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Motivation:

Climate change phenomena are attributed to the increasing CO, emissions. Since power
generation is expected to rely on fossil fuels in the near future, a feasible technique to miti-
gate the CO, emissions is necessary. Calcium looping is a promising post-combustion CO,
capture process, utilizing limestone as sorbent. In this frame IFK has built a 10 kW, dual

fluidized bed facility, where parametric investigations take place.

Process Description:

Wet flue gases are directed in a fluidized bed carbonator operating at temperatures around
650°C where CO, is absorbed from lime and a CO; lean flue gas is released to the atmos-
phere. The solids leaving the carbonator are directed to a second fluidized bed reactor where
regeneration of lime takes place at temperatures around 900°C. The carbonation/calcination
reaction is the following:

Ca0 + CO, < CaCO;,AH = +178 k]/mol

The necessary heat for the endothermic calcination reaction is provided by oxy-fired combus-
tion of coal which implies high concentrations of water vapor and CO,. The captured CO, is

recovered in concentrated form and is suitable for purification and compression.
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In the framework of this diploma thesis experiments were performed to study the effect of

Study’s scope:
water vapour on the process. The approach involved literature review and evaluation of the
experimental data regarding the following aspects:
1. Lime performance in terms of
a. chemical properties: changes of the average CO, capture capacity and the
microstructure i.e. surface area and porosity.
b. mechanical properties: changes of the sorbent particle size and the attrition
phenomena.
2. The efficiency of the carbonator and the regenerator in terms of CO, capture and re-

lease efficiency.
3. Material losses and estimation of the essential make-up flow.
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Abstract

Carbon Dioxide (COz2) is the main factor held co-responsible for the global warming
and the climate change through the greenhouse effect mechanism. COz2 is mainly produced
by coal fired power plants around the globe and shows a constantly increasing tendency.
Post-combustion CO2 capture based on the Ca-looping process is a promising technology
under development, based on the carbonation reaction between CaO and CO2 to form
CaCOs and the regeneration of CaO by calcination of CaCO3, producing a rich CO2 stream.
This work is focused on the study of the effect of water vapour — steam on the Ca-looping
process, since H,O is contained in coal and therefore in the flue gases of the power plant.
Moreover H20 is expected to be found in the regenerator due to the oxy-fired combustion of
coal in order to acquire the essential calcination energy. A dual fluidized bed facility was
used for the purposes of this study. A CFB reactor operating at 630°C was utilized as the
carbonator and a BFB reactor operating at 900 to 920°C as the regenerator. Results showed
increased reactivity of the sorbent in terms of CO, capture capacity, namely maximum car-
bonation conversion — Xa for all cases when steam was present. Moreover noticeable in-
crease of the carbonator CO, capture efficiency was achieved with significantly lower looping
ratios and space times in comparison with previous experiments were no water vapour was
present. Regarding the regenerator performance it was found that high sorbent calcination
degrees, more than 80% were achieved. In terms of attrition significantly higher material

losses were recorded in comparison to previous experiments without water vapour presence.
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Notation

A Area m?2

D Diameter m

dpso Median patrticle size pm

Fca Molar flow of Ca circulating between the reactors kg/h or mol/h
FCOzinlet Molar flow of COz2 entering the carbonator Nm3/h or mol/h
Fcooutlet Molar flow of COz2 leaving the carbonator Nm3/h or mol/h

Fo Make-up flow kg/h or mol/h

Ecarbs Ecor CO:2 capture efficiency -

Ecozequi Equilibrium CO2 capture efficiency -

Ereg Efficiency of the regenerator -

g Acceleration of gravity m/s?

Xearb Sorbent carbonate content entering the regenerator mol CaCO3/mol Ca
Xealc Sorbent carbonate content exiting the regenerator mol CaCO3s/mol Ca
Xmax, Xave Maximum carbonation conversion mol CaCO3s/mol Ca
XN CO2 carrying capacity at carbonation/calcination cycle N mol CaCOs/mol Ca
Ceq Equilibrium CO2 concentration -

Cco; CO2 concentration -

Cco, Logarithmical average COz2 concentration -

Vv Volume m3

LR Looping Ratio -

m, W Mass kg

NCa Molar mass of Ca mol

n Moles mol

P Pressure mbar

tres(carb) Residence time of solids in the carbonator min

tres(reg) Residence time of solids in the regenerator min

fa Fraction of active particles reacting in the fast

reaction regime -

S Specific Surface Area m?/g
So Original Specific Surface Area m?/g
St Final Specific Surface Area m?/g
t* Necessary time for achievement of Xmax value S

Tactive Active space time h
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Tspace Space time of solids in the carbonator min
dx/dt Carbonation reaction rate s*t
FCa/FCO2 Calcium looping ratio -
ks Surface carbonation rate constant s*t
ks® Apparent carbonation rate constant within the carbonator
reactor s*t
Nth Theoretical number of cycles -
T Temperature °C
Tcarb Average carbonator temperature °C
Treg Average regenerator temperature °C
yCOzin CO2 inlet concentration -
yCO2out CO2 outlet concentration -
Fgas Total flow of gases Nms3/h
U Velocity m/s
AP Pressure drop mbar
) Contact factor -
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1 Introduction

Human-induced Carbon Dioxide (CO2) concentrations in the atmosphere are globally
accepted as the major cause of the climate change through enhancement of the greenhouse
effect, leading to global warming. Monitoring has shown that the concentration of CO, in the
atmosphere, reached a level of 389 ppm by 2010, and further increased to 391 ppm in 2011.
This is an increase of approximately 112 ppm (around +40 %) compared to pre-industrial
levels [1]. Energy-related CO, emissions account for nearly 60 percent of total global anthro-
pogenic GHG emissions. In 2011, CO, emissions from the combustion of fossil fuels reached
a record of 31.6 Gt [2]. Primary energy consumption continues to rise and fossil fuels have
provided the major share of the incremental growth over the past decade, accounting for
more than 80 percent of the increase in energy consumption [3]. As a result the develop-
ment of CO2 mitigation technologies has been deemed essential and steps towards this di-
rection have been made during the last few years. Overall it is estimated that the European
Union will be emitting some 4.2 billion tonnes of CO, annually by 2030. According to the Eu-
ropean commission 10% of these emissions could be avoided using CCS technologies. Spe-
cifically it is estimated that around 400 million tonnes of CO, per year could be avoided
through CCS by 2030 and around 1.7 billion by 2050 depending on the extent of use of CCS
technologies. Moreover up to 12 CCS-equipped power plants are to be operational in the EU
by 2015 [4].

Calcium looping is one of the most promising Post-combustion CO2 capture technol-
ogies, which presents some advantages that render it more attractive in comparison to other
potential solutions. Such are the relatively easy integration in existing power plants and a low
efficiency loss. This technique can yield a highly pure stream of CO2 of 85 to 95% [5]. It is
based on the Ca-looping process. During this process a carbonation reaction takes place
between CaO — Calcium Oxide and CO2 to form CaCOs3 - Calcium Carbonate. As a result a
CO2 lean stream leaves the carbonator reactor. Thereafter the regeneration of CaO is
achieved by the calcination of CaCOs and a rich CO2 stream that leaves the regenerator re-
actor is produced. That rich stream is then compressed and stored. The regeneration reac-
tion is responsible for the energy penalty of this process, since it is an endothermic reaction
that requires energy input to maintain the high temperatures essential.

This work is focused on the study of the effect of water vapour — steam on the Ca-
looping process. The effect of steam is an essential part of this process yet to be studied.
The reason is that H20 is contained in coal and therefore in the flue gases of the power plant
As a result an atmosphere of steam partial pressure is expected in the carbonator. Moreover

H20 is expected to be found in the regenerator, due to the oxy-fired combustion of coal in
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order to acquire the essential calcination energy. The presence of steam inside the reactors
could reach high levels depending on the type of coal utilized, e.g. lignite is expected to yield
high steam partial pressure due to its increased moisture content. The possible enhancing or
retarding effect of water vapour on the carbonation and calcination is to be studied during
this thesis, as well as a possible combined effect of steam present in both reactors. The ap-
proach involved literature review, experimental investigation and data analysis and evalua-
tion regarding the aspects of: (i) lime performance in terms of chemical and mechanical
properties, (ii) the efficiency of the carbonator and regenerator in terms of CO, capture and
release efficiency and (iii) material losses and estimation of the essential make-up flow of
sorbent. In conclusion this work falls within the limits of a diploma thesis. Further and more
thorough work is yet to be done in order to be able to fully understand the complex effect of
steam.

A dual fluidized bed facility is used during the experiments of this thesis [6]. In particu-
lar a Circulating Fluidized Bed is utilized as the carbonator reactor and a Bubbling Fluidized
Bed as the regenerator reactor. The CFB is utilized as the carbonator reactor due to the bet-
ter contact factor it presents in comparison to the BFB. The carbonator operates at a tem-
perature of 630°C in all cases, whereas the regenerator at temperatures of 900°C and
920°C.
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2 Background
2.1 Carbon Dioxide — CO, Emissions

Carbon Dioxide (CO,) is a natural part of the air in the atmosphere with a volumetric
concentration of around 3%. Although it is not a pollutant it is held co-responsible for the
global warming and the climate change through the greenhouse effect mechanism.

Normally CO, is produced by the decomposition of biomass in great portions in na-
ture, but is balanced by the amount of CO, also needed for the former building of this bio-
mass. The fossil fuels widely used for energy production, also occurred through the decom-
position of biomass millions of years ago. However the burning of these fossil fuels in power
plants releases great portions of the CO, that was held within, thus creating the imbalance of
CO, concentration in the atmosphere. Those CO, emissions for industrial reasons are also
known as anthropogenic or energy related.

The reduction of CO, emissions is possible by energy saving, increase in the effi-
ciency of power plants through utilization of new technologies, switch to fuels with lower car-
bon content as well as by the utilization of renewable energy technologies. Alternatively there
is the upcoming technical solution of CO, sequestration and storage, known as CCS, Carbon
Capture and Storage technology.

The following table presents the greenhouse effect gases and their share on the phe-
nomenon. It is observed that CO, contributes more than half to the effect and thus the need
to primarily mitigate the CO, emissions.

Table 2.1: Greenhouse Effect Gases [5]

Greenhouse Effect Gases

Greenhouse Gas Origin FOZ Share on Greenhouse
Equivalent Effect (%)

Carbon Dioxide CO, Combustion processes 1 64
Methane CH, Dumping Grounds, Gas Industry 21 20
Nitrous Oxide N,0 Dumping Grounds, Fertilizer Factories 310 6
Fluorocarbons Aluminum Production 11300

Halogenated Hydrocarbons HFC |Refrigerants, Chemical Industry 6500 10
Sulfur Hexafluoride SF¢ Industrial Processes 23900

Regarding the fossil fuels used for energy production that release CO,, coal is the
main one [7]. This is because it is the most abundant fossil fuel, with evenly distributed re-
sources all over the world in comparison to oil or natural gas. It is also cheaper and easier to
mine in most cases. Consequently coal is expected to be a prominent fuel for energy produc-

tion for the next decades.
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The largest power plants in MW of energy production worldwide use coal as their
main fuel, whereas fossil fuels in general account for more than 80% of the primary energy
consumption globally [7]. The following figure presents the world energy related CO, emis-
sions by fuel billion metric tons up to present times and future projections until 2040.

world energy-related carbon dioxide emissions by fuel
billion metric tons

500 History 2010 Projections

40.0

30.0

20.0
Natural gas

10.0

Liquid fuels

0.0
1990 1995 2000 2005 2010 2015 2020 2025 2030 2035 2040

Figure 2.1: World energy-related CO, emissions, source [8]

The following table presents the CO, emission factors for various fuels. It is observed
that coal yields the highest CO, emissions, especially the brown coal or lignite, in comparison
to oil or natural gas. However, to the extent that coal cannot be replaced due to feasibility or
economy related reasons by fuels that yield lower CO, emissions, CCS technologies provide
a viable solution.

Table 2.2: CO, emission factors, as modified from [5]

CO, emission factors for various fuels

CO, emission factor
Fuel

kg/G) t/GWh

Hard coal 94.5 340.2
Raw brown coal 110 397.2
Brown coal dust 99 356.4
Heating oil 76 273.6
Natural gas 56 201.6
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In particular CCS technologies have a great potential to contribute for stabilization of
the concentration of greenhouse gases in the atmosphere in the mid to long term [9]. Moreo-
ver their application is focused on large sources of CO, like power plants or cement plants
and refineries. Finally considering the recent increases in coal consumption among the pow-
er generation sector and the immediate projections for coal use as primary energy resource
in the upcoming years, the need of application of such technologies will be reinforced [9]. In
addition the CO, mitigation and the implementation of such technologies is promoted by the
EU proposal for a CO, emissions trading system in Europe [10], whereas goals such as the
400ppm scenario are set as presented in the figure below. The dashed and continuous lines
represent different approaches.

160% : . . .

Global Kyoto-gas emissions

140%

120%

Stabilization
level (CO2eq):

1990 level

80%

60%

-35% to -45%
below 1990 by 2050

8606

40% +

Relative Emissions

20% b - ; e e e 203 . ]

O% i i i 1 | |
1900 2000 2010 2020 2030 2040 2050 2060

Figure 2.2: CO, emission mitigation goals, source [11]
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2.2 Carbon Capture and Storage Technologies — CCS

CCS refer to the long-term isolation of fossil fuel CO, emissions from the atmosphere
through capturing and storing the CO, deep in the subsurface of the earth.
They consist of three key stages:

1. Capture: Carbon capture is the separation of CO, from the other gases produced
when fossil fuels are burnt for power generation or from gases produced in other in-
dustrial processes.

2. Transport: Once separated, the CO, is compressed and transported to a suitable site
for geologic storage.

3. Storage: CO, is injected into appropriate storage sites, deep underground rock for-

mations, often at depths of 1 km or more.

Carbon Capture

The main step of the CCS technologies is CO, capture. Depending on whether CO, is
captured downstream, upstream or during fuel combustion three groups of technologies are
distinguished [5]. These are post-combustion, pre-combustion and oxy-fuel combustion re-
spectively. The post-combustion option demands little modifications to the current power
generation facilities. The main processes considered for this option are calcium looping that
takes place at high temperatures and relies on the use of limestone, a cheap and abundant
sorbent and solvent scrubbing [12] that takes place at lower ambient temperatures. Several
solvents aqueous and others have been proposed for the latter option. The pre-combustion
option involves fuel gasification under pressure with CO, separation. The H, rich gas is used
thereafter for power generation through a combined cycle process scheme or through fuel
cells [13]. The Integrated Gasification Combined Cycle is the most advanced process under
this category. This technique has a respective efficiency loss of around 6% and is of greater
interest for brown coal fired facilities [5]. Finally the oxy-fuel combustion option involves the
combustion of fuel with almost pure O,. The O, is supplied by an Air Separation Unit ASU.
This technique can yield a 98% rich CO2 stream; however the ASU demands a great portion
of power that can lower the overall efficiency by 7 to 10% [5]. The products of oxy-
combustion are primarily carbon dioxide and water, which can be easily condensed to gen-
erate a highly pure CO2 stream. In general, the advance of a technological option over the
others takes into account the current technological maturity, the respective energy efficiency
penalty and the costs per ton of CO, avoided and of electricity generation.

The three basic CO2 capture technologies developed are schematically presented

below:
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Figure 2.3: Basic CCS Technologies, as modified from [5]

A reasonable question that could be raised is whether the additional CO2 that occurs,
through the production of power that the CCS technology requires, actually exceeds the CO2
sequestrated by this technology. The power required for the CCS facility is expected to de-
rive from additional coal burning and therefore additional CO2 release. The concept in ques-

tion is schematically presented in the figure below.

OEmitted
HEcaptured
Reference
Plant
1 CO: avoided ! 1
I ' 1
! CO:2 captured !
1 1
Plant
with CCS

CO2 produced (kg/kWh)

Figure 2.4: Sequestered versus avoided CO, schematic, [14]
However as shown in the following table the quantity of sequestrated CO, always

exceeds the avoided CO,.
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Table 2.3: Sequestrated versus avoided CO, [5]

Hard Coal Facility according to
Feature Unit BAT
without CCS with CCS

Fuel emission factor tco02/MWhsr 342
Net efficiency % 45.6 33.6
COz in raw flue gas tcoz/Mwel 750 1018
Grade of sequestration % 0 90
Sequestrated CO2 tcoz/Mwel 0 916
Emitted CO2 tcoz2/Mwel 750 102
Avoided CO2 750 tco2/MWel tco2/Mwel 0 648
in % respectively on 750 tc02/MWel % 0 86

CO, Transport and Storage

The total cost of CCS technologies is additionally encumbered by the cost of CO,
transport and storage. The transport of CO, can be quite costly since it has to be pressurized
due to the respective large volumes produced. The critical point for CO, compression lies at
73.9 bar/ 31.1 °C, however due to impurities and possible pressure loss during transport the
COz2 is compressed at 110 to 114 bar [5]. The transport could be ideally handled by a pipe-
line network similar to that used for natural gas, or if this is not achievable in short terms like
in the case of Europe where there is not a CO, pipe network built, it could be handled by
common means of transport e.g. train or ships similar to LNG-carriers for near coast regions.

