvn in Figure 3.5.

CaCO03, dT/dt = 10C/min, flux = 70cc/min (air) vs D olomite, dT/dt = 10C/min, flux = 70cc/min (air)
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Figure 3.5. Comparison between DTG curves (derivative weighs lvs. temperature) of
calcite (blue line) and dolomite (red line) obtaihevith air flowrate of 70 crimine,
10°C/min heating rate and 15 mg samples

Decrepitation is a process cited by several aut{i®oslriguez-Navarro et al., 2009; Samtani
et al., 2001) and consists on the breaking of alysis a result of the temperature increase,
which produces the ejection of tiny fragments aracharacteristic crackling. The ejection of
the fragments determines the scattering of the heihange peaks recorded in the DTG
diagram. It is the result of the pressure increafstne water molecules incorporated within
the lattice structure of the dolomite during thenfation of the mineral: the temperature
increase in the calcination step induces the ewjpor of these molecules with the
consequent localized pressure increase. In thetiddsawhere the pressure exceeds the
mechanical strength of the solid grains, it is pmesto observe the characteristic mini
explosions associated with the pressure releasa fhe particles. Samtani et al. (2001)
observe the decrepitation for samples of interntedarticle size (between 100 and 650 um),
with the maximum degree for grains in the rangevbeh 110 and 350 pum. On the contrary,
in the case of particles larger than 850 um, tHease of pressure is not sufficient to
overcome the cohesive forces of the solid molecuwidsle for particles of size lower than
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100 um, the incidence of the phenomenon is notcserfit to cause destabilization within the
grains. The authors add that it is usually regesten the temperature range between 500 and
700°C. In Figure 3.5, this process is effectivalgarded as a series of peaks on the dolomite
DTG curve (in red); however, there is a variationthe typical temperature range of the
decrepitation (500-700°C), with a shift of about°GOtowards lower temperatures (450-
650°C). This discrepancy is probably due to théed#t nature/precursor of the dolomite.
Finally, it is noticeable that, according to Sanmttral. (2001), performing TG experiments in
an inert atmosphere of air or nitrogen, the decaiipm and the decrepitation overlap
making difficult to follow the thermal decompostidehaviour of dolomite samples. This
problem is avoided when the experiments are coeduct an atmosphere of G@here the
higher partial pressure of carbon dioxide leadartancrease in the dolomite decomposition
temperature; in this way the decrepitation and deeomposition stages are segregated
allowing a clear distinction between the two pheeom

3.3 Thermo-gravimetric analyses of CaO carbonation

A second set of experiments was performed to oltdarmation concerning the absorption
reaction rate of C®on CaO previously obtained by thermal decompasiti@atment. In
particular, the goal was to reproduce some expetahevidences reported by Grasa et al.
(2008). These authors investigated the carbonagantion rates in highly cycled sorbents,
studying their reactivity under different condit®wnf partial pressure of GOtemperature,
particle size, limestone type and number of cycldée model used to interpret the obtained
data is a homogeneous model. The first reactiogests a fast and chemically controlled
stage, and it is followed by a slower reaction stagntrolled by diffusion in the CaGO
product layer. The transition between the fast #red slow regimes occurs suddenly once
reached a given level of conversion. This valuereleses with the increasing of the cycles,
mainly because of the sintering of the sorbent.

Grasa et al. (2008) performed experiments in a Tdpparatus specially designed for long
multi-cycle tests: the furnace can be moved up @wvrg so that the crucible alternates
between calcination conditions (>850°C, for 15 mang carbonation conditions (650°C for
20 min) during the same batch test. The sorberibpeance was examined on quantity of 15
mg and the gas flow rate was set to the requirdgevia eliminate external diffusion effects
around the sample crucible (4°L6r/s).

Similarly, we performed thermo-gravimetric experint&g however our tests were conducted
only in carbonation conditions due to the differdaatures of our TG instrumentation.
Approximately the same amounts of CaO, obtainedalyrevious calcination (heating at
5°C/min and isotherm at 1000°C for 30 min) weretbdéaip to 600°C and up to 650°C at a
10°C/min heating rate in a;NMlux (100 mL/min); once the final temperature waached, it
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was kept constant, for a time varying from 20 minto 40 min, at a C&lux of 100 mL/min
(approximately 1.67-10m®/s). The sample weight changes recorded are shoWwigire 3.6.
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Figure 3.6. TG analysis: weight gain vs. time of CaO carbodaite CO,; heating up to
carbonation temperature (10°C/min with, Now rate of 100 mL/min) followed by a
carbonation stage in C£100 mL/min). Sample size: ~15 mg, particle di@meitO um

It is noted that between the phase of heating (aprately 60-65 min) and the sorption stage
(isotherm), there is a temperature stabilizatioagehof about 3 min after which the fiux is
switched in CQ, indicating the real start of the absorption.

Analyzing Figure 3.6, it can be seen that during tieating ramp the CaO lost weight: we
suppose that this phenomenon is caused by theseetéahe humidity that the oxide naturally
and strongly absorbs from the atmosphere. For B& @ test, the carbonation can be
reasonably considered concluded after 40 min, whietest at lowel was stopped before
the complete C@absorption (carbonation stage of 20 min). The sabrelusions can be
more clearly drawn from the CaO conversion profgéewn in Figure 3.7, where the start
time refers to the carbonation/absorption stagénipety.

The CaO conversion plot of Figure 3.7 (and 3.8)wshdhe transition between the fast
(chemical-controlled) and the slow (diffusion-caiied) regimes during the GQcapture
phase, in particular for the higher temperature.
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Figure 3.7. CaO conversion vs. time during the carbonatiorgsetaonducted in the TG

analyzer at a heating rate of 10°C/min with gasvfi@ate of 100 mL/min. Sample size: ~15

mg, particle diameter: 10 um
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Figure 3.8. CaO conversion vs. time during the carbonationctes conducted in CO
atmospheric pressure at 650°C for 30 min; the testse conducted on CaO particles of

two different diameters (10 um, blue line; 500 e, line) obtained by calcite calcination

(15 min at 900°C)
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The results were compared to the measurementsasiaGat al. (2008), referring to one cycle
of carbon dioxide absorption performed at Qgartial pressure of 1 atm. The comparison
shows a similar CaO conversion in a comparable soade of few minutes, even though there
are some differences.

Grasa et al. (2008), who reach a conversion ofaqmately 60% in 1 min about, carried out
experiments with sorbent samples with particle sargging from 0.25 to 1 mm, bigger than
those used in our tests (particle diameter of @@d). Although smaller particle size should
ensure a higher conversion rate, we obtained the sanversionXca.o~ 0.60) in a longer
time than that reported by Grasa et al. (2008),etam6 min, neglecting the first minute of
stabilization in absence of GGshown in Figure 3.7). Therefore, we can explaie th
discrepancy in the reaction rate observed consigetiie different chemical composition
and/or physical structure of the CaO precursorgctieination conditions at which the sorbent
was obtained and, probably, the lower gas flow r@&ed during our carbonation stage.
Concerning the effect of the calcination conditioms should be recalled that thermal
treatments at high temperatures promotes sinteaimg)that our severe calcination conditions
could have caused changes in the CaO pores shdperaduction in its reactive surface area
with a penalization of the rate of the first cheatiz-controlled absorption stage.

Grasa et al. (2008) verified that the (initial) tfasaction regime is slightly affected by the
particle size in the first calcinations/carbonatioycle; when the number of cycles is
increased, the conversion curves of all the diffeparticles are overlapped, indicating that
the dependence on the size is no more signifiddns. is confirmed by our experiments (Fig.
3.8) also in the first cycle: the reaction ratehie same for the 10 um and the 500 pm sized
particles.

3.4 Critical aspects in thermo-gravimetric analyses

As already mentioned, thermal analysis techniqii€®A( DTA) are commonly utilized to
study the thermal decomposition reactions whereaddition to solid reagents, gaseous
reactants or products are involved. However, theskniques are plagued with problems of
mass and energy transport which are usually unabted Satterfield and Feakes (1959)
explain in fact that among the potential rate-lingtprocesses in the thermal decomposition
of carbonates, the following transport phenomenatrha considered: the heat transfer to the
particle surface and through the oxide productri&yeéhe reaction interface; the mass transfer
of CO, released at the reaction zone away from the aaterf

The calcination is in fact strongly influenced e tpartial pressure of carbon dioxide that is
developed in the decomposition.

It is quite simple to understand how an increasehef partial pressure of G{at fixed
temperature) enhances the effects of the reveastioa, limiting the decomposition step.
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The effects of sample mass and Qi@rtial pressure on the thermal decompositioriaked

and significant. Wilburn et al. (1991), investigegfithe effect of several operative variables on
the calcium carbonate decomposition in TGA-DTG, laxptheir results in terms of bed-
depth effect: during the reaction, carbon dioxigdelees at a rate faster than it can escape
from the reaction zone through the sample masssimgua local increase of the partial
pressure of C®within the powder bed. The deeper the sample hathély the greater the
mass of carbonate sample in a given volume/crugilthee greater the build-up of carbon
dioxide partial pressure, at the same experimeotaditions.

Another important aspect pertains to the tempegaatirwhich the thermal decomposition is
carried out. At fixed heating rate, the decompositstarts when the calcination temperature
within the patrticles is reached. As observed byeSiatld and Feakes (1959), the reaction
temperature is determined by a balance betweerrateoprocesses, namely the rate of heat
transfer towards the reaction zones and the ratbeoheat consumption by the endothermic
reaction. Heat must first be transferred at thdaser of the particles, through the sample
mass, and then through the product layers whiclioaneed as the reaction proceeds. The heat
transfer depends on the thermal conductivity of gaseous environment and on the heat
conduction mechanism through the particle. Gallagivel Johnson (1976) and Borgwardt
(1985) argue that the thermal transport rather @@n diffusion/mass transport is the rate
determining factor which controls the carbonateodgmosition rate. Under conditions of
constant partial pressure of g@he reaction is controlled by the ability to slyppeat to the
reaction interface, and this aspect is closelytedldo several factors (in particular, referring
to TG experiments, sample packing and particle, dwdder and geometry, the thermal
conductivity of the atmosphere, the propertiehefgiroducts layers etc.).

It was noted (Gallagher and Johnson, 1976; Borgwdr@i85) that facilitating either the
thermal transport or the mass transport has thee saffiect of decreasing the measured
temperature at which the decomposition occurs &pating the effects of thermal and mass
transport is difficult. Performing thermal decomipios tests with 10 pm particles using an
entrained flow reactor, Borgwardt (1985) was albe nieasure CaCfOconversions of
approximately 80% in a time scale (few secondsklotian those observed by other authors
carrying out TGA experiments (typically several otes). In TGA the decomposition rate is
influenced by mass and heat transfer resistane¢sath present in the sample, instead in the
entrained flow reactor the particles are isolatexinfthe each other with reduced heat/mass
transfer resistances.

However, these aspects should be investigated imaketail in order to underline information
on chemical or bond-breaking rate-limiting procesggallagher and Johnson, 1976) or/and,
minimizing the effects of thermal and mass transgorobtain real/pure kinetics information
on the calcite/dolomite thermal decomposition.






Chapter 4

Utilization of CO, solid sorbents in
gasification/combustion processes

4.1 Introduction

The goal of the work presented in this chaptemisnvestigate the feasibility of utilizing
calcium/magnesium/dolomite based sorbents to capter carbon dioxide in coal gasification
or fossil fuel combustion processes.

Application of calcium based sorbents were recergljiewed by Dean et al. (2011) and
include two kind of possible configurations for CQ#st- or pre-combustion G@apture.
The Ca-looping cycle is expected to have a widesptsage in the future because of the low
overall cost of gas capture, namely ~19 USD/top@@oided in case of post-combustion
configuration; it results competitive with amminased scrubbing, for which this cost is 32.5-
80 USD/tonCQ avoided. The avoided emissions result comparimeg@ky emissions per
kWh of the plant with capture to that of a refer@ptant without capture (Metz et al., 2005).
The overall cost of gas capture is low mainly beeaof the cheapness of the used raw
materials and the low energy penalty (~5%, inclgdaompression) compared to a plant
without capture. In the world there are severabdtgilant trials with post-combustion carbon
dioxide capture and each of them reaches highdeseyas capture: CANMET Energy and
Technology Center (Ottawa), INCAR-CSIC (Oviedo),iwgmsity of Stuttgart (Stuttgart) and
Ohio State University (Columbus) have different kiWacilities but all of them achieves at
least 90% of C@capture efficiency (increasing the number of regation cycles it usually
decreases to 70-80%). Dean et al. (2011) desdsbesame configurations that are applied to
plants for the production of hydrogen and/or elettyr. coupling the carbonation reaction
with the water-gas reaction, sorption enhancedrmafay (reforming of hydrocarbons
combined with the carbonation and the water-gds igd@ctions), in situ C@capture for solid
fuels (coal and biomass) gasification, the zeroseimn coal (ZEC) process, the ENDEX
configuration.

Magnesium based sorbents were developed by Haskdnzmd Abbasian (2010), in the
perspective of capturing the GQArom the syngas in an IGCC (integrated gasificatio
combined cycle) plant adopting a pre-combustiorfigaration. Carbon capture is carried out
by half calcined dolomite on syngas already desuidl.

In this chapter, the focus is on two processes:3G84.2) and fossil fuel combustion (84.3).
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For each of these processes, a base case deslyn alfsorber (the reactor where the,@O
captured) is proposed, assuming that it is a atmg fluidized bed; CFBs are a mature
technology that allows to operate continuously higtoughput of reactants. To capture the
carbon dioxide, solid sorbents can be utilized bseaf their high mechanical strength (they
are not significantly affected by attrition). Addmally they can be used also at high
temperature, allowing to preserve a high thermiatiehcy of the process: this is particularly
advantageous in pre-combustion plant because twlady can be operated at a temperature
similar to the combustion temperature.

The gaseous stream is blown upward in co-curretth Wie solid sorbent in the vertical
absorber in conditions of fast fluidization or caenular regime to ensure fluid-dynamic
stability (Fig. 4.1). The pneumatic conveying ipitally avoided because the solid phase is
too much diluted and it implies low conversion loé¢ tsorbent.
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Figure 4.1 Main flow regimes for up-ward flow of gas througili@ particulate materials
(Grace, 1986)

The sorbent can be regenerated by decreasingalsype or increasing the temperature, thus
producing a concentrated carbon dioxide stream lwlgan be utilized in industrial
applications or stored.

In the following sections, it is verified that tlebsorber operates in the fast fluidization
regime and that satisfies an adequate €apture with the considered process. Finally, gner
and mass balances are discussed.
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4.2 CO, capture in an IGCC process

4.2.1 Process description

In a coal IGCC (integrated gasification combinedcley power plant the adopted
configuration for carbon dioxide capture is the-poebustion technology. In such kind of
process the fuel is fed to a (heated and pressirigasifier and the produced syngas, a
mixture of B, CO, CH,, CO,, H,O and other diluents, flows through a water ga# stactor
where the CO is converted to g@roducing additional H Then the gas stream is sent to the
CO, separation unit: carbon dioxide is removed andrdgehn rich syngas is used in a
combustion turbine to generate electricity (US DQ@HB10). Solid sorbents are utilized in
order to conduct the reaction at high temperatuue preserving a high thermal efficiency of
the process. But, as pointed out by Hassanzadetlbdsian (2010), the sulfur present in
the gas stream must be removed before thg Gerwise it reacts with the sorbent leading
to its deactivation. The hot gas desulfurizatioexpected to be carried out at 350-550°C then
the ideal temperature for G@emoval is 300-500°C, which makes magnesium basdakbnt
ideal for such operation.