Furthermore for the storage of CO2 stable geological formations are proposed, possi-
bly old mines of a depth of over 800m so that the CO2 remains in hypercritical liquid condition
due to the high pressure. Such formations are believed to be a safe option not involving a
danger of leakage, since they have held natural gas reserves for millions of years. The total
retaining capacity of such formations has not been conclusively clarified; however it is esti-
mated that the European storage capacity is around 120 billion tonnes and not smaller than
40 billion tonnes. Taking into account that EU will need to store around 20 billion tonnes be-
tween now and 2070, the minimum storage capacity should cover in double the storage
needs until then [4]. Another way to store and concurrently leverage the sequestrated CO2 is
to utilize it in oil or natural gas mining. A pump would lead the pressurized CO2 underground
into the supposed oil deposit. Thus the CO2 would displace the oil, providing the essential
pressure to lead it to the surface. A similar mechanism could be applied for natural gas. After

the deposit is drained it could be sealed to hold there the non-desired CO2.
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3 The Calcium Looping Process

As mentioned above among the different CCS technologies the post combustion Ca-
Looping Process is rapidly developing the last years [9]. This technology presents some
clear advantages that make it favourable against other CO, capture processes. Such are:

o Lower energy penalty of around 2.75%, without the inclusion of CO, compression, in

comparison to other technologies that present efficiency losses around 10-14%. [15]

e The sorbent utilized is limestone that is of relatively low price and can be found in

large quantities worldwide.

e The Ca-Looping process is based on the existing technology of Fluidized Beds which

is tested and used in the industry.

e |t can easily be integrated to the current power plants in comparison to other pro-

cesses, since it is a post-combustion technology.

e |t has been proposed to work also as a desulfurization unit since SO2 can be cap-

tured by CaO.

e The deactivated sorbent can be used in the cement industry, lowering the cost of ce-

ment production. [16]

3.1.1 State of the Art

3.1.1.1 Ca-looping Process Realisation

The following schematic presents the Calcium Looping process in simple terms, as it
would be incorporated in a power plant to capture typical CO, concentrations between 10
and 15% [17]. The flue gas from the power plant enters the carbonator where the CO, cap-
ture takes place. A CO, lean gas stream exits the carbonator, whereas the solids proceed to
the regenerator. There the CO, is released and a CO, rich stream exits the regenerator,
ready for compression and storage. The high temperatures in the regenerator are achieved
by the oxy-fired combustion of coal. The flue gas, the CO, rich and lean stream can be no-

ticed, as well as the solid flow between the fluidized beds, the make-up flow and the ASU.
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Figure 3.1: Schematic of a Ca-looping system for CO2 capture from a power plant, [7]

As presented in the following figure the Ca-looping system implemented to the power
plant, can incorporate a supercritical steam cycle to take advantage of the significant amount

£

of heat occurring in several parts of the system.

CO, low concentration
flue gases

Carbonator
650°C

‘ co,
Q;

Calciner

900°C
Existing power plant CaCo,
Supercritical unit
T1 lceo
Ql:l
| ‘ Coal #
Combustion Qg
Flue Gases Q,
ASU

Figure 3.2: Capture cycle general layout [18]

The carbonation is an exothermic reaction that offers energy to be integrated in the
steam cycle in two possible ways. The first one is symbolized as Q; in the figure and would
involve water walls that would absorb the heat surplus occurring in the carbonator and at the
same time control the temperature reaction. The second one would absorb the heat from the
solids coming out of the regenerator, reducing their temperature before they enter the car-
bonator. Moreover the utilization of heat from the CO2 poor stream leaving the carbonator at
650°C as well as from the rich CO2 stream leaving the regenerator at 900°C could offer addi-

tional energy symbolized as Q. and Qs respectively in the figure. Finally the extraction of sol-
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ids from the regenerator consisting of deactivated sorbent, coal ashes and CaSOa4, could
also contribute to the steam cycle since they have a high exiting temperature. The heat they
offer is symbolized as Q, in the figure.

The above incorporations could compensate partially for the cost of the Ca-looping
process, for example provide with the energy for the air separation unit — ASU, the CO, com-
pression unit and the various pumps and equipment of the system. Finally the capture sys-
tem could generate additional power with an efficiency of 26.7% in relevance to the coal in-
put of the regenerator for oxy-fuel combustion, without disturbing the efficiency of the main
power plant steam cycle. The capture cost would be approximately 16 €/ton of CO, avoided
[18].

3.1.1.2 Desulfurization and Coupling with the Cement Industry

One of the benefits of the Ca-Looping technology for CO, capture is the possible
coupling with flue gas desulfurization. Instead of utilizing a separate unit, the CaO could cap-
ture the SO in the flue gas through the reaction:

1
Ca0 +50; + 50 - CaS0,

to produce CaSQO,, also known as gypsum. However the SO, absorption is an irreversible
reaction at the respective temperatures in the regenerator; SO, gradually reduces the CO,
capture capability despite the very low SO2 concentrations in ppm, so there would be an in-
crease in the essential make-up flow. On the other hand the carbonation/calcination cycles
increase the pores of the material with a size suitable for SO, capture, enhancing the SO,
capture.

An additional benefit of the Ca-looping process technology is the possible coupling
with the cement industry. The deactivated CaO and coal ashes, along with CaSO, formed by
the potential desulfurization process, that are extracted from the regenerator could be fed
into the clinker oven [16]. The cement industry generates approximately 5% of the global
CO, emissions, whereas the cement production seems to be constantly growing [19], [20].
As a result a lot of research has been carried out concerning the reduction of CO, emissions
from existing and new cement plants [16], [21]. Calcined limestone, CaO, is the main precur-
sor to cement and is fed to the kiln for clinker production. Moreover limestone calcination is
responsible for 70% of the power required. The energy required for calcination and the relat-
ed CO, emissions can be avoided by feeding calcined limestone into the kiln, originating from
the purge flow removed from the calciner of a Ca-looping facility due to sorbent decay and
the respective make-up flow required. An integration of CO,-free power production and clink-

er production has been shown to be feasible, leading to large economic savings [21].
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3.1.1.3 Fluidized Bed Technology

The fluidized bed technology utilized for the Ca-looping process is a well-known tech-
nology used in various applications in chemical industry and combustion processes [22], [23],
[24]. Fluidized beds are reactors based on gas-solid contact to transfer heat and mass. They
present particular advantages such as better contact factor and homogeneity in heat transfer.

There are different types of fluidized beds depending on the fluidization velocities
utilized. The bubbling fluidized bed is a reactor that utilizes low fluidization velocity. The ma-
terial stays within the reactor and forms a high density area in the bottom and a freeboard
area above, that the fluidized solids do not overcome. Large gas bubbles are formed within
the solid bed that bypass the solid-gas reaction and cause a moderate contact factor and
therefore worse reaction conditions, as far as the carbonation reaction is concerned. Regard-
ing the calcination reaction the decisive factor is the heat transfer and homogeneity, so that
the appropriate conditions for the sorbent to release the CO, are achieved.

| —— BUBBLE BULGE FLUE GAS ]

™—— BUBBLE WAKE

5] ™~ BUBBLE PHASE

4 ™~—EMULSION OR
FPARTICULATE SORBENT]:

PHASE '

DISTRIBUTOR

-------

11 * FLUIDIZING GAS
FLUIDIZING GAS

RN

Figure 3.3: a)Bubbling Fluidized Bed [25] b)Circulating Fluidized Bed, as modified from [26]

The circulating fluidized bed reactor utilizes high fluidization velocities that result to a
better contact factor, thus better reaction conditions, but may cause increased attrition due to
abrasion of the sorbent and thus a greater make-up flow. The sorbent is fluidized up to the
top of the CFB where it exits the reactor. The solids are separated from the fluidization gas in
a cyclone and return through a standpipe to the bottom of the reactor to be fluidized again.
Three areas are formed in a CFB reactor [27]: a dense region at the bottom, a lean-core an-

nulus region in the middle and an exit region at the top. Although the density and distribution
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of the sorbent varies in these areas, still presents greater homogeneity in comparison to a

BFB reactor.

3.1.1.4 Current Status of Process Development

Theoretical studies on the integration of the Ca-looping system in new and existing
power plants have shown that the technology could achieve a substantial reduction of around
30% in capture cost and energy penalties in comparison to stand-alone oxy-fired systems [7].
Taking into consideration that solid materials and operating conditions in the FB units are
similar to those present in existing large scale CFB combustors, a rapid scaling up of this
technology could be expected.

Both lab-scale facilities of 10kWy, and larger ones pilot-scale facilities in the range of
200kWy, to 1.7MWy, are important for the process scale-up. Lab-scale facilities present ad-
vantages as far as sorbent characterization and realisation of parametric studies are con-
cerned, whereas pilot-scale facilities are more suited for long duration experiments, close to
industrial conditions. With regard to work performed so far in such facilities the following are
reported. Cold model studies characterizing reactor fluid-dynamics have been conducted
[28]. Moreover lab-scale facilities have conducted parametric studies and have reached CO,
capture efficiency values of above 90% [6]. The data collected have been used for further
analysis, leading to carbonator model validation [27], [29]. Finally state of the art is the pilot
plant of 1 MWy, that has commenced operation in integration with ‘La Pereda’ power plant of
50MW; in Spain, to capture 70-95% of the CO, contained in the flue gas from a 1/150 side
stream emitted by the power plant [7]. The thermal power input to the regenerator in large
scale plants is generally calculated between 0.4-0.55 of the total power input required by the

Ca-looping process [7].

3.1.2 The Carbonation-Calcination Reaction

Calcium Looping is the process that utilizes lime in order to capture the CO, from flue
gases. Itis based on the reversible carbonation calcination reaction as:
Ca0 + CO, < CaCO4 AH= +178 kJ/mol
The reaction is governed by temperature and partial pressure of CO, dependent according to

the following diagram:
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Figure 3.4: Thermodynamic Equilibrium Curve [30]
The above figure presents the thermodynamic equilibrium curve according to which
the carbonation—calcination reaction takes place. The curve is given by the equation:
logP(atm) = 7.079 — 8308/T(K) [30]
The Calcium Looping process understandably follows a cyclic pattern of consecutive carbon-

ations and calcinations.
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Figure 3.5: Ca-looping process schematic

The carbonation reaction takes place in the carbonator at temperatures around
650°C, 15% CO, partial pressure and water vapour presence around 8% [18]. The CO, re-
acts with Ca producing CaCO; and a CO, lean gas flow comes out nearly free of CO,. Itis
observed that the higher the CO, concentration and the lower the temperature, the more
possible it is that the carbonation reaction will take place, of course within the limits set by

the previous equation. Regarding the effect of the water presence as can be shown in the
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diagram below presenting the H,O thermodynamic equilibrium curve, no reaction of the Ca
with H,O takes place.
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Figure 3.5: H,O thermodynamic equilibrium

The curve occurs by the equation:

-125315
T(K) )

Py,o(Pa) = 9 * 10! x exp( [31]

While the following reactions could take place:
Ca0 + H,0 < Ca(OH),
Ca(OH); + CO, — CaCO3 + H,0

Manovic and Anthony [32] performed carbonation tests in a TGA under 10 or 20%
H,O conditions. Also the samples tested were calcined under a N, (800°C) or CO, (950°C)
atmosphere to explore the influence of different levels of sample sintering and the results
obtained were compared with those seen for carbonation in dry gas mixtures. They found
that carbonation was enhanced by steam, but this was more pronounced at lower tempera-
tures and for more sintered samples. With increasing temperature and carbonation time, the
enhancement becomes negligible because the conversion reaches a maximum value
(around 75-80% for samples calcined in N,) even without steam. Moreover the shape of car-
bonation profiles and morphology of carbonated samples showed that steam enhances solid
state diffusion and consequently conversion during carbonation.

Moreover, Florin et al [33] conducted experiments in a small BFB at 900°C for calci-
nation and 650°C for carbonation, with an inlet gas stream containing 15% (v/v) CO2. When
steam is present during the carbonation reaction the reaction proceeds more rapidly in the
initial stage of the reaction and the maximum reaction rate is higher compared to experi-
ments without steam. The higher maximum reaction rates which may be interpreted as high-
er capture efficiencies, clearly demonstrate the reduction in the diffusion resistance during

carbonation. On the other hand Linden et al [34] also conducted experiments using a TGA
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device studying the steam effect on carbonation. They found that at temperatures of 400°C
and 450°C water vapour had an accelerating effect on the conversion of CaO to CaCO3,
whereas at 500°C water vapour had a slightly retarding effect.

Additionally, Lu et al [35] found that steam during carbonation at a BFB reactor signif-
icantly extended the high CO, capture efficiency period. On the contrary Lim et al [36]
showed no appreciable effect of steam on carbonation conversion during tests in a TGA. The
same was also demonstrated by Arias et al [17] who studied the effect of steam on the fast
carbonation reaction rates using a TGA device at 650°C. The conclusion was drawn that
steam has no influence on the reaction rate constant.

Finally according to Yang and Xiao [31] that conducted experiments in a TGA at
550°C, steam improved the CaO carbonation performance significantly and this was attribut-
ed to the catalytic effect of steam on the reaction, rather than to an improvement of the CaO
physical properties such as specific surface area and pore structure. The CaO conversions

were clearly increased for the same reaction time in the presence of steam.

Thereafter the solids enter the regenerator — calciner where at a higher temperature

they release the CO, captured [37] according to the reaction:
CaCO;3 - CaO + CO, AH=+178 kJ/mol

The calcination reaction take place at temperatures around 900°C to form CaO to be
directed to the carbonator. From the thermodynamic equilibrium it is observed that the higher
the temperature and the lower the CO2 concentration the more likely it is for the calcination
reaction to take place. A CO, rich flue gas leaves the regenerator to be compressed and
stored. The heat required for the endothermic calcination reaction will be provided by the
oxy-fuel combustion of coal which contributes to a richer CO, stream coming out of the re-
generator. The use of oxygen can raise the combustion temperatures very high to more than
2000°C and therefore a recirculating flow of flue gas is necessary in order to control the tem-
perature and keep it around the desired value of 900°C while it also contributes to the en-
richment of CO, stream coming out of the regenerator. The concept was first proposed by
Shimizu et al [38] and its advantage is that the oxy-combustion CFB technology for CO, cap-
ture is developed as an independent route and is already a more mature technology in a
near-commercial stage. The oxy-fuel combustion involves a high CO, partial pressure of
around 60% and high water vapour partial pressures up to 30% [9], dependant of the fuel
used and the recycle of the gas stream. One of the main drawbacks associated to the oxy-
fired fuel combustion is the high energy consumption of the air separation unit — ASU, which
provides the FB with a stream of almost pure oxygen. Some advanced concepts have been

proposed to avoid that cost, such as the utilization of a circulating hot solids stream from an
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air-fired combustor to the regenerator in order to transfer the essential heating energy [7].
High CO, partial pressures can cause sintering thus reducing the sorbent carrying capacity
[36] and reduce the calcination rate [39].

Regarding the water vapour effect on the calcination reaction, the following are re-
ported in the literature:

Khraisha and Dugwell [40] performed calcination of limestone in a suspension reac-
tor at different temperatures. They observed that water vapour at a 2.22% level enhanced
the conversion achieved in the calcination process, whereas at a 6.09% level produced a
retarding effect. The detection of an optimum in the water vapour was attributed either to
porosity effects at the surface of limestone particles or alternatively to diffusion effects at in-
creasing air moisture contents. The increased temperature still remained the decisive factor
in comparison to water vapour.

Boynton [41] suggested that steam lowers the dissociation temperature of some
types of limestone therefore slightly catalysing the rate of calcination. Additionally Macintire
and Stansel [42] that performed calcination of limestone fines at 700°C in steam, noticed
that deep injection of steam into the limestone was essential to expedite complete calcina-
tion. They concluded that the steam effect would be primarily a surface reaction and as-
sumed that an atmosphere of steam might function to catalyse the disruption of the CaO-CO,
bond.

Wang and Thomson [43] reported that a relatively small steam pressure can signifi-
cantly enhance the calcite decomposition rate although the enhancement was less significant
as steam pressure increased.

Wang et al [44] studied the decomposition of limestone in a FB reactor at a tempera-
ture of 920°C for particles of 0.25-0.5 mm size. They reported enhanced decomposition con-
version as the steam dilution percentage in the CO, supply gas increased, in specific 72%

conversion without steam dilution and 98% conversion for 60% steam dilution (40% CQO2).

3.1.3 Sorbent Chemical and Mechanical Properties

3.1.3.1 Sorbent Activity

Several carbonation/calcination cycles and the oxy-fired environment of the regenera-
tor lead to the decay of the sorbent. Sorbent activity tends to decrease rapidly at first and
less as the carbonation-calcination cycles increase, until it reaches a residual activity [45].
Factors influencing the decay are the following: sintering, attrition, reaction with impurities in
the flue or fuel gas. The following equation has been proposed [46] for the calculation of the

decay of the sorbent:
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1
Xy=—g——+X:
T-x +kN

where Xr, the residual CO, capacity and k are empirical constants equal to 0.075 and 0.52
respectively, as estimated by [46]. Xy is the symbol used for maximum carbonation conver-
sion instead of Xax When the number of cycles is determined. Plotting the above equation for

e.g. N=250 cycles results to the following diagram:
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Figure 3.6: Sorbent Deactivation Curve

One of the physical properties affected by the carbonation/calcination reaction is the
surface area. In general high surface area means greater reactivity for the sorbent. Studies
performed with/without steam presence revealed that as the material gets sintered with time
its surface area is expected to be gradually reduced. Surface area loss is characterized by
rapid initial rate followed by a slower rate. Also there is an optimum temperature for maxi-
mum surface area. Moreover small CaCOs3 particles develop much higher surface areas in
shorter times than large particles do. They also achieve their peak surface areas at lower
temperatures than larger particles do [47].

Chen et al [48] also reported that the generation of new surface area in the CFB attri-
tion system is proportional to the total excess of kinetic energy (above minimum fluidization)
consumed and the attrition time, whereas it decreases exponentially with temperature.

According to Sun et al [49] ionic compounds such as CaO mostly sinter because of a
volume diffusion or lattice diffusion mechanism. They conducted experiments in a TGA
where they noticed that a change in carbonation time had negligible effect on the subsequent
calcine structure. This led to the conclusion that lime sintering has no memory of carbonation
history for the first cycle or that carbonation makes no contribution to CaO sintering. They

reported two different pore sizes in the material small V1 of less than 220nm and large ones
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V2 220-610nm. Also they reported shrinkage of the smaller pores and simultaneous growth in
the larger pores. Presumably smaller pores arise due to CO2 driven off during calcination
whereas larger pores due to sintering shifting vacancies from smaller to larger pores, driven
by vacancy gradients. On carbonation, solid product CaCOs fills pores of small diameters
(smaller than 220nm for their work). Once these pores are filled the carbonation reaction
becomes product layer controlled and proceeds at a much slower rate, with the carbonation
product then slowly filling the larger pores. In simple words the pore volume of the smaller
diameter pores determines the achievable extend of carbonation during the fast stage. In
conclusion sintering was attributed mainly to calcination. Sintering during carbonation
seemed negligible. Moreover a quadratic dependence of sintering on surface area change

was suggested. The following figure pictures the above description of pore evolution.