Syngas without

co, Co,
Sorbent
(MgCOs) o
ABSORBER REGENERATOR
Sorbent
. (MgO)
N ./

A

Syngas

Figure 4.2. Schematic of the G@apture in a pre-combustion process utilizing nmegjam
based sorbents
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In the simulated process the used sorbent is th@ldeomposed dolomite externally covered
by a potassium layer because of its low cost, mgdthanical strength and high reactivity
towards carbon dioxide (Hassanzadeh and Abbastd))2The dolomite half decomposition
is supposed to be complete, that is the sorbertngposed of MgO and CaGOrhe carbon
dioxide can react following two different paths:

CaCQ+ MgO+ CQ - CaMfj CQ), 4.1)

MgO + CQ, - MgCQ, (4.2)

According to thermodynamic considerations the ieadhat should take place is the first one
(eq. (4.1)): the standard Gibbs free energy chasfgesaction is more negative for this
reaction than for the other one.

The regeneration is carried out lowering the pnessand maintaining the temperature
constant in the two reactors.

The process diagram is reported in Figure 4.2.

4.2.2 Operative conditions, kinetic data and CO, conversion

A typical syngas is composed by 25-30 vol%), CO (30-60 vol%), Cd5-15 vol%), HO
(2-30 vol%), CH (0-5 vol%) and other minor compounds (NETL websik®r simplicity, in
the absorber design the syngas is assumed to Istitated only by hydrogen and carbon
dioxide, respectively 55.985 mol% and 44.015 mol%iy( 4.1).

The operating conditions are assumed to be 426€8C@rbar in order to use the same kinetic
data of Hassanzadeh and Abbasian (2010).

The syngas flowrate is derived from the conversib840 ton of coal per day, which roughly
corresponds to a 70 MW power plant. It is assurhed &ll the carbon fed to the gasifier is
converted to carbon dioxide after the water-ga#t simit. The gas volumetric flowrate ,Q
equal to 12439 f#h, is computed from the massive flowrate of cealf Q:

Q_RT

_ 4.3
Yoo, PMc P (43)

Q=

Yco. IS the carbon dioxide molar fractio®Mc the molecular weight of carbomR the
universal gas constarii,the operating temperatuif@ the operating pressure.

The reactor diameter and height are assumed to3b@ And 30 m respectively. Such figures
will be checked afterwards, namely it will be vexd that the reactor can be operated in the
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fast fluidization regime and that a high £€€apture efficiency can be obtained. Additionally,
the solid fluxGs is assumed to be equal to 483 kigm

Operative conditions, reactor size, solid and daassp properties are summarized in Table
4.1.

Table 4.1.0perating conditions and reactor size

Variable Value
Temperaturd [K] 703
Pressurd [bar] 20
Syngas composition [mol%] H2 = 55.99

CO,=44.01
Syngas flowrat€, [m*/h] 12439
Absorber diameted [m] 1.3
Absorber heighH [m] 30
Solid flux Gs [kg/m?s] 483

Starting from the solid flux and the absorber heighthe average residence time of a solid
particlezs,q can be estimated :as

_H
Tooia = (4.4)

solid

and it results to be equal to 10.8 s.

The solid velocitysoiq is calculated as the difference of the gas velogits and the terminal
velocity v; (eq. (4.5)); this is an approximation becausehibudd be computed as the
difference betweewmg,sand the slip velocitysjip,, which is defined as the velocity difference of
the two phases. The slip velocity coincides with tdwrminal velocity only when the system is
diluted, that is when the particles do not intenabit each other. Therefore, the simulated
Vsolid results to be bigger than the real one and the &@pture efficiency is underestimated.
The solid and gas velocities, the solid volumefraction and the terminal velocities are
computed as:

Vsolid = Vgas_ Vt (45)
4 1
Vo = Q0 (4.6)
”D 1 £solid
G
Esolid = (4.7)
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t

v = \/ﬂ% Psoiic ~ Pgas g _\/ 4 4.0 (P soia™ P gad H gas 9 | 4.8)
3f Py 555 °  pul® Vgl
In eq. (4.6).es0iq IS the solid volume fraction in the reactor, assdnto be constant; in eq.
(4.8), p is the solid or gas density, is the gravity acceleration (9.81 r’f)[spgas is the gas
viscosity. Eq. (4.6) and eq. (4.8) are the formulaethe gas velocityyas and the solid
terminal velocityw.. The last one is determined through a force balanta single particle
suspended in the fluid: buoyancy force, frictioncBband gravity force. The friction factbis
defined as a function of the Reynolds particle nenfits:

- Paas el
lugas

Re

p

(4.9)

In the considered casBe is 52.86 then the particle motion is in the trosal flow
(characterized by the condition 0.2<R&000) and = 18.5R>". The particle diameted, is
set equal to 70 um, as discussed further.

The gas densitygas iIs computed (Tab. 4.3) assuming that the syngasjusl to a pseudo
binary mixture composed of hydrogen and carbonidex

(PMy,, Yo, + Yoo, PMeg, ) P

~ (4.10)

pgas =

The gas viscositylgas is roughly around 260*1Dg/(cm-s) (Tab. 4.3) and is evaluated from
the critical properties (Tab. 4.2) of the pseudwaby mixture using Figure 4.3 which plots the
reduced viscosity, = U/l as function of reduced temperatdre= T/T. and pressur®, =
P/P; (Bird et al., 2002):

Pcmix - Z y| Fg,i (411)
i=1

-I-cmix - Z y|Tc| (412)
i=1

K= Yk (4.13)
i=1



Utilization of CG solid sorbents in gasification/combustion processe 55

20 'l | T .
\\ \ 1 f ]
|
Liquid \
10 A Y L |
ST TWLN
8 N\
7 i \ \
6 | \ Dense gas
5 l| \ _ [ | _|J
ERIL AN\ |
TN NG
] | 10 \ "/
$ Two-phase N _
= 2| region : \ ""'—;’ﬁ
7 __l B \__\1\ /;{/
3 | Ne—
= 1.0 | | 2 //
8 09— Critic =7
e Y Critical =7
08 T point x,
0.7 \1/ |
0.6 \ |
\ 0.5 1
0.5 >¢ Low density limit
|
04—p, =02 - -
oA T
03 | 7 ‘ ‘ T
0.2 /I | |
04 0506 08 10 2 3 4 5 6 8 10

Reduced temperature T, = T/T,

Figure 4.3. Reduced viscosity as function of reduced temperdir several values of
reduced pressure (Bird et al., 2002)

Table 4.2.Critical properties of gases

Tc Pc Mc

[K] [atm] [g/cm s]
CO, 304.2 72.8 343-10
H, 333 128 34.7.10

Simulated syngas152.5 39.2 170.4-18

Table 4.3.Gas and solid properties

Property Value
Solid densitysoiiq [kg/m’] 2500
Gas densitygas [kg/m’] 7.0143

Gas viscositylgs[poise]  260-18

Hassanzadeh and Abbasian (2010) used magnesiund Isaéd sorbent derived from
dolomite and impregnated by potassium which in@etie solid reactivity towards the
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carbon dioxide. Their particle diamete},f4A is 510 um but their conversion is low if the

residence time is roughly equal to 10.8s (valuepnated in our simulations through eq.(4.4)).

Thus, to improve the sorbent exploitation the sated particle diametel, is 70 pum.

Adopting such small size could be a problem in a#siuidized bed reactors because small
particles can be cohesive: to understand if thuecwe can use the Geldart diagram (Fig.
4.4) which allows to classify the particle cohegiess as function of particle size and of gas
and particle density difference.

o o
T T

DENSITY DIFFERENCE (p, -p,)am/c m3
(=]
g
T

20 50 100 200 500 1000 S000
MEAN PARTICLE SIZE dp (pm)

Figure 4.4.Geldart classification of fluidized particles (Gisbow, 1994)

Using the data of Table 4.3 the sorbent is fluibigaand it belongs to group A, that is aerated
particles, of small mean size and low density. Algoup B (bubbling) is constituted of
fluidizable particles but their size and density Erger than the group A patrticles.

In order to estimate the GQ@apture efficiency, the sorbent conversion musebvauated.
Hassanzadeh (2007) calculated the MgO conversieimetl as the reacted MgO moles per
the initial MgO moles, as a function of time (F§5). To use the same kinetic data, some
assumptions must be made. The curves are pararaettiice absorber temperature and are
referred to 20 atm pressure in a /D = 50/50 atmosphere. In the simulated case the
pressure is 20 bar but the gas composition isythgas one: conditions are then different but
the assumption is that hydrogen and nitrogen hawdas behavior towards the sorbent,
namely they do not affect the G@apture. As far as the difference in sorbent sike,
thickness of the patrticle reacted layer is suppdsduk constant for the two particles despite
the difference in their size. This assumption candbne because, the simulation residence
time being 10.8 s, such laykrs small (2.33 um) if compared with the solid deder in the
both cases: the 510 and the 70 pm.
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Figure 4.5.Sorbent performance versus time (Hassanzadeh,)2007

In Hassanzadeh’s experiments (Hassanzadeh, 200dQ) bhsed sorbents with particle
diameterdpHA react in given conditions of temperature, pressumg composition (Fig. 4.5).
For a reaction time equal tegis, the MgO conversion X)) is derived from the

Hassanzadeh’s plot (Fig. 4.5) (Hassanzadeh, 2@0@jn this data, the reactive laykris
computed:

d*-21 Y
X'\I;:ng — Meonverted =1- % (414)
nitial dp
|, = 255%10° *(1- (1- X, )?) (4.15)

l, is then used to evaluate the particle conversidheosimulated cas¥vgo with particle size
d, at the same conditions ©f P composition and reaction time:

X -1 — dp _| dp i
Mgo — [2 rj 7 . (416)

For small reaction timeg (~ 0), Hassanzadeh'’s kinetic data can be expressddsasrier
reaction (Hassanzadeh, 2007) :
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dX oo

dt

j (Ceo, ~ &0, )- (4.17)

=Ky exp(

In eq. (4.17)kint is a second order function that interpolates Hassdeh’'s experimental data
(atT = 703 K, kin; = 2.0081 ni¥(mol-min)),E, is the reaction activation energy (44.10 kJ/mol),
C.o, IS the CQ concentrationcZy, is the equilibrium concentration. The MgO convensi
for the simulated case is obtained from the fortmtaof Hassanzadeh (eq. (4.17)) scaled by
a geometrical factor that accounts for the partisiee difference: X,,,,/ Xy, . The
assumption of small reaction time is here justifleetausersqig is equal to 10.8 s in the
simulated case.

The carbon dioxide conversion is evaluated assuthi@gbsorber as an isothermal plug flow
reactor, then the mass balance on an elementioit@simal volumedV is:

-E,
RT

t-0

e = h2g © + 1o dV =0 (4.18)
n‘c“ojvdxcq + 1o, dV=0 (4.19)

ni and n2s® are the C@molar flowrate that enters and exits in the inéisimal volume
dV respectively;r.,, is the carbon dioxide reaction rate and is defa@the consumed moles
of CO, per unit of volume and time.

To use Hassanzadeh (2007) kinetic data, the osadter.,, must be expressed in terms of

MgO moles:

— WMgOIosolidgsolid dX

A dX V9O dv

"o, Hea PM,0 dt (4.20)
4.20

— WMgOIOSOHngOﬁd Clxl-iM/-;jO ngOAdh
HA
PMygo dt MgO
PM
W0 = MgO , (4.21)
I:)'\/lMgO + PMCaCQ

Wwgo IS the solid mass fraction of magnesium oxidehia half decomposed dolomite before
been used in COcapture (0.287 w/w); assuming that the half deamsiipn goes to
completion, the sorbent is composed of M@go, and CaC@ 1-Wwgo.

Integrating from the inlet of the reactor, where ¥xo. is O, to the reactor exil, the CQ
conversionXcop results:
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X oo, = - (Cgo2 i: C?:(a) ex _Cigq kfneXp(_ E./ R-I.)'n WigF solid® solid AHXmo ~1} (4.22)
PMMgO rLQ X

C(;Q2 MgO

Since the carbon dioxide reacts with the solid Eeand it is absorbed, the gas and the solid
streams change their values and velocities butdneyssumed to be constant.

Table 4.4.Computed results

Resulting quantity Value
Solid fractionsseqg [-] 0.07
CO, conversioXeo, (%) 67.70
Gas velocitwgas (M/s) 2.799
Solid velocityvseiig (M/s) 2.759

The assumed solid flux is 483 kgknthat corresponds to a solid fraction of 0.07Ha t
absorber. The carbon dioxide converted moles a&8&20kmol/s, which correspond to a
conversion of the inlet moles of 67.70% and to Higa conversionXygo of 18.69%, one
order of magnitude higher than the 5if sized particles X, = 2.72%).

CO2

4.2.3 Fluidization analysis

As already discussed, the reactor is a circuldtindized bed and in must be verified that the
reactor is operated in the fast fluidization regimmethis kind of reactor the gas velocity must
be between type A choking velocitya and type C choking velocitycc values. The type A
choking velocity is defined (Bi and Grace, 1995)tlaes point where the uniform suspension
collapses and particles accumulate at the bottaimcieg the gas velocity, so it corresponds
to the minimum transport velocity. The type C cmgkielocity is identified (Bi and Grace,
1995) by the onset of a severe slugging when gbxitae is decreased until it is no more
sufficient to the transport, supposing to providéfisient blower pressure and solid feeding
(if they are insufficient the generated chockinghe type B one and it is a system related
problem). These velocities are calculated usingfdtlewing expressions (Bi and Grace,
1995):

21'6Ar0.1056 0.542g O.ﬁ 0. %.542

0, 0% (4.23)
gas
32Re %G 0% 0y 0 H.2s
Vee :[ 0 S0.28 - ] . (4.24)
gas



60 Chapter 4

In eq.s (4.23) and (4.24ps is the solid flux,g the gravity acceleratiord, the particle
diameter pgas the gas densityAr the Archimedes number aftk the Reynolds number based
on the terminal velocity. The two dimensionless bens are defined by:

- pgas(psolid - p gag gd 3

Ar 5
lugas (4 25)

ath
Rq — Mg P

With the simulated case data, the type C chokingcigy Vcc is 2.228 m/s and type A
choking velocityVca is 4.147 m/s. The gas velociy.s (= 2.799 m/s) is included in this two
values then the absorber is in the fast fluidizategime as desired.