7

Figure 3.7: Schematic of sintering progression during cyclic calcination and carbonation [49] a) 1%
calcination with no sintering, b) after sintering bimodal PSD, c) After carbonation smaller pores filled,
d) After re-calcination and sintering pores further development

Regarding the effect of water vapour on the sorbent properties, studies performed up
to now report the following:

Wang et al [44] studied the decomposition of limestone in a FB reactor at a tempera-
ture of 920°C for particles of 0.25-0.5 mm size. The conversion increase observed with N2
dilution was slower than that obtained with steam dilution, whereas their difference presented
a peak at 20% dilution respectively. At 20% steam dilution there was 96% conversion,
whereas at 20% N2 dilution there was 89% conversion. The result was attributed to the dif-
ferent thermal conductivities of N2 and steam: at 920°C steam presents thermal conductivity
of 0.127 W/(mK) whereas, N2 only 0.071 W(mK). For the carbonation tests at 650°C and CO,
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partial pressure of 0.04 MPa (out of 3.0 MPa), close to 60% carbonation conversion was
achieved with the CaO produced by steam dilution, whereas only 40% for the CaO produced
in 100% CO2. Thus it was assumed that the reactivity of CaO was greatly improved by lime-
stone decomposition in steam dilution.

Borgwardt [50] reported that both CO2 and water vapour catalysed the sintering pro-
cess of the sorbent and that their combined effects were additive. A small concentration of
water vapour accelerated the surface area reduction of CaO and markedly reduced the tem-
perature at which surface reduction begins. Additionally a clear effect of both CO2 and H20
on the reduction of CaO porosity was reported. Like the surface area effect, the combination
of CO2 and H20 in the sintering atmosphere had a greater effect than either gas individually.

Anthony et al [51] conducted experiments using a TGA for temperatures from 875°C
to 925°C. Steam introduced with calcination was found to increase sorbent reactivity, in par-
ticular a 15% concentration was found to have the optimum impact on sorbent carrying ca-
pacity. Steam injection for calcination was found to have a smaller effect on sorbent carrying
capacity than injection for carbonation. Moreover the sorbent morphology was found to
change by steam in calcination resulting in a structure that increases carbonation reactivity,
whereas steam in carbonation was found to influence the reaction directly resulting in a larg-
er increase in conversion. The improvement due to steam was confirmed for addition during
the initial fast reaction regime or later during the slow diffusion regime. This could be attribut-
ed to the hydration of CaO at the surface of the sorbent forming Ca(OH)2 as a transient in-
termediate, since Ca(OH)z is not thermodynamically stable at temperatures over 600°C, that
would lead to a prolonged fast reaction phase of the carbonation and increased initial CO2
capture. Alternatively it could be attributed to the enhancement of CO2 mobility due to a re-
duction in diffusion resistance arising from steam presence.

Arias et al [17] suggested that steam can have a slightly positive influence by in-
creasing the sorbent conversion at the end of the carbonation step, due to a positive influ-
ence of steam during the diffusion controlled stage, depending on the limestone tested and
its particle size. Out of the two types with sizes smaller than 50um and between 75 to 125um
respectively, no effect was observed for the former and a slight effect for the latter.

Florin et al [33] conducted experiments in a small BFB at 900°C for calcination and
650°C for carbonation, with an inlet gas stream containing 15% (v/v) CO2. It was proposed
that steam present during calcination promotes sintering and that it produces a sorbent mor-
phology with most of the pore volume associated with larger pores around 50nm, which ap-
pear to be more stable than the pore structure that evolves when no steam is present. The
presence of steam during carbonation reduces the diffusion resistance during carbonation.

Finally the highest reactivity was observed when steam was present for both calcination and
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carbonation. Moreover when steam is present during carbonation only, the fine pores are
retained, whereas when steam is present during calcination only, the shift towards larger
pores is due to steam enhanced sintering. These pores are less susceptible to blockage and
thus allow for higher conversion. Conclusively the synergistic effect may be explained
through the combination of the large pore and reduction in diffusion resistance effect, allow-
ing for better exploitation of these large pores. The following diagram presents the above

schematically:
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Figure 3.8: Relationship between sorbent morphology and conversion [33]

3.1.3.2 Mechanical Properties

Attrition of the sorbent is a very important aspect that determines the material loss
and therefore the essential make-up flow. There are several factors that influence attrition. In
this chapter these factors are reviewed as well as the factor of steam in the regenerator
and/or the carbonator.

In fluidized beds the material experiences an abrading or attriting process than slowly
decreases the particle size. Initially, particles of irregular shape, containing asperities or
sharp edges will attrite at those asperities since the smaller cross sections provide points of

stress concentration and will become rounded [52]. Additionally, weaker particles are ex-
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pected to break first so the ones left after that will be the stronger ones. Fragmentation also
occurs immediately after the injection of particles in the hot reactor, as a consequence of
thermal stress due to fast heating of the particles and of internal overpressures due to CO2
release upon calcination. These aspects lead to a high initial rate of attrition that declines
with time [52], [48].

One of the main factors affecting attrition is the fluidization velocity. High velocities will
lead to increased abrasion by friction with the reactor walls or between the particles and to
stronger impacts of the particles inside the reactors. Besides the FB itself, significant attrition
should be expected at the cyclones and the grid jets — fluidization flow distributors since the
highest velocities expected in the facility occur there. Chen et al [48] reported linear increase

in attrition with time and with the square of the excess gas velocity.
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Figure 3.9: The two different attrition mechanisms: abrasion and fragmentation, [53]

Fragmentation called percolative might also occur after calcination and the respective
particle voidage increase, since it leads to a loss of connectivity of the solid porous structure
[52]. Moreover according to Scala et al [52] that performed calcination experiments in a BFB
the dominant comminution mechanism for this case and also for this thesis is attrition by
abrasion, rather than any type of fragmentation. They also confirmed the maximum initial
generation of fines mentioned earlier, that decays to a steady value, after conversion and
particle rounding off are complete. Finally they concluded that attrition is a time dependent
rather than a conversion dependent phenomenon, when particle round off is the key factor.
The increase in attrition during calcination due to weakening of the structure as CO2 is lost

was also reported in [48].
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The initial rapid attrition followed by a stable period of negligible changes in particle
size was also confirmed by Gonzalez et al [54], who conducted experiments in a pilot plant of
two interconnected CFB reactors. They suggested the attrition rate could be in general af-
fected by properties of the solids such as size, surface, porosity, hardness, cracks, density,
shape and patrticle strength as well as by the characteristics of the reactor, particle velocity
and exposure time. Moreover they suggested that particle size reduction is also due to CaO
shrinkage, but this phenomenon accounts for less than 5% compared to the effect of attrition.

Another important factor is the temperature of the reactors as reported in [48]. In-
creased temperature should lead to hardening of the particle, making it attrition resistant.
However, high calcination temperature leads to a fall in the capture capacity due to the en-
hancement of sintering at high temperatures. They also concluded that abrasion was the
dominant limestone patrticle attrition factor for the small CFB reactor they used. The effect of
temperature could also be attributed to a decrease of gas/particle velocities at higher tem-
peratures for the same bed superficial velocity and to an increase in the threshold particle
attrition velocity.

Regarding the factor of CO2 partial pressure in the reactors, low CO2 concentrations
during calcination results in a faster release of CO2 and consequently higher overpressure
stress for the particles and increased attrition. On the other hand low CO2 partial pressure
gives the benefit of less pronounced sintering. Finally humidity can also affect the hardness
and elasticity of the material.

3.2 Thesis Statement

Calcium looping for CO2 capture is a promising technology for the mitigation of CO2
emissions in order to moderate climate change and global warming. This is due to benefits of
this process presented earlier. This thesis aspires to contribute to the knowledge on the ef-
fect of water vapour on the process.

The effect of water vapour or commonly steam on the reaction of calcination and car-
bonation has not yet been fully understood. There is research conducted on the field but not
sufficient, whereas often contradictive results can be noted. Moreover most research is con-
ducted in small units such as TGAs and fewer on the scale of 10 kWth. However the effect of
steam is of great importance since most fossil fuels contain a significant amount of water that
can be found in the flue gases at a concentration of 5-10% [33]. This value can vary accord-
ing to the type of fuel e.g. brown coal contains a far larger amount of water and this is why
there are often drying units for this type of fuel before it is used for combustion. Presence of

steam is expected in the carbonator as part of the flue gas coming from the power plant as
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well as in the regenerator since oxy-fired combustion of coal is proposed for the regeneration
process. The study of the effect of water vapour should evolve primarily around the correla-
tion of water vapour — steam presence and the efficiency achieved by the facility, which in-
volves study of the effect on maximum carbonation and calcination conversion, as well as on
the reaction rate of the sorbent. Additionally the effect on the sorbent properties should be
studied, namely the mechanical and chemical properties. Finally the attrition rate in the pres-
ence of water vapour should be studied to determine the possible material loss and the re-
spective make-up flow.

The thesis also aspires to contribute to the step of scaling up, since most of the stud-
ies conducted so far are on the level of thermo-gravimetric analysers (TGAS), as seen on the
relative literature review earlier in this chapter. The study on the effect of water vapour in a
10KWih facility is essential for further scaling up to 200kWt and 1 MWth facilities, before in-
dustrial implementation. Conclusively the thesis aim would be to spherically address the mat-
ter, always in the framework of a diploma thesis since it copes with major scientific fields, in
order to possibly become a useful tool in the further development of the technology in ques-

tion.
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4 Methodology and Experimental Procedure
4.1 Experimental Matrix

For the particular thesis a three set-up experimental plan was carried out. The out-
come was tested for steam present in the carbonator and/or the regenerator. The experi-
mental matrix is shown below in detail:

Table 4.1: Experimental Plan

Regenerator Carbonator
Steady State| T (°C) |CO2inDRY (%)| H20in (%)| T (°C) |CO2inDRY (%)] H20in (%)
1 900 60 15 630 14 8
2 900 60 20 630 14 8
3 900 60 20 630 14 8
4 900 60 30 630 14 8
5 900 60 30 630 14 8
6 900 60 25 630 14 8
7 900 60 25 630 14 8
8 900 60 35 630 14 8
9 900 60 0 630 14 -
10 900 60 10 630 14 -
11 900 60 20 630 14 -
12 900 60 30 630 14 -
13 900 60 40 630 14 -
14 920 60 0 630 14 -
15 920 60 10 630 14 -
16 920 60 20 630 14 -
17 920 60 20 630 14 -
18 920 60 30 630 14 -
19 920 60 0 630 14 -
20 920 60 40 630 14 -

In particular the 1% experimental set-up was carried out with water vapour present in
both the carbonator and the regenerator. The water vapour partial pressure in the carbonator
was held steady, since the flue gas coming from the potential power plant is expected to
have a fixed value of water vapour partial pressure depending on the type of coal used. The
water vapour partial pressure in the regenerator varied in order to test the effect of various
water vapour concentrations on the calcination process. The 2" experimental set-up was
carried out with various water vapour concentrations present in the regenerator only. Again
the purpose of this set-up was to examine the effect of water vapour on the calcination pro-
cess, but also to be compared with the 1% set in order to determine a possible effect of water
vapour in the carbonator not only onto the carbonation but also to the calcination process as
well. The 3™ experimental set-up was carried out with various water vapour concentrations in
the regenerator only, but at a different, elevated temperature. The purpose of this set-up was

to determine the effect of water vapour on the calcination process at a higher temperature
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and possibly determine the dominant factor affecting calcination, or at which level water va-
pour affects the process in comparison to the temperature factor.

All three set-ups were also to be compared with previous experimental data for which
no water vapour was involved, that derived from the facility during previous experimental

campaigns. For the three set-ups in question all other parameters were kept relatively stable.

Table 4.2: Flue gas composition for typical hardcoal as per (d.a.-dry air, h.a.-humid air)

Flue gas composition (Typical Hardcoal)

o, 50, N, H0sa | Hi0no
17.31% | 0.05% | 75.29% | 7.31% | 825%

For the calculation of the respective water vapour partial pressures of the experi-
mental set-ups, a typical coal compaosition as derived from [55] was utilized. In particular for
the case of hardcoal the following flue gas composition occurs, under the assumption of stoi-
chiometric combustion. The water vapour concentration is calculated in the table above for
combustion with dry or humid air.

For the oxy-fired combustion of the same hardcoal in the regenerator a maximum
water vapour partial pressure of 30% was calculated, if the CO, recirculation and the CO,
release from the solids is not taken into account. The real H,O concentration for this type of
coal is expected to be less under actual conditions. Moreover a recycle of around 60% of the
gas stream exiting the regenerator to achieve an equivalent 25% O, inlet concentration was
assumed according to literature [9], leading to a concentration of around 55 to 65% CO, in

the regenerator if high water vapour concentration is taken into account.
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4.2 Description of Facility and Experimental Procedure

In the following figure a schematic of the facility in use is presented. The carbonator,
the regenerator and the main components are depicted.

CO2 lean Candle
gas stream Filter Cyclone

Gas Analyser

COz rich
as stream
g ]

REGENERATOR
CARBONATOR

Steam Generator

H20
N2 CO2

H20
N2 CO2

Figure 4.1: Facility Drawing

A thorough description of the facility can also be found elsewhere [6], as well as the
relative hydrodynamic analysis [28].

The limestone used for the experiments of this thesis is a limestone originating from
south Germany with the following chemical and structural properties:

Table 4.3: Limestone utilized

Limestone
Cao Sio2 Al203 Fe203 MgO Na20 TiO2
56.01 0.3 0.13 0.08 0.26 0.02 0.01
Porosity (%) Total pcz)re Mt?an pore | Bulk density | Apparent density
area (m?/g) | diameter (g/ml) (kg/ml)
24.16 3.18 160 1.9 2.51

To initiate the process the appropriate temperatures in the reactors have to be
reached. The electrical heaters are switched on until they reach the respective temperatures.
N type thermocouples were used along the reactors to measure the temperature at different

spots. The MFC devices — Mass Flow Controllers are also switched on and tested to provide
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the appropriate aeration to the regenerator, the carbonator and the two loop seals. The MFC
devices have to be calibrated for adequate corrections of the resulting data.

Thereafter the reactors have to be filled with the appropriate amount of sorbent — pre-
calcined lime, in order to achieve the respective circulating and bubbling fluidized bed condi-
tions. The pressure drop profiles were provided by transducers allowing us to monitor the
mass content of the reactors and the loop seals. Eventually stable circulation of the material
is established. The latter is achieved in two steps: first stable internal circulation is achieved,
which means that circulating fluidization conditions have been established in the carbonator.
Thereafter the cone valve is opened and external circulation is also established. Now there is
cyclic flow of the sorbent from the carbonator to the regenerator.

At this point and as long as the desired temperature, pressure and circulation rate
have been reached, the CO, flow — Fco, is introduced in the carbonator. The lime - CaO
captures COz2 and leaves the reactor in a mixed form of CaO and CaCOas. Together with the
CO:2 lean flue gas stream it passes through the 1% cyclone of the carbonator. There, gas and
solid are separated. The gas stream also containing fine particles goes through the 2" cy-
clone of the carbonator, then through the candle filters and then part of it through the gas
analyser, an ABB Advance Optima 2020 for this case, whereas the rest is released into the
atmosphere. The 2™ cyclone and candle filters retain the fine particles from the gas stream.

The solids separated earlier in the 1* cyclone go through the standpipe and into the
ULS. The ULS resembles a small FB, since it utilizes N2 aeration to fluidize the solids. There
part of the solids return to the carbonator and part of them to the regenerator. The amount of
solids leaving the internal loop to enter the regenerator is determined by the cone valve. The
CV is a novelty of this facility and is remotely operated from the control room. The material
that goes through the CV then enters the regenerator. There it is calcined to the form of CaO
again, whereas the CO2 released leaves the reactor in a rich CO2 stream. It passes a cy-
clone and a candle filter and part of it is measured by a gas analyser, an ABB Easy Line
3020 for this case, whereas the rest is released into the atmosphere. The regenerator has a
bubbling bed and so the additional material that enters overflows to the LLS.

Finally the LabView software program is used to control the facility and acquire the
respective data.

Steady state operation of the facility is achieved in order to take solid samples.
Steady state is hamed here the condition of stability for a respectable amount of time, during
which measurements can be taken, that can be considered representative of the result, re-
garding the respective experimental conditions. For the sets of experiments conducted dur-
ing this thesis a period of 10 to 15 minutes was considered to be adequate. The parameters

that are kept steady are the following: The mass in the carbonator, (in the regenerator it



4 Methodology and Experimental Procedure 29

should be steady due to the overflow pipe), the fluidization velocity, the temperatures, the
CO2 concentrations especially in the regenerator since they directly affect the calcination
process and the circulation rate and COz2 flow in the carbonator. The circulation rate is meas-
ured by filling a pipe of known volume integrated in the facility. For the last two factors the
looping ratio FCca/FCO2 can be kept steady instead.

Solid samples are taken after each steady state, respective to the conditions of the
carbonator and the regenerator. For the regenerator, samples were taken from the LLS,
since the material accumulated there derives solely from the regenerator and is expected to
provide us with the X Value needed, namely the carbonate content after calcination. For
the carbonator, samples were taken from the ULS, since the material accumulated there de-
rives solely from the carbonator and is expected to provide us with the X.,, value, namely

the carbonate content after carbonation.

4.3 Laboratory Analysis

The carbonate content of the samples collected was measured by a thermo-
gravimetric analyser, in particular TGA 701 by LECO at the IFK laboratory. The sample was
heated in order to dissipate any water it may contain at a low temperature. The initial mass
as well as the mass of the sample after dehydration was measured. The sample was then
heated at a high temperature for an amount of time adequate to be fully calcined. After that
the sorbent left is purely CaO, since the COz2 it contained was released during calcination.
The final sample mass was measured. Comparing the final mass left to the mass after dehy-
dration allows us to know the amount of CaCOg; in the sorbent, namely Xcap.

A TG analyser developed by the IFK institute in cooperation with Linseis Thermal
Analysis was also used to validate the Xcalc values from the TGA 701 and to calculate the
maximum carbonation conversion - Xnaxave Value. The particular device showed a latent
mass increase following the temperature increase. Summarily the samples of steady states
taken from the LLS were heated up to 900°C in order to be fully calcined. From the mass
difference the calcination conversion value - X, value was calculated. Then the temperature
was lowered at 650°C and the samples were fully carbonated to determine the maximum
carbonation conversion - Xnaxave- IN the end a comparison of the results of the two devices
took place.