The flow pattern for gas-solid upward transpornapped by Bi and Grace (1995). Figure 4.6
refers to a specific case, different than the saselated in the present work, but it shows the
gas velocity dependence on the solid flowrate aedd on the reason why the circulating bed
must be exercised between the two cited chokingciteds. If the gas velocity is lower than
type C choking the upward transport of the solidesarly impossible; if it is higher than type
A choking the phase flow is diluted (and the sotlwamversion drops).

V, m/s

- - b - T 1
000 005 010 045 020 025 030
Gs/pp‘ m/s

Figure 4.6. Example of flow regime map for gas-solid upwaransport for group A
particles; the shaded regions indicate zones whantigal operation is very difficult if not
impossible (Bi and Grace, 1995)
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Figure 4.7. Parametric studies: the figures represent the delpace of ys Vsgig, Voc and
Vca (top) and CQ conversion (bottom) on the solid flux (@&ft) and on reactor diameter D
(right); gas and solid velocities are overlapped

Increasing the solid flowrate the removal efficigmacreases and also the choking velocities
(Fig. 4.7, left). However(ss cannot be increased indefinitely, because a shlidincrease
results in an increase of the solid volumetrictitatas well. Whernsqjiq reaches the value of
0.2, the absorber does not work anymore in thefliaisiization regime. To ensure the correct
operating conditions for fast fluidization circufad beds the solid flux can be varied until the
conditioneseig = 0.05-0.20 is satisfied, according to Bi and @rék995).

Increasing the reactor diameter (Fig. 4.7, rigtit gas velocity decreases and its decrease
rate is faster than the rate at which the chokelgaities drop. In the simulated case the limits
to work in the fast fluidization regime are 0.9%8. m.

4.2.4 Material and energy balances

As previously discussed (84.2.1), the reaction takés place in the absorber is assumed to
be:

CaCQ,+ MgO+ CQ«~ CaMf CQ),. (4.1)
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The absorber operates in stationary state, themd¢bhemulation term of the balances is set
equal to 0 and the resulting general formula ferrtraterial balance is

0 = Inlet — Outlet + Production — Consurtipn. (4.27)

The material balances are evaluated for each congpand relate each over by the reaction
stoichiometry:

0= n, - i — e (4.28)
0=nj - (4.29)
0= 1o = Moo = Mires (4.30)
0= ng]acq - h%ua:cq - hccc:é@ (4.31)
0= Nfiomite = Nioromie Niotomi (4.32)
R = = T, = 1k, (4.39

The molar flowrates of hydrogen and carbon dioxade computed from the coal feed to the
gasificatorQp, assuming that all the carbon is converted te,&Om the syngas composition
(Yco2) and from the previously calculated €€dnversionXcoy:

o, :P&I\Zc (4.34)
2o, = Ngo, (1~ Xcq) (4.35)
N, = g g = (.30
e =) (4.37)

The inlet molar flowrate of the solid species araleated from the solid fluss and the mass
fraction composition of the half decomposed dolenfitygo and1-Wvgo):

nin — GS A\M\Ago

sy (4.38)

MgO
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;i :M

i = (4.39)

cacq,

r=](ininolomite = 0 ) (440)

The outlet flowrate are obtained subtracting thescmned (or adding the produced) moles
from the inlet ones, knowing that one mole of Q®acts with one mole of MgO and one
mole of CaCQto give one mole of CaMg(GR:

sout _ in _ pcons _ in _ sscone

r]MgO - nMgO nMgO - I’]Mgo nCQ (441)
~out — Rin _ p|cons  _ in __ xcons

nCaCQ - nCaCQ nCaC@ - nCan) n co (442)
= out — iin = prod — iacons

Notomite = ndolomite+ M dolomite— N co* (443)

The molar flowrate obtained with the previouslyoepd data for each species are reported in
Table 4.5. The amount of converted moles in the’ddes is 0.3523 kmol/s for each species.

Table 4.5.Molar flowrates at the absorber inlet and outlet

Inlet moles Oulet moles
[kmol/s] [kmol/s]

Carbon dioxide CQ 0.5204 0.1681
Hydrogen H 0.6619 0.6619
Magnesium oxide MgO 4.5640 4.2117
Calcium carbonate CaGO  4.5640 4.2117
Dolomite CaMg(CQ): 0 0. 3523

The macroscopic energy balance in stationary staepressed as follows:
Q-W, -4 i h+ ¢, + g,)]=0. (4.44)

Q is the heat released (negative) or absorbed {peskty the absorber per unit of timey, is
the power (shaft work) exchanged with the surrongslin is the molar flowrate that enters
and exits through the system boundariethe specific molar enthalpg, the specific molar
kinetic energy and,. the specific molar potential energy of the floveraTheA symbol
indicate the variation of the in brackets quarditetween the outlet and the inlet of the
system boundaries. The absorber does not exchamgk with the surroundings, the
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variations of the kinetic energy and the potenéakergy are negligible, thus the balance
reduces to:

Q=anh=3 iPHPI(T P =Y T P (4.45)

i=1 i=1

wherenc is the total number of the species that are inr¢laetor. Gas phase is assumed to be
an ideal mixture.

The specific enthalpies are computed from the st@h,er = 1 bar) enthalpy of formation
h%rm (Trer), the heat capacitieg and the molar volum¥y,; of the species

N(T) = B (T)+ [ Gi(T) dT+ [ Y, dF. (4.46)

Tref Pref

For a solid specie€gnis computed as the ratio of the molar weight ®density of; for the
gas species it is derived from the ideal gas lamected to consider the repulsive interactions
due to the co-volume:

% +1 (4.47)

m,i

whereb; is the co-volume of, estimated as the Redlich—-Kwong parameter throligleritical
properties of the species as:

RT,
b =0.08662 = (4.48)

c,i

The data used to evaluate the enthalpies are tbe ohKnacke et al. (1991) tabulated in
Table 2.3.

Computations were performed in two cases: a) isothkreactor; b) adiabatic reactor.

In the first case, namely the isothermal reactof0a K, the enthalpy change of the absorber
is -45.153 MW.

The accuracy of this hypothesis is verified by &ldéabatic energy balance. The absorber still
does not exchange work with the surroundings, @éations of the kinetic energy and the
potential energy are still negligible, but the ddiac condition entails that the reactor does
not exchange heat as well with the surroundinQs=Q) and the temperature is no more
constant within the reactor:



Utilization of CG solid sorbents in gasification/combustion processe 65

0=Anh= Z PR (T, PP - Z nH T, PY). (4.49)
i=1 i=1

In order to verify if the absorber is isothermalk tinlet temperatur&” is a fixed variable and
the unknown quantity is the outlet temperaftité

If T" is set equal to 703 K, the outlet temperatureltesn be 765 K. The temperature change
from the bottom to the head is 62 K and the assiompdf isothermal reactor is not
acceptable.

Computations were performed also with the assumpidfcadiabatic reactor. In this case, the
CO, conversionXco2 (in the mass balances) should be computed atehetar average
temperature, therefobéo, was obtained iteratively. At each step, the mesinerbetweeid™
andT°" (arithmetic average) is used to evaluate the asiore from the mass balances. Then,
the updated value of the conversion is used tolaelede the updated value of the outlet
temperature from the adiabatic energy balance. €@gewce was reached when two
consecutiveT®" values differ of less than 1 K. The absorber mieamperature results to be
703 K when the syngas enters at 640 K.