The maximum carbonation conversion Xmaxave Of €ach sample was measured by the
TG analyser developed by the IFK institute in cooperation with Linseis Thermal Analysis. The
following diagram presents a typical carbonation curve. It is taken from an experimental

steady state and is indicative of the various reaction areas. In the beginning of the reaction
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the fast reaction regime can be noticed, during which a kinetic controlled reaction takes
place. Most of the COz2 is captured during this regime. Thereafter follows the slow reaction
regime which is controlled by diffusion. It is suggested that during the fast reaction regime
CO:z2 is rapidly captured at the surface of the CaO grains forming a critical product layer [56].
After that point the carbonation reaction still takes place at a much slower pace. The CO2
gradually enters the pores of the CaO grains due to diffusion to be captured.

The tangent of the fast reaction and that of the slow diffusion regime intersect at a
point that gives the Xmax value. The Xnaxave Value is the maximum carbonation conversion
of the sorbent in the fast reaction regime time, that is considered to be the carbonator reac-

tion time for the Ca-looping process.
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Figure 4.2: Carbonation Curve

Additionally the particle size distribution of the sorbent - PSD was measured. A Mal-
vern device was used for this purpose. The device calculates the dp1o, dpso and dpgo as well
as the cumulative size of the sorbent using a laser beam. Finally the surface area of the
sorbent and porosity of the sorbent were also measured utilizing the BET - Brunauer Emmett
Teller method. In particular microstructure of sorbents was examined by means of Energy
Dispersive-Scanning Electron Microscopy (EDS/SEM, 6300 JEOL; samples were coated with
Au to reduce charging). Nitrogen adsorption measurements were performed using an Auto-
sorb-1, Micropore version, static volumetric system (Quantachrome Instruments), at 77 K.
Prior to each measurement the sorbents were outgassed overnight at 623 K under high vac-

uum.
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4.4 Measured and Calculated Parameters

e Circulation rate: The optimal choice of the sorbent recirculation rate should be de-
termined as a trade-off between the conflicting requirements of increasing the carbona-
tion efficiency and decreasing the thermal power demand at the regenerator.

¢ Residence time: It is calculated based on the sorbent mass of the respective reactor
and the circulation rate.

e Space time: It is defined as the ratio of molar inventory in the carbonator to the CO,
inlet molar flow and expresses the bed inventory for a specific FCO,. It is calculated

based on the sorbent mass of the respective reactor and the CO, inlet flow.

N . .
Tspace = - iN Min
Fco,

e Active space time: It is defined as the product of space time and the free active CaO

N
part bed. Tactive = ¥ . fa * Xmax
COZ

e Looping ratio : Itis calculated based in the circulation rate and the COz2 inlet flow.

LR = Jea

Fco,
e Gas inlet flows: The gas inlet flows are given by MFC controllers.

e Gas outlet flows: The gas outlet percentages are given by gas analysers. The CO2
outlet percentage is measured, whereas corrections are applied that take into account
possible air leakages, according to the O, found at the exit. Finally a N2 measurement is
utilized occasionally to calculate the outlet flow at the exit point.

e Temperatures: Measured by type K thermocouples

e Pressures and mass content: The pressures along the reactor are measured by

pressure transducers. The mass content is calculated by the respective pressure drop.

Wig

AP = A

W is given in kg, AP in 100mbar, g is the acceleration of gravity c.a. 9.81 m/s? and A is
*1)2
the area of the reactor given by the equation A = % in m?.

The pressure drop expected in order that the facility works normally is around 25mbar for
Elwira, 70 to 100 mbar for Diva and around 80 mbar in the standpipe.
e Mass balance:

The concept of the mass balance calculation is that the CO2 captures in Diva should
be equal to the CO2 absorbed in the solids or the CO2 that was released during calcina-

tion in Elwira.

FC02 * Ecarb = Fca * Xcarb — Xcale)
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For Elwira the CO2 measured should be equal to the CO2 inlet plus the CO2 released
from solids: copeasured — colnlet 4 g (X b — Xeare)

o Efficiency of the carbonator: The efficiency of the carbonator refers to the amount
of CO, that can be captured by the solids. It can be calculated by the CO2 inlet and outlet

flows.
Ecary or Eco, = YCOZi;_ Ycozout
CO2in
Eco, = N8y * %
Ecarb = K* @ * Xpay * Topace * fa * (Coz = Ce):  fa =1 — exp(—7), [27]

K is a reaction speed factor, @ contact factor, Xmax maximum conversion capacity, Tres

the residence time in Diva, Cco. and Ceq the CO2 and COz2 equilibrium concentrations re-

spectively and f, the number of particles below t* , within the fast reaction regime, able to

react.

e Efficiency of the regenerator: The efficiency of the regenerator refers to the amount
of CO, captured from the solids that can be released. It can be calculated from the CO2

content of the solids leaving and entering the carbonator, Xcarb and Xcalc respectively.

E __ Xcarb—Xcalc
reg = Xcarb

e CO2zequilibrium: [57] It is calculated based on the temperature of the carbonator.

-20474

COequil(%) = (4.137 + 107) * exp (—(Tcarb+z73-15)

)+ 100 [56]

o Equilibrium carbonator efficiency: It is calculated based on the CO2 equilibrium
value and the COz2 inlet and outlet concentrations.

E _ COR (%) —COZet it (%)
CO2equil — out

C .
in _ 2equil
Co3'+(1 —100 )

* 100

e Theoretical cycles [27]: The Ny, expresses the amount of times that the moles of
CO; captured could carbonate the bed inventory Nca up to its CO, carrying capacity

Xmax,ave-

E * F
Nm:fJ&jgﬁ*m
Ncg * Amax
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5 Results, Discussion and Conclusion

5.1 Quality of the Experimental Data

5.1.1 Steady States and Mass Balance

The steady states taken during the experimental procedure are presented below on
the thermodynamic carbonation curve. Their respective CO, partial pressure and tempera-

ture is shown.

Thermodynamic Equilibrium Curve
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Carbonation
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Figure 5.1: Experimental Points - Steady States on the Thermodynamic Equilibrium Curve
Exp. case 1. Carb: 16% CO,, 8% H,0, rest N,, 630°C Reg: wet flue gas, 46% CO,, rest N,, 900°C
Exp. case 2: Carb: 10% CO,, rest N,, 630°C Reg: wet flue gas, 55% CO,, rest N,, 900°C
Exp. case 3: Carb: 14% CO,, rest N,, 630°C Reg: wet flue gas, 61% CO,, rest N,, 920°C

The experimental data are validated through the closure of the mass balance equa-
tion:
FCOZ * Ecarb = Fca * Xearb — Xealc)

The equation indicates that the CO, capture in the carbonator from the gas phase is found in

the solid phase and should be released in the regenerator.
The following diagram presents the carbonator mass balance as shown in the follow-

ing equation On the X axis there is the CO, moles per hour released from solids as

calculated by the X and X Values of the TGA analysis. On the Y axis there is the CO,

moles per hour captured as calculated from the gas analysers and MFCs. Eventually the two
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different captured CO, calculations should be in agreement for all three experimental sets. It
can be seen that this is the case for most points. The significant deviation of some points is
mainly attributed to the uncertainty or errors of the carbon content that derived from the TGA

analysis.

Carbonator mass balance
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Figure 5.2: Carbonator Mass Balance

Exp. case 1. Carb: 16% CO,, 8% H,0, rest N,, 630°C Reg: wet flue gas, 46% CO,, rest N,, 900°C
Exp. case 2: Carb: 10% CO,, rest N,, 630°C Reg: wet flue gas, 55% CO,, rest N,, 900°C

Exp. case 3: Carb: 14% CO,, rest N,, 630°C Reg: wet flue gas, 61% CO,, rest N,, 920°C

On the next diagram the mass balance for the regenerator is presented for the three
experimental cases. On the X axis there is the regenerator CO, outlet flow in percentage as
measured on the facility. On the Y axis there is the theoretically calculated CO, outlet con-
sidering the CO, entering the regenerator and the CO, released from solids. It can be seen
that the two different CO, outlet estimations are in agreement. Again the main factor of devia-
tion was the uncertainty and possible errors of the TGA analysis during the calculation of the

CO, released by solids.
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Regenerator mass balance
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Figure 5.3: Regenerator Mass Balance

CO, out measured (%)

Exp. case 1: Carb: 16% CO,, 8% H,O, rest N,, 630°C Reg: wet flue gas, 46% CO,, rest N,, 900°C
Exp. case 2: Carb: 10% CO,, rest N, 630°C Reg: wet flue gas, 55% CO,, rest N,, 900°C
Exp. case 3: Carb: 14% CO,, rest N,, 630°C Reg: wet flue gas, 61% CO,, rest N,, 920°C
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Figure 5.4: Example of Steady State for the Carbonator
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Figure 5.5: Example of Steady State for the Regenerator
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The two diagrams below are indicative of a steady state condition for the carbonator
and the regenerator respectively. The 5™ steady state of the second experimental set with
steam in the regenerator at 900°C was chosen to be demonstrated, since it presented the
steadiest measured values for both the carbonator and the regenerator.

For the carbonator the CO, inlet stream value should obviously be greater than the
CO; outlet value, whereas the opposite applies for the regenerator. It is noticed that the CO,
inlet and outlet streams, as well as the temperature remain stable for both reactors during the
steady state.

It is noted that the CO, inlet and outlet values for both reactors are close which is in-
dicative of low efficiency. However we should bear in mind that the experimental efforts of
this thesis were mainly focused in determining the effect of water vapour presence. Other
factors that greatly affect the efficiency such as solid circulation rate were not necessarily

optimized.

5.2 Maximum Carbonation Conversion of the Sorbent (Xnax.ave)

In the following diagrams the maximum carbonation conversion versus the cumulative
moles of H,O/mol Ca and versus the correspondent water vapour partial pressures can be
observed for the 1% experimental case, with water vapour in both reactors. The maximum
carbonation conversion is the value of the capture capacity of the sorbent; high Xiaxave iS
also related to higher efficiency of the carbonator according to the E .+ equation. The varia-
ble of cumulative moles of H,O/mol Ca was chosen in order to be able to compare the differ-
ent experimental cases, each of which has undergone different sintering due to different
amounts of water vapour that have been through the reactor. The initial Xmax value of the
fresh material for this experimental case drops rapidly at first, following the sorbent decay
trend found in literature [20], until it reaches a relatively stable value around 20%. In conclu-
sion the sorbent gradually loses the ability to capture CO,, however for this case the sorbent
activity remains at high levels in comparison to previous experiments without steam.

By observing the diagram of water vapour partial pressure it is noted that initially the
Xmax Value remains constant for an increase of 10% H,O partial pressure. For a stable value
of 20% partial pressure the X.« value drops. For a further 10% H,O increase the X, value
remains constant if not slightly improved. Again for a stable value of 30% patrtial pressure the
Xmax value drops. The same tendency is observed also for the last two steady states. The
above is indicative of a possible temporary enhancing effect of increased water vapour par-
tial pressure, that decays over time as would be expected for conditions without water vapour
found in [20].
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Figure 5.6: a)Maximum Carbonation Conversion versus cumulative H,O/Ca b)Maximum Carbonation
Conversion versus H,O partial pressure

Exp. case 1. Carb: 16% CO,, 8% H,0, rest N,, 630°C Reg: wet flue gas, 46% CO,, rest N,, 900°C

In the following diagrams the maximum carbonation conversion versus the cumulative
moles of H,O/mol Ca can be observed for the experimental cases when water vapour was
present only during calcination. For the 2" experimental case —water vapour in the regenera-
tor at 900°C the initial Xmaxave Value of the fresh material drops rapidly at first until it reaches
a relatively stable value of residual activity, following the sorbent decay trend found in litera-
ture [45]. Half of this material was used for the 3™ experimental case along with fresh materi-
al added to reach the total essential sorbent content. As a result the 3" experimental case —
water vapour in the regenerator at 920°C does not present the initial rapid decrease ob-
served for the 2" case. The overall maximum carbonation conversion tends to reach a stable
value of 22 to 25%. Although for the 2™ case the residual point has not yet been reached it is
presumed it would not reach values lower than these of the 3™ case. This is because 3" case
is correspondent to increased sintering due to the greater working time and higher tempera-
ture in the regenerator - 920°C. Finally the peaks observed in the diagrams are attributed to

the addition of small batches fresh material to maintain the desirable sorbent circulation rate.
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Figure 5.7: Maximum Carbonation Conversion versus cumulative H,O/Ca
a) Exp. case 2: Carb: 10% CO,, rest N,, 630°C Reg: wet flue gas, 55% CO,, rest N,, 900°C
b) Exp. case 3: Carb: 14% CO,, rest N,, 630°C Reg: wet flue gas, 61% CO,, rest N,, 920°C

Comparison of the Different Experimental Data

In the following diagram the maximum carbonation conversion versus the corre-
spondent water vapour partial pressures can be observed for the three experimental cases,
described in the caption. The variable of H,O partial pressure was chosen in order to study a
possible effect of the different water vapour environment for each particular steady state, in
addition to the overall cumulative H,O effect studied previously. The expected decay trend is
observed [45] and although greater residual activity is achieved, high water vapour partial

pressures do not seem to significantly affect the outcome.
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Figure 5.8: The effect of water vapour partial pressure on Xmax.ave

Exp. case 1: Carb: 16% CO,, 8% H,O, rest N, 630°C Reg: wet flue gas, 46% CO,, rest N,, 900°C
Exp. case 2: Carb: 10% CO,, rest N,, 630°C Reg: wet flue gas, 55% CO,, rest N,, 900°C

Exp. case 3: Carb: 14% CO,, rest N,, 630°C Reg: wet flue gas, 61% CO,, rest N,, 920°C
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In the following diagrams the maximum carbonation conversion versus the theoretical
cycles and versus the experimental time (CO, present in the carbonator) can be observed for
the three experimental cases, described in the caption. Additionally the experimental cases
are compared to previous experimental data also described in the caption. The overall theo-
retical cycles and the experimental time variables were chosen in order to be able to com-
pare the different experimental cases, each of which has undergone different sintering, since
CO, captured and released is a major factor contributing to the sintering of the sorbent.
Moreover the experimental time is a good indication of the decay of the sorbent activity. Both
the theoretical cycles and the experimental time are a good norm for comparing with previ-
ous experimental data without presence of water vapour. It is observed that the sorbent ac-
tivity presents a sharp initial degradation as expected [45] and reaches a rather stable level
of residual activity. However for the experimental cases that water vapour is involved the
residual activity level is around 20 to 23%, whereas for previous experiments that no water
vapour was involved the residual activity level is lower, around 12%. The latter conclusion is
of great importance since an increased capture capacity of the sorbent for many hours of
operation means greater efficiency for a lower looping ratio value, probably less make-up
flow and generally greater feasibility of the process in question. The following equation
shows the relation between Xmaxave and the Eca, [27]:

E"carb =Kx*® x Xmax * Tspace * fa * (CCOZ - Ceq)

Increased maximum carbonation conversion around double like it was observed dur-
ing this thesis, is to be found also in literature [33]. When water vapour is present during car-
bonation only, the finer pores are retained and the higher conversion is owing to a reduction
in the diffusion resistance through the carbonate later. When water vapour present during
calcination only there is a shift toward larger pores due to enhanced sintering. These pores
are less susceptible to pore blockage thus allowing for the higher conversion. A synergistic
effect of the above two properties was also observed for water vapour present in both the

carbonator and the regenerator.
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Figure 5.9: Maximum Carbonation Conversion versus Theoretical Cycles

Exp. case 1: Carb: 16% CO,, 8% H,O, rest N,, 630°C Reg: wet flue gas, 46% CO,, rest N,, 900°C
Exp. case 2: Carb: 10% CO,, rest N, 630°C Reg: wet flue gas, 55% CO,, rest N,, 900°C

Exp. case 3: Carb: 14% CO,, rest N, 630°C Reg: wet flue gas, 61% CO,, rest N,, 920°C

Prev. experiments: Carb: 12% CO2, rest N2,630°C Reg: dry flue gas, 53% CO2, rest N2, 900°C [58]
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Figure 5.10: Maximum Carbonation Conversion versus experimental time

Exp. case 1: Carb: 16% CO,, 8% H,O, rest N, 630°C Reg: wet flue gas, 46% CO,, rest N, 900°C
Exp. case 2: Carb: 10% CO,, rest N, 630°C Reg: wet flue gas, 55% CO,, rest N,, 900°C

Exp. case 3: Carb: 14% CO,, rest N, 630°C Reg: wet flue gas, 61% CO,, rest N,, 920°C

Prev. experiments: Carb: 12% CO,, rest N2,630°C Reg: dry flue gas, 53% CO2, rest N2, 900°C [58]
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5.3 Surface Area of the Sorbent

Surface area is related with the reactivity of the sorbent. Increased surface area offers
more places for CO2 to be captured on the surface of the particle during the fast reaction
regime. The COz2 capture continues thereafter through a slow diffusion mechanism. The de-
velopment of the surface area of the sorbent for the experimental sets of this thesis is pre-
sented in the diagrams below.