Table 4.6.Molar flowrates at the regenerator inlet and outlet

Inlet moles Oulet moles
[kmol/s] [kmol/s]

Carbon dioxide CQ 0 0.3523
Magnesium oxide MgO 42117 4.5640
Calcium carbonate CaGO 4. 2117 4. 5640
Dolomite CaMg(CQ): 0. 3523 0

As far as the regenerator, the reaction that tplkese is the dolomite half decomposition (eq.
(4.1)). When the absorber is operated isothermélly,regenerator is operated at the same
temperature of the absorber but the pressure isrloat 703 K, the decomposition partial
pressure of C®is 1.58 bar then the regenerator pressure of khsures a (small) driving
force for the reaction. The calcination reactions faster than the carbonation ones and for
this reason it is assumed that it goes to compienhamely all the dolomite that is formed in
the absorber decomposes to carbon dioxide, magneskide and calcium carbonate (Tab.
4.6). In addition, this assumption is supporte® &ig the fact that the sorbent that exits from
the absorber heats up to 765 K (in adiabatic camdi) and at this temperature the
decomposition partial pressure of £© 9.40 bar, namely the driving force is larger.
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4.2.5 Conclusions

In this chapter, the process of carbon dioxide waptrom an IGCC syngas was considered.
The CQ capture was assumed to be performed by a higheletyve regenerative process
utilizing half decomposed dolomite sorbents. Thecpss consists of an absorption unit
(working at high pressure) and a regeneration @woirking at low pressure). Referring to a
70 MW plant and utilizing small sorbents (particle diameter aqto 70 um), it was
demonstrated that it is possible to capture ab8tt 6f the inlet CQin a fast fluidized bed
(30 m high and 1.3 m large).
While this result is encouraging, further efforte aequired in order to meet the requirement
of 90% of CQ capture efficiency in a large power plant (US DQ&]0).
However it is important to point out that the siatidns were performed using kinetic data by
Hassanzadeh (2007) which measured the MgO conweesiofunction of time from TGA
(thermogravimetric analysis) experiments. Thesea dat influenced by mass and heat
transfer resistances that are present in the sanmgliead in the absorber the particles are
isolated from the each other with reduced heat/memssfer resistances. Therefore, our
simulation results are conservative as far as #wilting CQ capture efficiency. It is
expected that using more accurate (‘purified’ bg beat/mass transfer resistances) data, the
reaction rate should be faster and the carbondiosapture higher.
The main process challenges are:
1. the preparation of ‘small’ particles (particle diet@r equal to 70 pm)
2. the sorbent transport between the absorber andetpenerator which are operated at
different pressures.
The proposed solution for the solid transport isattopt two lock hoppers between the
absorber and the regenerator (Foscolo et al., 2@&ftEr the sorbent is fed to the first of such
containers the entrance and the exit are tempypralidsed by two slide valves and the
pressure is changed from 20 bar to low pressuig;pgtocedure is discontinuous and the
second container is used to accumulate the sothahexits from the first and that will be
delivered to the regenerator in a continuous wankb to a rotary valve placed at its exit. The
transport from the regenerator to the absorbeonslected in analogous way.
The regenerator design was not considered in thdygut the same procedure adopted for
the absorber can be used. Its molar flowrates avaler than the absorber ones and the
reaction rate is faster then its size is expeadzetsmaller than the absorber.
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4.3 CO, capture from combustion flue gases

4.3.1 Process description

In order to capture carbon dioxide from conventior@al/oil/gas fired power plants post-
combustion capture is utilized and the capture imibcated downstream the boiler. In a
typical coal fired plant, fuel is burned with air & boiler to obtain steam that drives a turbine,
or a generator, to produce electricity. The produitee gas is composed mainly by Bnd
CO; and is sent to the control units of the nitrog&ides NQ, particulate matter and sulfur
dioxide SQ. The carbon separation unit can be placed afeecoimbustion chamber, and the
exiting flue gas can be sent to the vapor generdtothe heat recovery. The disadvantages
of the post combustion capture are the high voloimgas that must be treated and that the
carbon dioxide is diluted (12-15%). Moreover thes ga at atmospheric pressure and
compressing the captured €for the storage requires a high power load (US PZEHRO).

Flue gas without

co, €0,
Sorbent
(CaCOs) |
ABSORBER REGENERATOR
Heat
‘—
Sorbent
_ (Cao)
N/ ./

A

Flue gas

Figure 4.8. Schematic of the GQrapture in a post-combustion process utilizingcicah
based sorbents

The sorbent used for the carbon dioxide captutkascalcium oxide, thus the reaction in the
absorber/regenerator is:

CaO+ CQ - CaC( (4.50)
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In this case the absorber operates at ambientyseesss in the combustion unit, and typical
operating temperatures are between 450 and 700@dWwt al., 2010). The regeneration is
carried out increasing the temperature and keepiagressure at the constant value of 1 bar.
Typical calcination temperatures are 850-1300°Cr{yvet al., 2010) and are reached heating
the reactor. It is possible to heat the calcinenimg coal, but pure ©is required otherwise
the purity of the carbon dioxide stream decreaBesif et al., 2011; Wang et al., 2010). The
process diagram is reported in Figure 4.8.

4.3.2 Operative conditions, kinetic data and CO, conversion

The operative conditions used to obtain the simardatesults presented in this 84.3 were
chosen from the work of Shimizu et al. (1999), ngntlee flue gas composition, pressure and
temperature are the same as in Shimizu et al. J19R#ble 4.7). Their gas flowrates are
scaled to a 70 MW power plant. The process conditiow pressure) imply that the gas
flowrate are very high@, = 121.61 n¥s) in comparison to the IGCC case (3.4%sh The
absorber diameter is assumed to be 4.5 m to avoidxaessively high gas velocity. The
height is assumed to be 20 m. Such figures wilcbhecked afterwards, namely it will be
verified that the reactor can be operated eithéhénfast fluidization regime or in the dilute
core-annular regime and that a high Q@pture efficiency can be obtained. Additionatlhg
solid flux Gs is assumed to be equal to 244 kigm

Operative conditions and reactor size are sumnuiiz&able 4.7.

Table 4.7.0perating conditions and reactor size

Variable Value
Temperaturd [K] 873
Pressurd [bar] 1

N, = 75.35
Flue gas composition [mol%]CO. = 14.88

H,O = 6.45

0,=3.32
Flue gas flowrat€, [m*h] 437760
Absorber diametebd [m] 4.5
Absorber heighH [m] 20
Solid flux Gs [kg/m?s] 244

The gas and solid velocities are computed usingeitpgations from (4.4) to (4.9). The
residence time i3sqiig is equal to 2.5 s for a solid velocity equal #3857 m/s.The particle
diameterd, is set equal to 100 pm
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The gas densitygas and the gas viscosifyyas are computed assuming that the flue gas is
equal to a mixture composed of nitrogen, carboxidey oxygen and water (Tab. 4.8). The
gas density is computed as:

nc P
pas = PM iyi_ (451)
9 IZ:; RT

Table 4.8.Critical properties of gases (Bird et al., 2002)

Te Pc Mc

[K] [atm] [g/cm s]
CO, 304.2 72.8 343.10
N 126.2 33.5 180-10
H,0 647.1 217.7 402-18
O, 154.4 49.7 250-10

Simulated flue gas187.2 51.77 220-18

The mixture properties are average values compuweequations from (4.11) to (4.13), and
are reported in Table 4.8.

The computed properties at the operative conditavasreported in Table 4.9, together with
the sorbent density. The value of the sorbent densied in the simulations and reported in
Table 4.9 is a mean value between the CaO and ga€fxsities (the value of the CaO
density refers to a not thermally decomposed nadjerihe sorbents used in the capture
process are typically thermally decomposed to emxeetheir reactivity, and therefore their
density is lower respect to the not thermally degosed material.

Table 4.9.Gas and solid properties

Property Value
Solid densitysoiiq [kg/m’] 3015
Gas densitygas [kg/m’] 0.4118

Gas viscositylgs[poise]  340-10

Assuming a particle diameter of 100 pum, the pasickesult to be fluidizable on the Geldart
diagram (Fig. 4.3) they are on the boundary betvggeup A and group B.