The initial surface area of the sorbent is 7.98m?g for the fresh calcined material of
the 1% experimental set and 6.22m?g for the 2" experimental set. After 6hours and 30min
the surface area has declined to 1.73m?g for the 1% experimental set and after 3hours 45min
to 3.01m?/qg for the 2" experimental set. The lower value for the 1% set is expected since the
material has undergone cyclic carbonation/calcination for more time, thus presenting in-
creased sintering and less surface area. For the 3" experimental set half older material was

used that had already undergone sintering and half fresh calcined material was added.
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Figure 5.11: Surface Area

Exp. case 1: Carb: 16% CO,, 8% H,O, rest N,, 630°C Reg: wet flue gas, 46% CO,, rest N,, 900°C
Exp. case 2: Carb: 10% CO,, rest N,, 630°C Reg: wet flue gas, 55% CO,, rest N,, 900°C

Exp. case 3: Carb: 14% CO,, rest N, 630°C Reg: wet flue gas, 61% CO,, rest N,, 920°C

In the following table the normalized surface area is presented for different experi-
mental conditions. It is noted that when water vapour is present there is increased sintering
as expected from literature [50] and greater decrease of the surface area. On the contrary
conditions of previous experiments without water vapour presence present a rather stable

value of normalized surface area that is maintained for several theoretical cycles. The in-
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creased maximum carbonation conversion reported earlier despite the greater decrease of
surface area is also found in literature. Florin et al [33] suggested that although in the pres-
ence of water vapour during calcination a reduction in surface area is observed, there is also
a shift to larger pores that are less susceptible to pore blockage, thus allowing for the higher

conversion.
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Figure 5.12: Surface Area Decrease Rate Sina/Soriginal

Exp. case 1. Carb: 16% CO,, 8% H,0, rest N,, 630°C Reg: wet flue gas, 46% CO,, rest N,, 900°C
Exp. case 2: Carb: 10% CO,, rest N,, 630°C Reg: wet flue gas, 55% CO,, rest N,, 900°C

Exp. case 3: Carb: 14% CO,, rest N,, 630°C Reg: wet flue gas, 61% CO,, rest N,, 920°C

Prev. experiments: Carb: 12% CO,, rest N,,630°C Reg: dry flue gas, 53% CO,, rest N,, 900°C [58]

The following two diagrams present the above samples in relation to the total water
vapour and CO2 corresponding to each sample. From the comparison of the trend lines of
the two diagrams we can assume that CO2 presence increases the sintering far more than
H20 presence since the respective trend lines are more inclined. In general we should ex-
pect that CO2, H20 and high temperatures promote sintering according to Borgwardt et al
[50].
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Figure 5.13: a)Surface Area versus cumulative H,O/Ca b)Surface Area versus cumulative CO,/Ca
Exp. case 1. Carb: 16% CO,, 8% H,0, rest N,, 630°C Reg: wet flue gas, 46% CO,, rest N,, 900°C
Exp. case 2: Carb: 10% CO,, rest N,, 630°C Reg: wet flue gas, 55% CO,, rest N,, 900°C
Exp. case 3: Carb: 14% CO,, rest N,, 630°C Reg: wet flue gas, 61% CO,, rest N,, 920°C

5.4 Carbonator Performance

Carbonate Content of the Sorbent Exiting the Carbonator (Xcamn)

The Xcan Value is the CaCO; formed when CaO captures CaO per moles of Ca. In the
following diagram the carbonation conversion versus the residence time of the sorbent in the
carbonator is plotted for the three experimental cases described in the caption. Xcarb value
is of interest since according to the fundamental equation:

Ecarb  F{§, = Fca * Xcarb — Xcalc)

it directly affects the efficiency of the carbonator; the higher the X, value the greater the
CO, capture efficiency. It is observed that for similar residence time values, in particular be-
tween 4 to 8 minutes, the X, values for the 2" and 3™ cases with water vapour in the re-
generator is around 10 to 15%. A clear improvement is observed for the 1% case with water
vapour in both reactors, that presents X values of around 49%. It is also observed that
points with great residence time present low X, values, contrary to what would be ex-
pected. For these points this is explained by great respective looping ratio values as it is pre-
sented later.

The experimental points are correspondent to various water vapour partial pressures
in the regenerator. H,O concentrations varied from 10 to 40%. However no significant
changes or particular trends were observed. It is concluded that water vapour affected the
Xcarb value only when present in the carbonator. The improvement in the reaction speed for
this case can be found in literature [31], [32], [43], [44], [51]. Although its mechanism is not
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completely understood it is proposed that it is due to an improvement in heat transfer proper-
ties, since steam presents better heat transfer than CO2 or air and/or an improvement in the
porosity properties of the sorbent.
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Figure 5.14: Xcarb versus residence time of the carbonator

Exp. case 1. Carb: 16% CO,, 8% H,0, rest N,, 630°C Reg: wet flue gas, 46% CO,, rest N,, 900°C
Exp. case 2: Carb: 10% CO,, rest N,, 630°C Reg: wet flue gas, 55% CO,, rest N,, 900°C

Exp. case 3: Carb: 14% CO,, rest N, 630°C Reg: wet flue gas, 61% CO,, rest N,, 920°C

Efficiency of the Carbonator (Ecam)

The effect of steam partial pressure on the efficiency of the carbonator is studied

here. Whether steam in different partial pressures in the regenerator or stable in the carbona-
tor, in relation to other factors such as temperature, would improve the carbonation process.

The carbonator efficiency is calculated by the following equation:

Feb2 — FEo3
Ecarb = T
Cco2
I Fco,out
—
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Fca*Xearb (@)
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I Fco,in

Figure 5.15: Carbonator Schematic
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In the following diagram the efficiency of the carbonator versus the looping ratio is
plotted for the three experimental cases described in the caption. It is observed that E 4, is
an increasing function of looping ratio Fca/FCO,. Moreover higher temperature gives higher
Ecan Values, since lower X4 vValues are achieved, according to the fundamental equation:

Ecarb * FD, = Fea * Kearb — Xcalc)
Water vapour in the carbonator results to increased carbonator efficiency for the same loop-

ing ratio values, due to the increased reaction speed, according to the equation:

dx
__ ,carb
Eco, =N * at

The effect of water vapour in the carbonator and higher temperature appears to be stronger
than the space time, since it can be seen that the 2" case with the highest space time pre-
sents the lowest efficiencies in comparison to those of the 1° and 3" experimental case that
have lower space time values. According to the diagram for the 1% case with water vapour in
both reactors great efficiency values are achieved for very low looping ratio values in com-
parison to the other cases. In particular for a looping ration of only 3, an efficiency of around
80% was achieved. This is a very optimistic finding since low looping ratios are desirable.
High looping ratios mean increased heat losses due to the increased circulation of solids.
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Figure 5.16: Carbonator efficiency versus looping ratio and space time

Exp. case 1: Carb: 16% CO,, 8% H,O, rest N,, 630°C Reg: wet flue gas, 46% CO,, rest N,, 900°C
Exp. case 2: Carb: 10% CO,, rest N, 630°C Reg: wet flue gas, 55% CO,, rest N,, 900°C

Exp. case 3: Carb: 14% CO,, rest N, 630°C Reg: wet flue gas, 61% CO,, rest N,, 920°C

Carbonation Model Validation

Charitos et al [27] proposed a model that connects the efficiency of the carbonator to

the active space time. According to the model a single equation can be used to design the
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process. The equation of active space time was used in order to describe the fact that only a

fraction f, of the total particle population is able to react and capture CO,. The model equa-
tions are the following:

NCa
Ecarb = Ks * ® * Xpay * —— * f * (Ccoz — Ceq)
Fcoz

Nca t

Tactive = Feo, * £ * Xmax ) f,=1-—exp(— T )
2 res
t = Xmax - Xcalc C_ _ COZin - COZout
- - i Cco, —
Ks * Xmax * (CCOZ - CCOZequil) 2 ln(é:(())Zin )
Zout

Fitting the experimental data to the theoretical model provided the apparent kinetic
constant for the particular experimental cases of this thesis. The highest kinetic constant is
observed for the 1* experimental case with water vapour in both reactors equal to 2s™. The
2" case with water vapour in the regenerator at 900°C presented the lowest apparent kinetic
constant value 0.323s™, still higher than the value of previous experiments without water
vapour around 0.26s™. The 3" case with water vapour in the regenerator at 920°C also pre-
sented an increased value of 0.78s™.

For the fitting constant reported above good agreement was found between the ex-
perimental data and model calculations. The following diagram presents the experimental
versus the model carbonator efficiency. Good agreement of the experimental data and the
theoretical calculations can be observed.

Carbonation model validation
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Figure 5.17: Experimental carbonator efficiency versus model carbonator efficiency

Exp. case 1: Carb: 16% CO,, 8% H,O, rest N, 630°C Reg: wet flue gas, 46% CO,, rest N, 900°C
Exp. case 2: Carb: 10% CO,, rest N, 630°C Reg: wet flue gas, 55% CO,, rest N,, 900°C

Exp. case 3: Carb: 14% CO,, rest N,, 630°C Reg: wet flue gas, 61% CO,, rest N,, 920°C
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In the following diagram the experimental efficiency of the carbonator is plotted ver-
sus the active space time. On the diagram the model lines that occurred from the theoretical
calculation can also be observed for each case. Again good agreement is observed between
the experimental data and the respective model lines. It can be observed that especially for
the 1% case with water vapour in both reactors for a very low value of Tygve Very high Ecap
values are achieved. In particular 60% efficiency is achieved for this case with an active
space time of less than 5sec, whereas for the 2™ case and for previous experiments without
water vapour more than 30sec were needed for the same efficiency. Lower Tqve Values are

correspondent to greater feasibility for the process.
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Figure 5.18: Carbonator efficiency versus active space time

Exp. case 1. Carb: 16% CO,, 8% H,0, rest N,, 630°C Reg: wet flue gas, 46% CO,, rest N,, 900°C
Exp. case 2: Carb: 10% CO,, rest N,, 630°C Reg: wet flue gas, 55% CO,, rest N,, 900°C

Exp. case 3: Carb: 14% CO,, rest N,, 630°C Reg: wet flue gas, 61% CO,, rest N,, 920°C

Increased carbonation reaction when water vapour is present during carbonation is
also found in literature [33]. Florin et al suggested that in this case the reaction proceeds
more rapidly in the initial stages of the reaction and the maximum reaction rate is higher

compared to experiments without water vapour present.

5.5 Regenerator Performance

Carbonate Content of the Sorbent Exiting the Regenerator (Xcaic)

Due to the fact that our regenerator is a BFB and that high CO, partial pressures of
up to 65% are to be found in the regenerator, some of the CO, carried from the sorbent in the

form of CaCOj; into the regenerator cannot be released, thus not all of the CaCO; is decom-
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posed to form CaO when leaving the regenerator. The remaining CaCO; per mol Ca is the
Xcalc Value.

The following diagram depicts the conversion of CaCO; to CaO (1-Xq) for the differ-
ent water vapour partial pressures and the respective regenerator residence time for the
three experimental cases as described in the caption. From the 2™ and 3" case with water
vapour only in the regenerator, it is obvious that for similar residence times the conversion of
CaCO; to CaO is an increasing function of water vapour partial pressure. The 1* case with
water vapour in both reactors presents a relatively stable conversion independently of the
water vapour concentration. This is explained by the high residence times of this case. It is
assumed that the reaction has reached its limits. The sorbent has stayed long enough in the
reactor and fraction that was able has already been conversed to lime. Mainly facility limita-
tions due to the maximum heat transfer capacity do not allow for full sorbent calcination. The
3" case presents high conversion values for the same residence time and water vapour con-
centration as the 2" case due to the increased temperature that enhances calcination ac-
cording to the thermodynamic equilibrium curve [30]. It also presents higher conversion val-
ues than the 1* case. This indicates that higher temperature increases the conversion limits
as expected [30]. The enhancement of the calcination reaction found during this thesis is
also consistent with the findings of Wang et al [44], who attributed it to the better thermal
conductivity of water vapour than that of N..
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Figure 5.19: Conversion of CaCO3 to CaO versus water vapour partial pressure

Exp. case 1: Carb: 16% CO,, 8% H.,O, rest N,, 630°C Reg: wet flue gas, 46% CO,, rest N,, 900°C
Exp. case 2: Carb: 10% CO,, rest N,, 630°C Reg: wet flue gas, 55% CO,, rest N,, 900°C

Exp. case 3: Carb: 14% CO,, rest N, 630°C Reg: wet flue gas, 61% CO,, rest N,, 920°C

In the following diagram the conversion of CaCO; to CaO (1-X.q.) is presented for the
respective cumulative H,O moles/moles Ca, for the three experimental cases as described in

the caption. The tendency described above is validated, whereas the calcination limitations
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independently of water vapour can also be observed. In conclusion although water vapour
appears to enhance the calcination reaction, the factor of temperature seems to be the deci-
sive one.
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Figure 5.20: Conversion of CaCO3; to CaO versus cumulative moles of H,O/mol Ca

Exp. case 1. Carb: 16% CO,, 8% H,0, rest N,, 630°C Reg: wet flue gas, 46% CO,, rest N,, 900°C
Exp. case 2: Carb: 10% CO,, rest N,, 630°C Reg: wet flue gas, 55% CO,, rest N,, 900°C

Exp. case 3: Carb: 14% CO,, rest N, 630°C Reg: wet flue gas, 61% CO,, rest N,, 920°C

Efficiency of the Regenerator (E )

The effect of water vapour partial pressure on the efficiency of the regenerator is
studied here. Whether steam either in the regenerator or the carbonator, in relation to other
factors such as temperature, would improve the regeneration process. The regenerator effi-
ciency (E.g) is a function of the percentage of CO, in the sorbent (Xca») that enters the re-
generator in the form of CaCO; and of the percentage of CO, in the sorbent that could not be
released during the calcination (X¢4c) and leaves the regenerator still in the form of CaCOs.

Xcarb — Xcalc
Xcarb
It is obvious that a relatively good, namely low value of X 4. would affect the efficiency

Ereg =

of the regenerator positively, since it would give a greater difference of
Xear-Xcaic @nd therefore a greater E,oq value. On the other hand things are not so simple re-
garding the X¢qp. A relatively good, namely high value of X . would give a greater difference
of Xcamn-Xcaie, hOWever it would also give a greater denominator that would tend to decrease
the Ereg value.

In the following diagram the efficiency of the regenerator is plotted against the value

Of tresreg/Xcarn IN Order to normalize and therefore compare the various experimental results.
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The residence time affects the E.4 since the more time the sorbent spends in the bubbling
fluidized bed of the regenerator the greater the portion of CaCOj that can be calcined. On the
other hand a high value of X, in the sorbent entering the regenerator, would mean a great-
er load for the regenerator to calcine. In general increased efficiency is observed for an in-
creasing tres g/ Xcarw ratio for all of the experimental cases. However some cases present a
sharper increase than others. Moreover the 1% and 3™ experimental cases present higher
efficiencies than the 2™ case and the previous experimental data without water vapour in-
volved. For the 1* case this is attributed to the water vapour presence in both reactors that
resulted in higher X.., values, whereas for the 3" case to the increased temperature that
resulted in lower X, values. For these two cases it can be observed that Egey Values as high
as 90% were achieved for only 50s of regenerator space time. For the same space time Ereq
values of only 60% are achieved for the 2" case and for previous experiments without water
vapour involved. Lower space time leads to less sorbent needed and therefore to a smaller
and more feasible reactor.
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Figure 5.21: Regenerator efficiency versus regenerator load

Exp. case 1. Carb: 16% CO,, 8% H,0, rest N,, 630°C Reg: wet flue gas, 46% CO,, rest N,, 900°C
Exp. case 2: Carb: 10% CO,, rest N,, 630°C Reg: wet flue gas, 55% CO,, rest N,, 900°C

Exp. case 3: Carb: 14% CO,, rest N,, 630°C Reg: wet flue gas, 61% CO,, rest N,, 920°C

Prev. experiments: Carb: 12% CO2, rest N2,630°C Reg: dry flue gas, 53% CO2, rest N2, 900°C [58]

The conclusion drawn by the 1% experimental case is that with the presence of water
vapour in the carbonator, we can achieve increased efficiency for the regenerator. However
a greater residence time—t,s in the regenerator is required, so that the increased Xcarb load
is handled. This would postulate a larger regenerator, thus increased cost of construction
and operation. In addition we should consider that for our experiments we used an electrical-

ly heated BFB as the regenerator, whereas for the upscaling an oxy-fuel CFB combustor will
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be used, which presents a set of advantages mentioned earlier in this thesis. Alternatively we
would have to operate the regenerator at a higher temperature, thus we would have an in-
creased demand for heating energy and therefore increased cost of operation. Therefore to
estimate the greater overall efficiency of the facility—potential power plant, a feasibility study
should be conducted to determine the best of the alternative options.

Moreover the achieved efficiencies of around 90% are quite satisfactory for the par-
ticular facility and operation conditions, regarding the BFB type of the regenerator as well as

the fluidization velocity.

5.6 Comminution Phenomena

In this chapter the attrition of the sorbent is studied, especially under the effect of
steam. The attrition rate of the sorbent is a major factor concerning the design of the facility
and the selection of limestone, since high attrition rate would consequently mean greater
make up flow of sorbent, thus increased cost of operation. Therefore the appropriate kind of
limestone should be selected presenting high attrition resistance, in accordance to the opera-
tional conditions of the facility. Moreover appropriate cyclones should be selected that would
allow only the finer particles to leave the looping cycle, without developing high velocity of the
exhaust gas that would lead to increased attrition, also properly designed to avoid blockage
from possibly agglomerated particles.

The influence of main operating variables, namely superficial gas velocity, mass and
particle size of the sorbent on fines generation has been investigated and experimental re-
sults have confirmed the validity of the relation [52]:

E=k(U-U,m/d
U is the fluidization gas velocity, U the minimum fluidization gas velocity, m the mass and d
the particle diameter. k is a suitable constant. According to this equation the higher the fluidi-
zation velocity the greater the attrition rate. This relation has already been proposed and ex-
tensively applied to the attrition of carbon during the fluidized bed combustion of coals [52].

To calculate the attrition rate of the sorbent the make-up batches added to the system
to compensate for material losses had to be calculated. After consulting the experimental
records we were able to sum up the small batches of extra sorbent that were added in the
looping cycle, each around one to two kilos, in order to maintain the steady operation of the
facility and also a relatively stable circulation rate of the sorbent. The material loss was at-
tributed solely to the disintegration of the sorbent due to attrition and the consequent abduc-
tion by the gas stream through the cyclone and out of the system. Therefore the make-up

batches are expected to be almost equivalent to the flow of material exiting the system
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through the cyclone. Afterwards the overall material in kg added, was divided by the total
mass of the system and then divided by the overall working hours of the facility, providing the
value of wt(%)/h, the percentage of mass loss per hour.

As stated previously in the theoretical part of this thesis the attrition rate is mainly de-
pendent on the following factors: operating temperature, steam partial pressure, fluidization
gas velocity and COz2 partial pressure.

The following diagram depicts the attrition rate for four different sets of experiments.
On the Y-axis the attrition rate is presented in weight percentage of the sorbent per hour,
whereas on the X axis the four different sets of experiments. The first was conducted during
previous experimental work in the facility and did not involve steam presence in either the
carbonator or the regenerator. The other three were performed during the present diploma
thesis and involved sequentially steam in both the carbonator and regenerator at 900°C and
steam only in the regenerator at 900°C and 920°C respectively. For the set conducted during
previous experimental campaigns the fluidization velocities, COz2 partial pressures and tem-
peratures were more or less similar to the present ones. Moreover the same limestone was

used in all cases with the respective properties presented earlier in this thesis.
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Figure 5.22: Mass loss per hour for different experimental conditions

Exp. case 1: Carb: 16% CO,, 8% H,O, rest N, 630°C Reg: wet flue gas, 46% CO,, rest N, 900°C
Exp. case 2: Carb: 10% CO,, rest N,, 630°C Reg: wet flue gas, 55% CO,, rest N,, 900°C

Exp. case 3: Carb: 14% CO,, rest N,, 630°C Reg: wet flue gas, 61% CO,, rest N,, 920°C

Prev. experiments: Carb: 12% CO2, rest N2,630°C Reg: dry flue gas, 53% CO2, rest N2, 900°C [58]

It is noted that the experimental sets with steam only in the regenerator at a tempera-
ture of 900°C and 920°C present a significantly higher attrition rate 2.12 and 2.25% respec-
tively in comparison to the 0.8% estimated for the previously conducted experiments with no

steam at all. This higher value is attributed to softening mechanisms of the sorbent, occurring
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due to the presence of steam in the regenerator. The last (3") experimental set conducted at
a temperature of 920°C in the regenerator presents a lower attrition rate possibly due to the
hardening of the material related to the increased temperature, as well as due to the partial
utilization of older material already to have reached a decreased residual attrition rate [52],
[48], since attrition is initially greater and gradually decays into a steady value. The last (3"
set was overall correspondent to a significantly greater cumulative H20 load of 203 moles, in
comparison to that of the previous (2" set, around 88 moles. It appears that the effect of
increased temperature is important for the 3™ case, which presented decreased rate of attri-
tion. This assumption is supported by the fact that the 3" case is correspondent to less
Ca/CO, make-up flow than the 2" case, as it is presented in the next diagram. However the
partial utilization of old material should also be taken into consideration, that should present
less initial attrition but also smaller initial size.

In the following diagram the attrition for different experimental conditions is plotted
again. On Y-axis the make-up flow Fo per the overall moles of the carbonator COz2 inlet can
be found, in order to provide useful data for the application in other facilities and the scale-up
of the process. Practically the diagram shows how many moles of Ca are needed in the sys-
tem for each mol of CO, captured.
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Figure 5.23: Material loss per CO, moles for different experimental conditions

Exp. case 1: Carb: 16% CO,, 8% H,O, rest N, 630°C Reg: wet flue gas, 46% CO,, rest N, 900°C
Exp. case 2: Carb: 10% CO,, rest N, 630°C Reg: wet flue gas, 55% CO,, rest N,, 900°C

Exp. case 3: Carb: 14% CO,, rest N,, 630°C Reg: wet flue gas, 61% CO,, rest N,, 920°C

Prev. experiments: Carb: 12% CO2, rest N2,630°C Reg: dry flue gas, 53% CO2, rest N2, 900°C [58]

Moreover in the following diagram the attrition normalized by the respective circula-

tion rate of the sorbent is presented for the various experimental conditions. Again this dia-
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gram is presented in order to provide useful data for the application in other facilities and the

scale-up of the process.
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Figure 5.24: Attrition expressed in make-up flow per circulation rate Fo/Fca

Exp. case 1. Carb: 16% CO,, 8% H,0, rest N,, 630°C Reg: wet flue gas, 46% CO,, rest N,, 900°C
Exp. case 2: Carb: 10% CO,, rest N,, 630°C Reg: wet flue gas, 55% CO,, rest N,, 900°C

Exp. case 3: Carb: 14% CO,, rest N, 630°C Reg: wet flue gas, 61% CO,, rest N,, 920°C

Prev. experiments: Carb: 12% CO2, rest N2,630°C Reg: dry flue gas, 53% CO2, rest N2, 900°C [58]

In general it is be observed that the higher attrition rates were noted for the experi-
mental case with steam in both carbonator and regenerator, approximately 4.8%/h, more
than double for the days with steam only in the regenerator. This extremely high value is at-
tributed to softening mechanisms of the sorbent, occurring due to the presence of steam, as
mentioned previously. It also appears that the combined presence of steam in both carbona-
tor and regenerator greatly worsens the attrition rate compared to the sets with steam only in
the regenerator. The softening mechanisms presumed lead to increased fragmentation and
smaller particle size.

Additionally for the 1% case with water vapour in both reactors a series of operating
difficulties were noted, such as ‘cement’ formations that blocked the 1* cyclone of the car-
bonator, inhibiting the stable flow of material in the secondary loop and resulting to the ac-
cumulation of active sorbent in the 2™ cyclone of the carbonator, out of the system. The for-
mation of these blockages mainly in the piping after the carbonator reactor, could be attribut-
ed to the lower temperature of the carbonator (630°C) which in correlation to the lower tem-
peratures at the pipes and the cyclones of the carbonator could lead to the existence of cold
spots. These cold spots for example in the 1% cyclone in combination to the steam presence
could lead to the agglomeration of particles, at first forming small rigid agglomerates, subse-

quently larger ‘cement’ blockages due to the continual deposition of particles. Also small flat
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pieces, larger than the normal sorbent particles were observed in the sample taken from the
bed of the carbonator at the end of the 1% experimental set.

The following photographs are of samples taken the day following the 1% experi-
mental case, during maintenance of the facility and support the observation of the ‘cement’
formations. It is noted that the one side of a ‘cement’ block sample taken from the 2™ cyclone
of the carbonator, appears to be smooth, probably since the block was attached on the sur-
face of the pipe or cyclone. The other side presents a rough corrugated surface, probably

due to the continual deposition of particles as they passed along that point.
il 't '

Figure 5.25: a)’Cement’ formation side one b)’Cement’ formation side two

It is noted that similar ‘cement’ formations were noted in the piping after the regenera-
tor for this 1% set, despite the higher temperature of the regenerator (900°C). These for-
mations were not as rigid; they were rather fragile and fell easily apart. Also they consisted of
very fine, elutriated particles, which is expected since the regenerator is a bubbling fluidized
bed with consequent small fluidization velocities that would not be able to lift heavier parti-
cles. Presumably these formations occurred only after the end of the experiments when the
facility was shut and the temperature dropped, at which time the sample was taken. The fact
that no blockage in the cyclone of the regenerator was observed during the operation is in
agreement with the above.

Particle Size Distribution

In this chapter the particle size distribution of the sorbent is studied. PSD is an im-
portant factor affecting the calcium looping process, since the smaller the particles the great-
er the chance that they leave the system through the cyclone resulting to a larger necessary

amount of make-up flow. On the other hand smaller particles present in total greater surface
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area for the same amount of mass, able to react and capture or release COz in the carbona-
tor or the regenerator respectively.

The diagram that can be firstly drawn to present the range and magnitude of the par-
ticles size in our facility is the following. PSD is presented here for the raw calcined lime-
stone—CaO, for the material of the carbonator bed and for the circulating material taken from
the ULS at the end of the 1% experimental case. These samples presented a dps, value of
382um, 605um and 354pum respectively. The material of the carbonator bed presents as
expected the largest particles to be found in the system, since it is a CFB reactor utilizing
high fluidization velocities that lift all relatively light particles and lead them through the cy-
clones. The particles to be found in the bed mass are therefore expected to be the larger

heavier ones after some time of facility operation.
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Figure 5.26: Patrticle size for raw limestone, carbonator bed and circulating sorbent

The diagram below presents the particle size for the raw uncalcined limestone—
CaCOs in comparison to the calcined raw calcium oxide—CaO of two different experimental
sets. As expected the limestone presents similar particle size with the newly calcined materi-
al, since no time was given to the attrition mechanisms to act. Moreover the regenerator re-
actor is a BFB bed that utilizes low fluidization gas velocities, thus the minor initial attrition.
Still the dpse particle size of raw limestone is 413um, greater of the calcined material dpso

particle size of 382um and 395um for the two sets.
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Figure 5.27: Particle size for EnBW limestone and two raw calcined material samples
Exp. case 1. Carb: 16% CO,, 8% H,0, rest N,, 630°C Reg: wet flue gas, 46% CO,, rest N,, 900°C
Exp. case 2: Carb: 10% CO,, rest N,, 630°C Reg: wet flue gas, 55% CO,, rest N,, 900°C

The following diagram depicts the material particle size of the bed of the carbonator
and regenerator in comparison to that of the circulating material taken from the ULS at the
end of the 2™ experimental case. The results are consistent with the previous conclusion that
the heaviest, largest particles accumulate in the carbonator bed. Moreover it can be ob-
served that the material of the bed of the regenerator has lower value of dpsg particle size in

comparison to the carbonator bed, since it is a BFB utilizing lower fluidization gas velocities.
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Figure 5.28: Particle size for raw calcined material, carbonator and regenerator bed
Exp. case 2: Carb: 10% CO,, rest N,, 630°C Reg: wet flue gas, 55% CO,, rest N,, 900°C
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The following diagram presents the particle size of the regenerator bed material for
the three different experimental cases, as well as the calcined raw material for better com-
parison. The particle size is similar for all three cases. However a difference can be noticed
for the 2™ case with water vapour in the regenerator at 900°C that presents a dpso value of
430um in comparison to that of around 400pum for the other two sets. It is presumed that the
particle size follows the attrition trends observed in the previous chapter. So the smaller par-
ticle size for the 1% and 3™ case could be attributed to the far greater total amount of steam
for these sets. This could be the case even for the 3" set held at a higher regenerator tem-
perature that should normally cause hardened material, more resistant to attrition. However
for this last set the partial utilization of older material from the previous set probably gave
already smaller particles from the beginning of the experimental set, so no safe conclusion
can be drawn. The calcined raw material although it presents a dps, of 395um, similar to the
1% and 3" case, it also presents a different, more even distribution. The material is at the
initial stages of attrition due to the BFB regenerator and also it has not been looping through
the carbonator, thus larger particles that have not undergone fragmentation can be observed,

as well as smaller particles that have not yet been captured by the cyclone.
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Figure 5.29: Patrticle size of the regenerator bed for three different experimental cases

Exp. case 1: Carb: 16% CO,, 8% H,O, rest N, 630°C Reg: wet flue gas, 46% CO,, rest N, 900°C
Exp. case 2: Carb: 10% CO,, rest N,, 630°C Reg: wet flue gas, 55% CO,, rest N,, 900°C

Exp. case 3: Carb: 14% CO,, rest N, 630°C Reg: wet flue gas, 61% CO,, rest N,, 920°C

In addition to the above diagrams the following pictures are cited, presenting the raw
limestone, the calcined raw material and the material from the bed of the regenerator after
many hours of operation. As it can be observed even after the first calcination the material
has already undergone significant attrition, probably mainly due to abrasion as proposed for

a BFB regenerator [52], that has changed its initial surface removing very fine particles at-
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tached. After many hours of operation the particles appear to have a smoother surface and
be more spherical, as expected due to the abrasion and rounding off during the continuous

calcium looping cycles.

Figure 5.31: Regenerator bed

The following diagram presents the dps, size for the following conditions: calcined raw
material, water vapour in both carbonator and regenerator, water vapour only in the regener-
ator at 900°C and 920°C respectively and no water vapour. All samples except the calcined
raw were taken at the end of each experimental case. The last sample-no water vapour re-
fers to older experiments held in the facility with no steam and a variety of COz2 partial pres-
sure values, but with the same type of limestone. The circulation of material alone can cause
attrition due to abrasion and collisions, so the overall working time is presented in the dia-
gram. The 2" case presents the highest attrition of the cases of this thesis since it is corre-
spondent to the highest time in the reactors. Then follows the 1* case, for which although the
results showed the highest relative attrition, here it presents greater dpso value due to the
less working time in the facility-8hours. Finally the 3™ case corresponds to the highest work-
ing time. The high dps, value indicates low attrition perhaps due to hardening mechanisms
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that can be attributed to the increased temperature. However half of the material for this
case was new leaving a margin of error for this assumption. The calcined raw material natu-

rally presents the highest size of all, since it has not undergone significant attrition.
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Figure 5.32: Median value of particle size — dpsg

Exp. case 1. Carb: 16% CO,, 8% H,0, rest N,, 630°C Reg: wet flue gas, 46% CO,, rest N,, 900°C
Exp. case 2: Carb: 10% CO,, rest N,, 630°C Reg: wet flue gas, 55% CO,, rest N,, 900°C

Exp. case 3: Carb: 14% CO,, rest N,, 630°C Reg: wet flue gas, 61% CO,, rest N,, 920°C

Prev. experiments: Carb: 12% CO2, rest N2,630°C Reg: dry flue gas, 53% CO2, rest N2, 900°C [58]

The peculiarity of this diagram is the dps, particle size of the last, older case with wa-
ter vapour at all that is clearly smaller, despite the fact that no significant attrition was ob-
served for this case in comparison to the sets with steam. This finding is quite unexpected
and could possibly be attributed to experimental errors due to the utilization of different
measurement technigues and devices. However this sample from previous experiments with
no water vapour refers to around 22 working hours in the facility, which could explain the
significantly smaller particle size. Another possible explanation could be that for the sets that
water vapour was involved, during the sampling procedure, part of the water vapour was
taken along with the sorbent since there was significant steam partial pressure. As the sam-
ple cooled down the vapour could liquefy into water causing the formation of sorbent ag-
glomerates. This is only a hypothesis, however the following photograph of a sample taken
from the bed of the regenerator after cooling down at the end of an experimental set-up, pos-

sibly coincides with this conclusion.
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Figure 5.33: Regenerator bed after an experimental set-up

The following table features the bulk density of the sorbent for the three experimental
cases and for the initial raw limestone. The calculation of the bulk density is explained at the
experimental part of this thesis. Smaller particles are expected to present higher bulk density.
The particular table is not in consistency with the above findings of median particle size,
since the samples used to measure the bulk density were taken around the middle of each
experimental set-up in order to be representative. On the other hand the dps, values pre-
sented earlier correspond to samples taken at the end of the set-ups, thus correspondent to
different attrition values.

Table 5.1: Bulk density of the sorbent

Exp. case 1: Carb: 16% CO,, 8% H,O, rest N,, 630°C Reg: wet flue gas, 46% CO,, rest N,, 900°C
Exp. case 2: Carb: 10% CO,, rest N, 630°C Reg: wet flue gas, 55% CO,, rest N,, 900°C

Exp. case 3: Carb: 14% CO,, rest N,, 630°C Reg: wet flue gas, 61% CO,, rest N,, 920°C

Bulk Density of the Sorbent (kg/m3)

Raw Limestone | Experimental case 1| Experimental case 2| Experimental case 3
1900 1348 1067 1076

Furthermore several photographs from different samples taken along the experi-
mental procedure are also included in the annex of this thesis, in order to better present the
PSD results and the relative attrition mechanisms. The list of samples chosen for microscope
photographs is also presented in the annex.

The following diagrams describe the development of dpso size during the different

experimental sets:
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Figure 5.34: Median value of particle size — ULS samples versus experimental time (CO, in the Carb)
Exp. case 1. Carb: 16% CO,, 8% H,0, rest N,, 630°C Reg: wet flue gas, 46% CO,, rest N,, 900°C
Exp. case 2: Carb: 10% CO,, rest N,, 630°C Reg: wet flue gas, 55% CO,, rest N,, 900°C

Exp. case 3: Carb: 14% CO,, rest N,, 630°C Reg: wet flue gas, 61% CO,, rest N,, 920°C

Prev. experiments: Carb: 12% CO2, rest N2,630°C Reg: dry flue gas, 53% CO2, rest N2, 900°C [58]

The diagram depicts the median particle size value and the respective time for sam-
ples taken from the upper loop seal. The decrease of particle time as time advances is obvi-
ous. The 3" experimental set with steam in the regenerator at 920°C presents a rather stable
particle size. This could be due to two factors. One is the partial use of older material from
the 2" set with steam in the regenerator at 900°C. The older material has already undergone
the initial increased attrition and has already reached the more stable condition of decreased
attrition. Moreover this set was held at increased temperature that is supposed to further
harden the material and render it less prone to attrition. The partial utilization of new material
also explains the increase of dpso value for the 3" set although this set is consecutive to the
2" set with steam in the regenerator at 900°C.

Another important observation is that although the initial dpso value of raw limestone
is 413um and of raw calcined material around 385um, the initial dpso value of the ULS sam-
ples is 430-460um. This is possibly explained by two reasons: The formation of agglomer-
ates due to the drop of temperature and the existence of cold spots in the pipes leaving the
carbonator and in the cyclone, in combination to the presence of water vapour. The other
more likely one is that the cyclone has filtered the fine particles so only the particles above a
certain size proceeded to the upper loop seal. The median value of these particles is of
course expected to be higher than that of the calcined raw material or the raw limestone,

since no fine particles are included.
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Figure 5.35: Median value of particle size — LLS samples

Exp. case 1. Carb: 16% CO,, 8% H,0, rest N,, 630°C Reg: wet flue gas, 46% CO,, rest N,, 900°C
Exp. case 2: Carb: 10% CO,, rest N,, 630°C Reg: wet flue gas, 55% CO,, rest N,, 900°C

Exp. case 3: Carb: 14% CO,, rest N, 630°C Reg: wet flue gas, 61% CO,, rest N,, 920°C

This diagram presents the median particle size over time for samples derived from
the lower loop seal. The strange tendency observed is that towards the ending of the exper-
imental set the particles seem to have larger median particle values. An explanation about
this could be again the presence of steam. Especially towards the end of the set there is very
high steam partial pressure up to 35%. Possibly steam is also present in the overflow pipe
leading to the lower loop seal. The decrease of temperature in the overflow pipe and the seal
could lead to agglomerate formation. Another possible explanation for the first two sets at
900°C is the addition of make-up material during the last steady states. These kilos of fresh
material would increase the overall particle size and therefore the median value. Finally finer
particles are constantly filtered by the cyclones. At the beginning there is increased attrition
that outweighs the filtering of fines and so the dpso value seems to decrease. Towards the
end maybe the attrition reaches a residual negligible value and therefore the filtering out-
weighs the attrition rate. All these factors may also have a synergistic effect.






6 Summary 64

6 Summary

In the framework of this diploma thesis the effect of water vapour on the Ca-looping
process was experimentally investigated at a 10kW,, dual fluidized bed facility. The effect of
water vapour was studied in terms of the sorbent mechanical and chemical properties, CO,
capture efficiency of the carbonator and CO, release efficiency of the regenerator, material
losses and the essential make-up flow of sorbent.