The reaction kinetic model is assumed to be a hemegus model, in agreement with Grasa
et al. (2008).
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The kinetics of the carbon dioxide absorption ipressed similarly as for the magnesium
based sorbents (84.2.2):

dx . .
% = Jkin(cco2 _chq) (4.52)
t ol o

Juin IS @ parameter introduced to reproduce the expertiah data of Grasa et al. (2008) which
refers to the initial fast reaction reginte-¢ 0) for calcination at 650°C at partial pressures of
CO, between 0.02 and 1 bar. It is equal to 0.002mol-s). In chapter 3 (§3.3), it was
shown the (initial) fast reaction regime is notngiigantly affected by the particle size,
therefore we used the mentioned data of Grasa. €2@08) even if they refer to particles
bigger than the particles considered in the nuraksonulations of this 84.3. Additionally,
Grasa et al. (2008) tested the effect of the teatpex in the range from 550 to 700°C and
found out that there is a poor dependency of tmetla parameters on the temperature.
Therefore, it is reasonable to neglect the depeasydefyi: on the operating temperature.
Finally, considering the small residence time &,5he assumption of operating in the in the
(initial) fast reaction regime is correct; for Gaast al. (2008) at partial pressure of {&Quals

to 0.15 bar, as in the simulated case, the tramslietween the two phases occurs after 1-2
min.

The carbon dioxide conversiofeo; is evaluated assuming the absorber as an isothphaga
flow reactor, with the same approach of 84.2 (é4,.58) to (4.19)). The balance results to be:

~in — W a loso ide solid dx CaOo
Moy dX., = —29=sal Adr 4.53
€% 7o PMc.o dt (4.59)

Wcao IS the solid mass fraction of calcium oxide in #wbent, assumed to be equal to 1.
Integrating from the inlet of the reactor, where ¥xo. is O, to the reactor exil, the CQ
conversionXcoz results to be 89.06 %, in agreement with the fdamu

X —_ (Cgo2 i: C?:qoz) {GX{— Cigq WCansoli§ solidj inAH] _ ];l (454)

co, in
Ceo, ”cq PMc,o

As in 84.2, also in this case the gas and solehsats change their values and their velocities,
but they are assumed to be constant.
The results are reported in Table 4.10.
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Table 4.10.Computed results

Resulting quantity Value
Solid fractioneseq [-] 0.01
CO, conversiorXco, (%) 89.06
Gas velocitwgas (M/S) 7.724
Solid velocityvsiig (M/S) 7.357

The solid fraction results to be 1%; this is a ¢gbivalue for the core annular dilute transport
regime €soig = 0.01-0.05), according to Bi and Grace (1995)e Bblid fraction cannot be
increased to values typical of the fast fluidizatregime £s.iq = 0.05-0.20) because the solid
flux would result equal to several hundreds of ikg4).

Despite the low residence time (2.5 s) the,@0Onversion is high: this is indicative of the
high reaction rate of the carbonation reaction.

4.3.3 Fluidization analysis

In order to verify the fluidization regime in whit¢he absorber is operated, the values of type
A and type C choking velocities are computed, ascated by eq.s (4.23) and (4.24). With
the simulated datd/cc is 4.205 m/s an¥lca is 8.603 m/s.

Bi and Grace (1995) identified several criteriad&dine the fluidization regime. One of these
criteria is based on the value of the gas velotityhe simulated case, the gas velowgjy is
equal to 7.724 m/s and therefore the gas velosibyetweenVcc andVea (Vee < Vgas < Vea).
According to this criterion, the absorber is opedain the fast fluidization regime (close to
the boundary with the core-annular dilute transpegime). A second criterion is based on
the solid volumetric fraction, which in the simwdtcase is equal 0.01. According to the
criterion of Bi and Grace (1995) for the solid voletric fractions, the absorber is operated in
the core annular dilute transport regime. In cosioln, the absorber is operated either in the
fast fluidization or in the core-annular dilutertsport regime.

Increasing the solid flowrate the removal efficigmacreases and also the choking velocities
(Fig. 4.9, left). However(s cannot be increased indefinitely, because a tgb kolid load
entails operative difficulties. Smolders and Baey¢P001) collected experimental data on
solids hold up profile for fluidization reactorsitivvgas = 7.724 m/s the solid flux is usually
comprised between 70 and 500 K&nirhe solid flux range of Figure 4.9 correspormis: t
variation ofesgjig between 0.001 and 0.030. The high reaction r&tevalto obtain a good GO
capture also in the dilute phase transport.
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Figure 4.9. Parametric studies: the figures represent the deleace of ys Vsoiar Ve and
Vca (top) and CQ conversion (bottom) on the solid flux (&ft) and on reactor diameter D
(right)

Increasing the reactor diameter (Fig. 4.9, rigtit gas velocity decreases and its decrease
rate is faster than the rate at which the chokelgaities drop. In the simulated case the limits
for the fast fluidization regime are 4.2-6.0 m.

4.3.4 Material and energy balances

The reaction that takes place in the absorber is:

CaO+ CQ « CaCg (4.50)

The absorber operates in stationary state, themdbemulation term in the balances is set
equal to 0 and the resulting general formula ferrtiaterial balance results:

0 = Inlet — Outlet + Production — Consurtipn. (4.27)
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The material balances are evaluated for each congpamd are related by the reaction
stoichiometry:

0=ng, — 2o — ey’ (4.55)
0= Mfycq ~ Miicq + Nico (4.56)
0=1iE,o = o= NS (4.57)
0=n; - (4.58)
0=ng -t (4.59)
0=n 5 = s (4.60)
ey = g = NAZG (4.61)

The molar flowrate of the solid species are evaldidtom the solid fluxGs:

i G A

Ain s 4.62
nCaO PMCaO ( )
N = 0. (4.63)

The outlet flowrate are obtained subtracting thescmned (or adding the produced) moles
from the inlet ones, knowing that one mole of O@acts with one mole of CaO to give one
mole of CaC@

sout _ in = CONS _  :in 1~ CON¢

Ncao = Ncao ™ Neao™ Necao™ Nep (4.64)
= out — iin ~prod _ ..cons

nCaCQ - nCacq + nCaC@ - nCQ (465)
RS = A, Xeo, - (4.66)

The computed molar flowrates are reported in Tdhld. The amount of converted moles in
the absorber is 0.2221 kmol/s for each species.
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Table 4.11.Molar flowrates at the absorber inlet and outlet

Inlet moles Oulet moles
[kmol/s] [kmol/s]

Carbon dioxide C® 0.2494 0.0273
Nitrogen N 1.2624 1.2624
Water vapor HO 0.1080 0.1080
Oxygen Q 0.0557 0.0557
Calcium oxide CaO 69.2651 69.0430
Calcium carbonate CaGO 0 0.2221

In the energy balance it can be assumed that € doeexchange work with the surroundings,
the variations of the kinetic energy and of theeptil energy are negligible, thus the balance
reduces to:

G =anh=Y" AT P =Y (T B) (4.45)

The formulae for the specific enthalpies were presgtin 84.2.4. Data of Table 2.1 were used
in the computations. Additional required data fidragen, HO and oxygen were found in
Perry and Green (1997) and are tabulated in Talil2. 4t is important to note that for the
H,O the heat capacity is defined gs= a + bT + cT (T in K); for N, and Q, the heat
capacities are expressed as CaCa0O and C@

Table 4.12. Thermodynamic data used fop,NH,O, and Q; source Perry
and Green (1997)

Cp [J/mol*K] Ah%form (298K)
a b c [kJd/mol]
N, 27.196  4.184e-3 0 0
H,O 34.39248 0.6276e-3 -5.60656e-6  -241.8264
O, 34.60168 1.07947e-3 -7.853368e+5 0

Assuming to operate the absorber isothermally 8tk 7the enthalpy change in the absorber
is -39.650 MW.