In summary three different experimental set-ups take place. The 1% experimental
case with stable water vapour in the carbonator and varying water vapour in the regenerator
at 900°C. The 2™ experimental case with varying water vapour in the regenerator at 900°C
and the 3" experimental case with varying water vapour in the regenerator at 920°C. The
temperature of the carbonator held stable around 630°C in all cases. The maximum carbona-
tion conversion Xmaxave Observed for the cases when water vapour is involved is around dou-
ble in comparison to previous experiments without water vapour. Increased carbonation con-
version means increased carrying capacity of the sorbent, greater efficiency and less make-
up flow Fo to compensate for the deactivated sorbent required. This way the overall feasibility
of the process seems to be increased.

Moreover significant change of the surface of the sorbent is found. High surface is
related with sorbent reactivity and is expected to decrease with time due to sintering pro-
cesses. For the experimental cases with steam present, higher decrease rates of the surface
area are reported. The increased Xmaxave fOr this cases was attributed to a change in the
sorbent pore structure, according to literature.

Regarding the carbonate content of the solids leaving the carbonator X..,, very high
values were achieved for the 1% experimental case and same to previous experiments with-
out water vapour present for the 2™ and 3™ case. It was concluded that for the 1% case the
reaction speed is increased. The increase in X for the 1% set could be attributed to the
possible improvement of heat transfer properties or sorbent properties due to water vapour.

As far as the carbonator efficiency E.., is concerned, it is found to be an increasing
function of looping ratio Fca/Fco,. Moreover higher temperature gives higher E.., values,
since lower X, values are achieved. Water vapour in the carbonator results to increased
carbonator efficiency for the same looping ratio values, due to the increased reaction speed.
The effect of water vapour in the carbonator and the effect of higher temperature appears to
be stronger than the space time, since it can be seen that the 2" case with the highest space
time presents the lowest efficiencies in comparison to those of the 1% and 3™ experimental
case that have lower space time values. The 1% case with water vapour in both reactors pre-

sented great efficiency values are achieved for very low looping ratio values in comparison to
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the other cases. In particular for a looping ration of only 3, an efficiency of around 80% was
achieved. This is a very optimistic finding since low looping ratios are desirable. High looping
ratios mean increased heat losses due to the increased circulation of solids.

Moreover the carbonator model proposed by Charitos et al [27] was used to validate
the data occurred during the experiments. The fitting of experimental and model data provid-
ed the kinetic constant for the reaction, in particular 2s™ for the 1% set and 0.323 and 0.78s™
for the 2" and 3" set respectively. The higher ks value for the 1% set with steam in both reac-
tors is expected since higher reaction speed was observed for this case.

Regarding the carbonate content that remains in the solids leaving the regenerator
Xcae, better values were observed for increasing water vapour partial pressure and similar
regenerator residence time. Particular limitations exist due to the heat transfer capacity of the
facility. For increasing residence time such limits are reached. Higher temperature results to
higher calcination conversion limits.

As far as the efficiency of the regenerator E,eq is concerned in general increased val-
ues are observed for an increasing tresreq/Xcan ratio for all of the experimental cases. Moreo-
ver the 1% and 3" experimental cases present higher efficiencies than the 2™ case and the
previous experimental data without water vapour involved. For the 1% case this is attributed
to the water vapour presence in both reactors that resulted in higher X.an, values, whereas for
the 3" case to the increased temperature that resulted in lower X, values. For these two
cases it can be observed that Egey values as high as 90% were achieved for only 50s of re-
generator space time. For the same space time Egrey Values of only 60% are achieved for the
2" case and for previous experiments without water vapour involved.

Furthermore, extended attrition was observed in the presence of water vapour, espe-
cially for the 1% case with water vapour present in both reactors. During this set blockages
formed in the piping after the carbonator blocked the 1 cyclone impeding the recirculation of
the sorbent. Regarding PSD the larger and therefore heavier particles that could not be lifted
by the respective high velocities were found in the bed of the carbonator. The lowest median
diameter dpso was found for particles of the 1* set with water vapour in both reactors. The
lower particle size was probably attributed to increased attrition due to a softening effect of
water vapour.

It is proposed that future experimental campaigns will further investigate the effect on
the regeneration process of water vapour present only in the carbonator. Conclusively the
results of this work are quite optimistic; water vapour appears to generally benefit the Ca-
looping process. However further investigation on a larger scale would be useful for the

scale-up process.
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Figure 8.1: a) 36ULS sample one, 2" set with steam in Reg-900°C b) 37LLS sample one, 2" set with
steam in Reg-920°C

Figure 8.3: a) Candle filters - exit of carbonator b) 2™ cyclone - exit of carbonator
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Figure 8.4: a) Sample 18LLS-1% set, steam in both carbonator and regenerator-900°C b) Sample
53LLS-3" set, steam in the regenerator-920°C

-
-

Figure 8.6: Carbonator bed, 1% experimental set, steam in Carb and Reg
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Figure 8.7: a)2™ cyclone of the carbonator

b)Calcined raw material
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Figure 8.8: Matlab result for TGA calcination measurement
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Figure 8.9: Matlab result for TGA carbonation measurement



Institute of Combustion and
Power Plant Technology

Director: Prof. Dr. techn. G. Scheffknecht
Pfaffenwaldring 23 « 70569 Stuttgart
Phone +49 (0) 711-685 63487 » Fax +49 (0) 711-685 63491

Experimental investigation of the effect of water vapour on the

Ca-looping process at a 10kWth Dual Fluidized Bed facility

Meipapatikn d1EpEUVNON TNG ETTIOPACNG TOU ATHOU OTNV dIEpyacia

’Calcium Looping’ o€ pia di1tTAR peuoToTroinuévn KAivn Twv 10kWy,

NEPIAHYH

2TAUPOUAGKNG EppavounA
Ap. MnTpwou: 02108674



Eicaywyn

To di0&eidlo Tou dvBpaka (CO,) gival o KUPIOG TTapdyovTag UTTEUBUVOG yia TV auénaon
NG BEPUOKPACiAg Tou TTAAVATN KAl QaIVOUEVA KAIMATIKNAG aAAayAg Adyw Tou @aivopévou Tou
Beppoknmiou. Mapdyetal Kupiwg atTd €pyooTACIA TTAPAYWYNSG NAEKTPIKAG EVEPYEIAG TTOU
XPNOIYOTTOIOUV KAPPBOUVO W¢ KAUOIUO, eV TTapouciddel pia dlapkws augnTikg taon. H &¢-
opeuon Tou CO; pe Bdon Tnv digpyaaia ‘Calcium Looping’ ival pia uttooxouevn TeXvVoAoyia
uTTé avatrTuén, TTou Baciletal otnv avtidpaon petaiu CO, - ogeidiou Tou aoBeoTiou (CaO)
TTou oxnuarigel avbpakikd acBéotio (CaCOs3), KABWG Kal aTnv avrioTpo®n avtidpacn Trou

Tapdyel Eavé CaO kal éva peuua TAouoio og CO,.

H SITAwpaTIK auTh €TTIKEVTPWVETAI OTN MEAETN TRG emmidpaong Tou udpaTuou oTn
dlepyacia autr], KaBoT vepd (H,0) gutrepiExeTal 0TO KAPPOUVO Kal WG €K TOUTOU QTTAVTATAI
OTa Kauoaépla TNG ekAoToTe Povadag. AkOun vepd Ba UTTAPXEl Kal GTOV avTIdpaoTApa ‘re-
generator’ otTou yivetal ameAeuBépwan Tou CO,, €€aiTiag TNG KAUong Trapoucdia kabapou
oguyoévou oxy-fired combustion’ Trpokeipgévou va emmiTeuxBei n amrapaitnTn UWNAN evépyela yia

TNV digpyaacia Tng atreAeuBépwaong Tou CO, (calcination).

Mia peucTotroinuévn kAivn avakukAogopiag (Circulating Fluidized Bed) xpnoiyoTrolr-
Bnke wg avTidpaoTpag déoueuang Tou CO, (carbonator) oToug 630 °C kai pia avaBpdalouca
peuaTotroinuévn kAivn (Bubbling Fluidized Bed) wg ‘regenerator’ atoug 900 pe 920 °C. Ta
ammoteAéopaTa £deIgav augnuévn IKavotTnTa déopeuong Tou CO, atrd 10 oTeped CaO. AKOuN
TTapaTnENinke onuavTikn BeATiwon TNG IKAvOTNTAG Tou ‘carbonator’ va deopelel CO, yia xa-
MNASGTEPOUG pUBPOUG KUKAO®OpIag UAIKOU (looping ratio), oc oxéon We TTaAaIdTEPA TTEIPANATA
Xwpig TTapoucia udpaTtuou. Ooov agopd Tnv ATTOdOCN TOU ‘regenerator’ TrapatnenRénkav
uynAég TiuEG peTaTpoTfig Tou CaCO; mavw atrd 80%. TéAOG 600V apopd TIG ATTWAEIEG UAI-
KOU ‘attrition’, uwnAég TINEG TTapaTnPNONKav o€ oxéan KE TTAAQIOTEPA TTEIPANATA XWPIS udPa-

THO.



Evowpudrtwon tn¢ digpyacioc Ca-looping

To akdAouBo oxnua TTapouaciadel Tn diepyacia ‘Calcium Looping’ 6TTwg autr Ba ev-
owuaTtwOei o€ €va €pyooTACIO TTAPAYWYNAS NAEKTPIKAG evEPYEING. To KAUCAEPIO TTPOEPYOHE-
VO aTTd TO €PYOOTACIO €I0EPXETAl OTOV avTIOpacTApa ‘carbonator’ émmou Aaupdvel xwpa n
0éapeuon Tou CO,. To @Twyd oe CO, pelua Kauoagpiwv eEEPYETAI TNV ATUOCPAIPA, EVW
Ta OTEPER TTPOXWPOUV aToV avTIdpaoThApa ‘regenerator’. Ekei To CO, deapeleTal Kal Eva peU-
Ma TTAoucio age CO, odnyeital yio CUUTTIEGN KOl ATTOBAKEUON. 2ZTO OXHUa OIAKPIVETAI KOl N
povada ASU — air separation unit, n otroia Tapdyel To ouyovo TToU ATTAITEITAI yIa TN KaUon

oTov ‘regenerator’ yia Tnv €TTTEUEN TWV UWNAWY BEPPOKPATIWY OTOV avTIOPACTAPA auTo.

Flue gas Concentrated
“without” CO, 0,
FCaCCG &
Flue gas oG | s $
Powerplant | €92 & Feoo 0,{;\5:60@
&  |—||%

Coal Air l I

Used Fresh
sorbent limestone

Akoun o1o akéAoubo oxrfua TTapaTnEoUue Tn duvaTtdTNTa yia eKUETAAAEUON TNG on-

MaVTIKAG TTOCOTNTAG BEPUATNTAG TTOU TTPOKUTITEI OTa SIGPOPA HEPN TNG EYKATAGTOONG, MEIW-

o

VOVTOG £TCI TO KOOTOG TNG TEXVOAOYIOG AUTAG.
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flue gases

Carbonator
650°C
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900°C
Existing power plant CaCO,
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Me Q; cuppoAileTal n BepudTNTa AVaKTWEVN atrd Tov ‘carbonator’ kabwg n avtidpa-
on &éopeuong Tou CO, cival eEwBepun. Me Q2 N BepPOTNTA AVAKTWHEVN OTTO TA PTWYA OF
CO, kauoaépia TTou e¢EpyovTal aTrd Tov ‘carbonator’, evw pe Qz n BEPPOTNTA AVOKTWHEVN
até 10 avrioToixo TTAouaio g CO, pelpa Kauoaepiwy Tou ‘regenerator’. TEAOG e Q4 oUUBO-
Aietal n BepudTNTO AVAKTWHMEVN ATTO TO BepUd PEUPA OTEPEWYV TTOU £EEPYETAI ATTO TOV ‘re-
generator’. To peUga auTtdé cuviotartal ammd Tnv avavéwaorn UAIKOU TTou €XeEl XAoel TNV IKavoTn-
TQ TOU va avTiOpd, atrd TEQPA TTOU TTPOEKUYWE KaTA TNV Kauon Kal atrd Benkd acoBéaTtio CaSO,

av n govada XpnolhoTIolEiTal Kal wg eykaTtdoTaon amobeiwong.

Texvoloyia peUOTOTTOINUEVWV KAIVWV

H texvoloyia Twv peucTotToiNUEVWY KAIVWV €ival apKeTd diadedouévn Kal Xpnoiuo-
TrolgiTal o€ SIAPOPEG EQAPPOYEG, 0T XNMIKA Blounxavia kal o dlgpyacieg TTou TTEPIAANPBA-
vouv kauon. Mpékeral yia avnidpacTripeg TTou Bacifovial TNV PETAQOoPa BepudTnTag Kai
MAdag HEow TNG DIETTAPNG OTEPEOU — AEPIOU KAl TTAPOUCIACOUV TTAEOVEKTHHATA OTTWG KAAU-

TEPO OUVTEAECTIH] ETTAPRAS KATA TNV avTidpaon Kal Opoyévela KaTd Tn JeTagopd BepudTnTaG.

Y1dpxouv JIOQOPETIKOI TUTTOI PEUCTOTTOINMEVWY KAIVWOV avaAoya e Tnv Taxutnta
peuaTotroinong. H avaBpdlouca peuatotroinuévn kAivn (bubbling fluidized bed-BFB) xpnaoi-
MoTToIEl XaUNAEG TaXUTNTEG peUOTOTTOINONG. MeydAeg puoalideg axnuaTiCovTal y€oa OTO OTE-
PEO PE ATTOTEAECOUA XEIPOTEPN €TTAPH TToU duoxepaivel TRV avTidpaon déoueuong Tou CO,
atré 1o CaO. H avakukhog@opouoa peucTtoTroinuévn kAivn (circulating fluidized bed-CFB) atrd
TNV GAAN TTAEUPA XPNOIPOTTIOIET HEYOAUTEPEG TAXUTNTEG PEUCTOTTOINONG, EVW UTTAPXEl KAAUTE-
POG OUVTEAEOTNG £TTAPNG OTEPEOU-agpiou. Ta oTeped eEEpxovTal aTTd TNV KOPUPH TOU AVTI-
dpacTtriipa autoU Kal odnyouvTal TTiow oTn Bdon Tou Péow aywyou. To akdAouBo axfua eTTe-

&nyei Toug U0 TUTTOUG PEUCTOTTOINUEVWV KAIVWOV:
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AvTidpaon déopesuong-arreAeuBépwong CO, (carbonation-calcination)

H digepyacia Tou ‘calcium looping’ oTnv otroia ava@épetal N OIMTAWMATIKA PacileTal
OoTNV TTOPAKATW QVTIOTPETITH avTidpacon, cUPewva Pe TV otroia 10 CO, deoueUETAl OTOV

‘carbonator’ kai £TTeITa ameAeuBepwveTal oTov ‘regenerator’:

Ca0 + CO, « CaCO, AH= 4178 kJ/mol

H avtidpaon kabopiletal atrd Toug TTapayovTeg Beppokpaacia kal pepikn trieon CO,
OUPQWVA JE TO TTAPAKATW SIAYPAUUA TTOU TTPOKUTITEI JE XPAON TNG £gicwong
8308

logP(at =7.079 — ———
ogP{atm) K
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KaBuwg peAetdue tnv emidpacn Tou udpaTuou TTPETTEl va £CETACOUNE TNV TTEPITITWON
NG avTidpaong Je To acPBéoTio Ca OTTwG PaiveTal aTrd Ta TTOPAKATW:
Ca0 + H,0 — Ca(0OH),
Ca{OH); + CO, — CaCO; + H,0

Ouwg 61TWG Qaivetal atrd To TTAPAKATW BIAYPAUKA TTOU TTPOKUTITEI aTTO TNV £§iI0WON
—12531. 5)

Pu,o(Pa) =9+10'" « exp( T

OTIG OUVONKEG TOU TTEIPAATOG dev ATAv duvaTto va AAREl xwpa TEToIa avTidpaon.
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XNUIKEC KAl UNXOVIKEC 1I810TNTEC TOU aoBecTOAIOOU

H dirAwpaTikr auTr] €€€TAZEl AKOUN TIG XNUIKES KAl PHNXAVIKES 1016TNTEG TOU OTEPEOU
avTidpwvTog. 'ETol yia Tov acBeoTtéAiBo éxel TapatnpnBei 011 600 utTokeITal o€ SIOOOXIKES
avTIdpaoelg dEaPEUONG-aTTEAEUBEPWONG, TEIVEI va XAVEl TNV IKAVOTNTA TOU va avTidpd, oTnv
apxn ypnyopa Kai ETTEITa TTo apyd Kabwg @TAvel o€ Pia TTapayévouca eAAXIOTN IKAvVOTNTA
avTidpaong. H akdAoubn egiocwaon kal To avTioToixo didypauua £Xouv TTPOTABE! yia TNV TTEPI-

ypa®n TNG IKavoTnTag Tou acBeaToAIBou va avTiOpda.

1
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Deactivation Curve
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TéAog pia GAAN TTOAU onuavTikn 1816TNTA gival To ‘surface area’ oe m?/g , n emM@Aveia n
otroia diaTiBeTal TTpog avTidpaon. MeydAn TP autou Tou PeyéBoug onpaivel eyaAuTepn IKO-
voTNTa TOU OTEPEOU va avTidopdoel. H Ty autr PEWvVETal Je TNV TTAPOOO TOU XPOVOU GTOV

avTIdpaoTHPa OTNV apXn paydaia Kal ETTEITA TTIO apyd.

Ooov apopd TIG INXAVIKES 1010TNTEG TOU a0Be0TONBOU €CeTAlETAI N PEiwon TNG diapé-
TPOU TWV KOKKWYV KOl CUVETTWG 0 pUBUOG atTwAeIiag UAIKOU atrd Tn povada ‘attrition’. To péye-
Bo¢ auTd cival TTOAU onpavTikd KaBwg Kabopilel To puBUOG PE TOV OTTOIO TTPETTEI VA AVATTAN-

PUWVOUE PE PPETKO UAIKO KAl GUVETTWG TNV OIKOVOMIKA BIWCINOTNTA TNG TEXVOAOYIAG QUTHG.