The accuracy of the hypothesis of isothermal reasteerified by solving the energy balance
in adiabatic conditions. Iff" is 873 K, the outlet temperatuf®" results 882 K; the
temperature change is 9 K, therefore the assummtfoisothermal reactor is acceptable.
Considering the low temperature change betweeimtétoutlet and the poor dependence of
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the kinetic parameters on the temperature, themoifieed to update the reactor average
temperature and the conversion in the materiahisela

As far as the regenerator, the reaction that tpke= is the calcite decomposition (the reverse
reaction in eq. (4.50)). Typical calcination tengiares are 850-1300°C (Wang et al., 2010);
the simulated reactor is assumed to operate isoHilrat T.eg = 950°C, in agreement with
the mentioned range. At thisey the decomposition C{partial pressure is 2.46 bar, enough
to ensure a driving force for the reaction.

4.3.5 Conclusions

In this chapter, the process of carbon dioxide wapfrom a combustion flue gas was
considered. The COcapture was assumed to be performed by a high emetyre
regenerative process utilizing calcium oxide basedbents. The process consists of an
absorption unit (working at low temperature) andegeneration unit (working at high
temperature). Referring to a 70 MW plamid utilizing small sorbents (particle diameteraqu
to 100 pum), it was demonstrated that it is posdibleapture about 90% of the inlet €@ a
dilute fluidized bed (20 m high and 4.5 m large).

Kinetic data used in the simulations were obtaitgd Grasa et al. (2008) from TGA
(thermogravimetric analysis) experiments, which aftuenced by mass and heat transfer
resistances that are present in the sample, ingtetite absorber the particles are isolated
from the each other with reduced heat/mass trame$estances. From this point of view the
simulation result of capture efficiency (alreadgh)i should be conservative. However, the
kinetic data used in the simulations refer to thst fcycle of absorption. As explained in
Chapter 3, the reaction rates of absorption deeréasreasing the number of cycles of
absorption/calcinations. A more detailed analysiseiquired to estimate the impact of these
factors.

One of the main process challenges is the abseiberin fact, the presence of nitrogen in the
flue gas, the elevated temperature and the amipiesssure of the stream result in high
volumetric flowrates. For this reason, the congtamcof an absorption unit in an existing coal
combustion plant does not seem to be feasiblédisncise, the carbon dioxide capture can be
realized injecting the CaO sorbent in the gas streafter the exit from the combustion
chamber. In this case an exhaustive CFD analysisldtbe performed, to understand where
the particles are to be collected, and then setfitetoegeneration unit.

The regenerator design was not considered butaime gprocedure adopted for the absorber
can be used. Its molar flowrates are smaller th@&nabsorber ones and the reaction rate is
faster therefore its size is expected to be smédbar the absorber.
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This work of thesis is the first step in a new esh group, whose goal is to investigate a
promising technology for the carbon dioxide captutiee absorption on calcium and
magnesium based solid sorbents. The main goai®fthbsis is to demonstrate the feasibility
of two carbon dioxide capture processes, whiclizetihe solid sorbents, for coal gasification
and coal combustion power plants: in both casesg#s streams (syngas or flue gases) are
processed in the absorber and the solid sorbeats vath the CQ@ producing carbonates,
then the sorbents are sent to the regenerator vithisrelecomposed releasing a stream with
the captured C® Magnesium based solid sorbents were used indbe of CQ capture in
coal gasification power plants, and calcium bas®d sorbents were considered in the case
of CO, capture coal in combustion power plants.

The design of the absorber required to develo@cblpreliminarily thermodynamic and
kinetic data on the carbonate decomposition/caddaxide absorption reactions.

The equilibrium thermal decomposition curves of cdoite, calcite, and magnesite were
computed. These curves are required to evaluatdriviag force in the absorption kinetics.
Kinetic data on carbonate decomposition/carbonidexabsorption reactions were retrieved
in the literature. In the case of calcium basedeas, thermogravimetric analyses were
conducted to obtain the decomposition temperatack tane of calcite and dolomite and
kinetic data of C@absorption on calcium oxides. The performanceioeth in terms of C®
absorption rate, with calcium oxide produced byrte decomposition of calcium carbonate
is in line with the literature results.

The absorber design was developed both in the ehgee-combustion capture in a coal
gasification power plant (IGCC) and in the casepoft-combustion capture in a coal
combustion power plant.

For the IGCC case, referring to a 70 MW plant atilizing small sorbents (particle diameter
equal to 70 um), it was demonstrated that it issyinbs to capture about 68% of the inlet £LO
in a fast fluidized bed (30 m high and 1.3 m larg®&hile this result is encouraging, further
efforts are required in order to meet the requirenod 90% of CQ capture efficiency in a
large power plant. It should be noticed that ounusation results are conservative as far as
the resulting C@capture efficiency for two reasons:

1) the simulations were performed using kinetiadabm TGA experiments. These data are
influenced by mass and heat transfer resistane¢sath present in the sample, instead in the
absorber the particles are isolated from the eablerowith reduced heat/mass transfer
resistances. It is expected that using more aceufpurified’ by the heat/mass transfer
resistances) data, the reaction rate should berfastl the carbon dioxide capture higher.
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2) the operating pressure used in the simulatisn20i bar, because the kinetic data are
available in literature at such pressure. Howegegl gasification is typically operated at
higher pressures. At higher pressures, the carlbaxidé concentration and therefore the
reaction rate are higher, leading to higher congassand capture efficiencies.

The process present two challenges: the preparatiosmall diameter particles and the
sorbent transport from the absorber to the regémeravhich are operated at different
pressures. Two lock hoppers between the two readhe proposed solution: the sorbent is
fed to the first of such containers which is tengpity closed and the pressure is changed
from 20 bar to low pressure; afterwards, at lowspoee the second container is used to
accumulate the sorbent that is delivered to therregator in a continuous way thanks to a
rotary valve placed at its exit. The transport frihva regenerator to the absorber is conducted
in analogous way.

As far as the combustion flue gas treatment, reigro a 70 MW planand utilizing small
sorbents (particle diameter equal to 100 um), & demonstrated that it is possible to capture
about 90% of the inlet COin a dilute fluidized bed (20 m high and 4.5 mgk It is
important to point out that in this case the preseaf nitrogen in the flue gas, the high
temperature and the ambient pressure of the streanit in high volumetric flowrates, and
therefore the absorber size is significant. Fos tleiason, the construction of an absorption
unit in an existing coal combustion plant doese&m to be feasible. In this case, the carbon
dioxide capture can be realized injecting the Caent in the gas stream, after the exit from
the combustion chamber; a detailed CFD analysisldvbe valuable to understand and
optimize the fluid dynamics of the injected pael

Kinetic data of the carbon dioxide absorption oitioan oxide were obtained from TGA
experiments as well, therefore the computed carthoxide conversion is conservative
because the TGA tests are affected by mass andrheater limitations. A detailed analysis
is required to obtain more accurate data, diststgng between the “purely kinetic” data
from the effects of heat/mass transfer.

In both cases (coal combustion and coal gasifiogtidurther investigations should be
performed as far as the dependence of the Ca&pture efficiency on the number of
calcinations/carbonation cycles: in fact, increggims parameter the capture efficiency drops
off, mainly because of sorbent sintering.

As far as future investigations, detailed analysdasut the enhancement of MgO reaction rate
and the limitation of calcium and magnesium oxidegering during the regeneration step
represent a very interesting aspect.
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