To ‘attrition’ Trapoucidlel yia apxikr) upnAni TiuA KaBwg Ta paAakd ocwuatidia odnyou-
vTal o€ Bpalon, n otroia akoAouBeital atrd TTI0 XAPNAEG TIHEG KABWGS Ta CWHATIOIO TTOU £XOUV
peivel oTov avTidpacThpa gival Ta MO avOeKTIKA € TUXOV CUYKPOUCTEIG KAl ETTIPAVEIAKT QOOo-
pd. MNoAAoi TTapdyovTeg eTTnNEEACOUV TO QAIVOUEVO AUTO, aAAG aTTd TOUG TTIO GNPAVTIKOUG €i-
val N TaxuTnta peucTtotroinong. YWnAn taxutnta odnyei Ta cwuaTidla 0€ CUYKPOUCEIG JETAEU
TOUG KaI JE Ta TOIXWHATA Kal Ta 0odnyei o€ Bpalon eite atadiakr peiwon Tng diapérpou. To

akoAouBo oxAua emmegnyei Tn dladikacia Tou ‘attrition’.
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21N SITTAWMATIKA auTh €€eTAleTal TO @aivouevo ‘attrition’ kai n eSEAIEN Tou yia dla@ope-
TIKEG OUVONRKES UTTAPENG UDPATHWY, TTPOKEINEVOU VO KABOPIOTE N €TTIOPACN TNG CUYKEVTPW-

ong H,O oT1o @aivopevo auTto.



210)0C Epyaagiacg

H dimAwpaTiky autr] @IAodogei va cuuBAaAAel oTnv yvwaon Tng €midpacng Tou aTuou
otnv diepyacia ‘Ca-looping’, avTikeiyevo 1o oTT0i0 dev £xel DlEPEUVNOEI ETTAPKWG WG TWPA,
EVW) TA ATTOTEAECPATA TTOU TTPOKUTITOUV atmd Tn PBiBAloypagia eival cuyxva avTIKpOuOuEva.
AKOUN oTnV TTAEIoWN®ia TNG N OXETIKNA £peuva éxel dieCaxBei o€ pIKPEG povadeg TGA ‘thermo-
gravimetric analysers’ kai o€ TTOAU pIKpO Babud o€ povadeg TnG KAipakag Twv 10 KWy, 6TTwg
oTtn OIKA pag mepimtwarn. O atudg mailel TToAU onuavTiké pOA0 KABWGS Ta TTEPICTOTEPO OPU-
KTA KaUoIJa TTEPIEXOUV ONUAVTIKA TTOOOTNTA Uypaciag, n OTroia eVTOTTICETAI OTA KAUOoOépIa
UTTO JOP®N UDBPATUOU O€ CUYKEVTPWOEIG 5-10%, TIuA n otroia TToIkiAAEl avaAoya Tov TUTTO Tou

Kauaiyou.

H peAéTn Tng emmidpaong Tou atpol Ba TTPETTEl va Yivel o€ OXEON PE TNV ATTOdOCH TOU
‘carbonator’, Tou ‘regenerator’ kal GUVOAIKG Tnv atrédoon TG Jovadag Kal o€ oxéon PE Tn
MEYIOTN IKAVOTATA PETATPOTTNG XMax Tou oTEPEOU avTIOPWVTOG KaBWwg Kal To pubud avtidpa-
ong Tou. EmmAéov avaykaia gival n JEAETN TNG €TTIOPACNG OTIG UNXAVIKEG KAl XNUIKES 1D10TN-
TEG TOU QVTIOPWVTOG OTEPEOU, KOBWG Kal 0 puBPOG atTwAelag UAIKOU ‘attrition’ TTpokeIéVOU va

yVwpiCoupe TNV atTapaitntn por) @pEéokou UAIKoU ‘make-up flow’.
TéNoG n dimAwpaTikA autr) @IAodotei va cupBdaAAel oTo ‘scaling up’ Tng TexvoAoyiag

auThs. KaBuwg atroteAei 1o BAPa pETAEU TTOAU WIKPWYV TTEIPAPATIKWY PMovAadwyv Kail Biounxavi-
KAG KAipakag NG TaENg Twv 200 kWi, kai 1 MWy,

MelpoaaTIKO TTPOYPAUUO KOI EYKATAOTAON

21a TTAQioIa TNG SITTAWMATIKAG QUTAG £PYACiag TTpayuaToTToINBnkav Tpeig ouddeg Trel-
papdtwy. MeAeTHONKE N €TTIdOPACT TOU ATUOU OTIG TTEPITITWOEIG OTTOU AUTOG ATAV TTAPWY KAl
oToug dUO avTIdPAOCTHPEG | KAl JOvo oTov ‘regenerator’. AvOAUTIKA Ta TTEIPAPATIKG ‘onueia’

OIOKPIVOVTQI OTOV TTAPAKATW TTiIVAKA:



Regenerator Carbonator
steady State| T (°c) |co2inDRY (%) H20in (%)| T (°c) |co2inDRY (%)| H20in (%)
1 900 60 15 630 14 8
2 900 60 20 630 14 8
3 900 60 20 630 14 8
4 900 60 30 630 14 8
5 900 60 30 630 14 8
6 900 60 25 630 14 8
7 900 60 25 630 14 8
8 900 60 35 630 14 8
9 900 60 0 630 14 -
10 900 60 10 630 14 -
11 900 60 20 630 14 -
12 900 60 30 630 14 -
13 900 60 40 630 14 -
14 920 60 0 630 14 -
15 920 60 10 630 14 -
16 920 60 20 630 14 -
17 920 60 20 630 14 -
18 920 60 30 630 14 -
19 920 60 0 630 14 -
20 920 60 40 630 14 -

2UYKEKPIMEVA OTNV TTPWTN OPAdA TTEIPAUATIKWY ONUEiwy MEAETABNKE n €TTidpacn Tou
aTpoU Kal oToug dUo avTIOPACTAPES, 0T deUTEPN OPGdA N eTTidpacn puévo oTov ‘regenerator’,
EVW OTNV TPITN N €TTidpacn oTov ‘regenerator’ e cuvduaoud Ouwg PE uwnAdTePN BepUOKPO-
oia avtidpaong — 920°C avti 900°C dTwg oTnVv TTPWTN Kai deUTepn opdda. TéAog Ta TTapa-
TTAVW TTEIPAMATIKA OTTOTEAETUATO CUYKPIBNKAV PE TTponyoUdeva TTEIPAUATA OTH HOVAda XWw-

pig TTapoucia aTuou.

MNa pia TUTTIKA oUoTaon GvBpaka £ylvav UTTOAOYIGHOI yia OTOIXEIOUETPIKA kauor). MNMa-
pouacialetal atov akOAouBo TTivaka n avTioToixn TUTTIKI] U0TACN KQUCOEPIOU Kal Ol OUYKE-

VTPWOoeIg udpaTuou yia Kauan Je Enpod i athoc@aipiké agpa.

Flue gas composition (Typical Hardcoal)

o, 50, N, H0s. | HaOna
17.31% | 005% | 75.29% | 7.31% | B8.25%

MNa TNV TepiTTwon NG Kauong he kaBapd ofuydvo (oxy-fired combustion) o1 uttoAo-
ylopoi divouv ouykévipwon udpatpwyv 30% av &€ AngBei uTTdéwn n avakukAogopia Kauoae-

piou kai To CO, TTou aTreAeuBepwveTal atrd Tov aoBeaTOAIBO.



Mepiypa@n eyKATAOTOONC

H TreipauaTikni eykataoTacn aTTeIKOVICETAI OXNUATIKA TTAPAKATW:
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Alakpivovtal o avTidpaaTipeg ‘regenerator’ kai ‘carbonator’ 61rou yivetal n atreAeuBE-
pwon kal déopeuon Tou CO, avTioToixa. AKOUn dlakpivovTal Ol ‘HIKPES PEUCTOTTOINUEVEG
KAiveg ‘upper loop seal’ kai ‘lower loop seal’ ol oTT0ie¢ e€TPAAICOUV OTI DEV EXOUUE PETAKIVN-
on agpiou atod Tov éva avTIdpaoTAPA oTov AAAO, KOBWG Kal N KwVIKA BaABida n otroia pubpi-
(el TO puUBUOG ponG oTEPEOU UAIKOU PETAEU Twv dUO avTIdPACTHPWY KAl ATTOTEAEI KAIVOTOWIO
NG PHovadag auTrg. MNpoBepuavTrpes XpPNOIMOTTOIOUVTAl YId VO €TTITEUXOEI KATAAANAN Bepuo-
Kpaoia €10060u Twv agpiwv OTIG KAIVEG, eV TO KAUCAEPIA £EEPXOVTAI HECW KUKAWVWVY Ol
OTTOi0I KATOKPATOUV Ta OTEPEQ oWMaTidla. TEAOG UTTAPYXOUV aVOAUTEG TG oUCTACNG TWV

Kauoagpiwv oTnv €000 KABE avTIdpaoTApaA.



AmroTeAéOoUATA KOI CUUTTEPAT AT

EykupOTNTA AITOTEAETUATWY

To TapakdTw OIAYPANKA TTICTOTTOIE TRV EYKUPOTNTA TWV TTEIPAPATIKWY OnNUEiwy. Y-
TTOBEIKVUEI OTI yIA TIG OUYKEKPIMEVEG CUVONKEG dlECaywyng Tou TTEIPAUATOG Eixaue €ite O€-

opeuan eite ammeAeuBépwaon CO, avtioToiXa OTTWG TTEPIMEVALIE.

Thermodynamic Equilibrium Curve
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Figure: Experimental Points - Steady States on the Thermodynamic Equilibrium Curve

Exp. case 1: Carb: 16% CO,, 8% H,0, rest N,, 630°C Reg: wet flue gas, 46% CO,, rest N,, 900°C
Exp. case 2: Carb: 10% CO,, rest N, 630°C Reg: wet flue gas, 55% CO,, rest N, 900°C

Exp. case 3: Carb: 14% CO,, rest N,, 630°C Reg: wet flue gas, 61% CO,, rest N, 920°C

AkOun n paca Tou CO, TTou deoPEUTNKE Ba TTPETTEI Va QaiveTal OTa OTEPEG. MNa eTTO-
A\Bguon Tng TTapatmavw BACIKNG apxng £yIve xprion Tng eiocwong:

FCGE * Ecarb = FCEL * [XE'EI.I'b - XE‘EI.].E]

Ta TapakdTtw dUo dlaypduuarta uAoTroiolv Tnv Bacikr auth apxn Tou icoluyiou Wa-
Cag yia k@B avTidpacThpa {exwploTd. MNapatnpeital KAAR CUPQWVIa TwV TTEIPAPATIKWY O€-
OOMEVWV VIA TIC TTEPICOOTEPES TWV TTEPITITWOEWY. ZNUEIQ TTOU ATTEXOUV OTTO TO AVANEVOUEVO
MTTOpEl va atrodoBbouv og avakpifeia Twv PHETPNTIKWY dIATAEEWVY, KOBWS Kal 0TO TQAAUQ TTOU

EVUTTAPXEI 0€ HOVADEG TETOIAG KAIIAKAG.



Carbonator mass balance
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Figure: Carbonator Mass Balance
Exp. case 1: Carb: 16% CO,, 8% H,0, rest N, 630°C Reg: wet flue gas, 46% CO,, rest N, 900°C

Exp. case 2: Carb: 10% CO,, rest N,, 630°C Reg: wet flue gas, 55% CO,, rest N, 900°C
Exp. case 3: Carb: 14% CO,, rest N,, 630°C Reg: wet flue gas, 61% CO,, rest N, 920°C

Regenerator mass balance
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Figure: Regenerator Mass Balance

Exp. case 1: Carb: 16% CO,, 8% H,O, rest N,, 630°C Reg: wet flue gas, 46% CO,, rest N, 900°C
Exp. case 2: Carb: 10% CO,, rest N, 630°C Reg: wet flue gas, 55% CO,, rest N, 900°C

Exp. case 3: Carb: 14% CO,, rest N,, 630°C Reg: wet flue gas, 61% CO,, rest N, 920°C

TéNog oTa duo emmdpeva diaypdupata TTapoucidfovial dUo XapaKTNPEIoTIKG ‘steady
state’, éva ammd kaBe avTidpaoTrpa. ‘Steady state’ xapakTnpidetal éva Xpoviko dIdoTnUa —yia
TIG QVAYKEG TWV OUYKEKPIMEVWY TTEIPAPATWY TTEPITTOU 15min KaTd To oTroia BACIKA PeyEDN
TTOPAPEVOUV OTABEPA. AUTA Ta PEYEDN OTNV TTEPITITWON PAG €ival BEPPOKPACia Kal CUYKE-

vipwoelg CO, oTnv €icodo kal €000 KABe avTidpaoTrpa. 'ETol yTropoupe va BeBaitwooupe



yla KGBe treipapaTtikd onpeio 61 n Tuxov aAAayr oto Babud atrdédoong o@eiAeTal 0To PEYyEBOG

uTTé €€€Taon — UBPATUOS yia TNV TTEPITITWOT JAG.

Steady State of Carbonator
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Steady State of Regenerator
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Epunveio TEIpAUOTIKWY OTTOTEAETUATWV

MévioTn 1IKavoTnTa TPOTANWNE CO-5 - Ximax

2T0 TTPWTO BIAYPAPMA QAIVETAI N TIMA Xmax, ONAAON N MEYIOTN IKAVOTNTA TOU UAIKOU
yia avtidpaon — TpoécAnwn CO,. Z1ov d&ova x TTapaTtnpeital n ouykévipwon Tou H,O. Mapa-
TNPOUME AOITTOV OTI DIOPOPETIKI) CUYKEVTPWAN &gV €TTNPEALEI TNV IKAVOTNTA avTidpaong, Tra-
POAO TTOU N UTTapEN USPATHOU BEATILVEI TNV TIUA Xmax- 2€ YEVIKEG YPAUMES TTAPATNEEITAI N

TAdon MEIWOoNG TNG Xmax ME TNV TTAPOOO TOU XPOVOU TTAPAPOVAG OTOV AVTIOPACTAPA.
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Figure: The effect of water vapour partial pressure on Xmaxave

Exp. case 1: Carb: 16% CO,, 8% H.,O, rest N,, 630°C Reg: wet flue gas, 46% CO,, rest N,, 900°C
Exp. case 2: Carb: 10% CO,, rest N,, 630°C Reg: wet flue gas, 55% CO,, rest N,, 900°C

Exp. case 3: Carb: 14% CO,, rest N,, 630°C Reg: wet flue gas, 61% CO,, rest N, 920°C

210 akOAouBo didypaupa @aiveral TTAAI N TGO PEiwoNG PE TO XPOVO TTAPAUOVAG OTN
povdda. XpnaoiyoTtroloUvTal oI BewpnTiKoi KUKAOI avTidpaong TTou gival péyebog 1o otroio fo-
NOAEl 0TV KAVOVIKOTTOINON OIOQOPETIKWY PETAEU TOUG OUVONKWY Kal oTn oUyKpIon WE Tra-
Aaiétepa atroteAéopaTa. 10 SIAYPAUHA QaiveTal akOua OTI N TTAPAPEVOUCA IKAVOTNTA QVTi-
Opaong yia OAEG TIG TTEPITITWOEIG TTAPOUCIa aTuou cival oxeddv SITTAACIA, ATTOTEAECUA APKETA
evBAPPUVTIKO WG TTPOG TN CUUPBOAN Tou udpaTuou oTnv PBeATiwon TNG OUVOAIKAG atrédoong
NG dlEpyaaciag.
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Figure: Maximum Carbonation Conversion versus Theoretical Cycles

Exp. case 1: Carb: 16% CO,, 8% H,0, rest N, 630°C Reg: wet flue gas, 46% CO,, rest N, 900°C
Exp. case 2: Carb: 10% CO,, rest N, 630°C Reg: wet flue gas, 55% CO,, rest N, 900°C

Exp. case 3: Carb: 14% CO,, rest N,, 630°C Reg: wet flue gas, 61% CO,, rest N, 920°C

Prev. experiments: Carb: 12% CO2, rest N2,630°C Reg: dry flue gas, 53% CO2, rest N2, 900°C [58]



Emi@dveia avTidpaong — Surface area

To péyeBog ‘surface area’ ouvdéeTal pe TN OIABECIUN ETTIQAVEIR OTEPEOU TTPOG QVTI-
dpaon Kal CUVETTWG TNV IKAVOTNTA Tou oTEpeoU yia déopeuan CO,. To TTapakdtw didypapua
TTapoucidadel TNV €€ENIEN auTou Tou peyEBoUG yia KABe pia TreipapaTikl opada. H apxikA TiuA
Tou peyéBoug eival 7.98m?/g yia PPECKO UAIKG TNG TTPWTNG OPGSAC TTEIPAUATIKWV CNUEIWY
Kal 6.22m?/g yia Tn 8eUTepn. MeTd omrd 6 WPeg Kai 30 AeTIT N Tin €xel peiwlei o 1.73m?/g
yia TNV TTPWTN Kal ETTEITA aTTé TTEPiTTou 4 Wpeg o€ 3.01m?/g yia Tn SeUTepn avTioToIXA.

The lower value for the 1% set is expected since the material has undergone cyclic carbona-
tion/calcination for more time, thus presenting increased sintering and less surface area. For
the 3" experimental set half older material was used that had already undergone sintering

and half fresh calcined material was added.

Surface Area
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Figure: Surface Area
Exp. case 1: Carb: 16% CO,, 8% H,0, rest N,, 630°C Reg: wet flue gas, 46% CO,, rest N,, 900°C

Exp. case 2: Carb: 10% CO,, rest N, 630°C Reg: wet flue gas, 55% CO,, rest N, 900°C
Exp. case 3: Carb: 14% CO,, rest N,, 630°C Reg: wet flue gas, 61% CO,, rest N, 920°C

AkOuUn olUuewva Kal Je To OeUTEPO BIAypaANMa TTapaTNPEEITalI auénuévn peiwan TnNG
TIUAG ‘surface area’, TTou cuuPadilel ye TN BIBAIoypagia n otroia UTTOOEIKVUEI XEIPOTEPEUDT
TOU peyEBoug auTou yia uwnAr Bepuokpadia Kal TTapoucia udpaTuou. MapoAa autd TTapaTn-
pnénke auénuévn IkavoTNTa avTidpaong Trapoucia udpaTuou. Autd dikaloAoyeital ot BiBAIO-
ypagia pe aAayrh otn dOpA Kal TO TTOPWAES TOU UAIKOU, €TCI WOTE TTAPA TN PEIWON TOU ‘sur-
face area’ perakivnon Tpog PEYAAUTEPOUG TTOPOUG OONYEl OE PEIWON TWV PPAYUEVWV TTOPWV

Kal augnuévn IKavotTnTa PeTaTpoTrrg Tou CaO oe CaCOs;.
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Exp. case 1: Carb: 16% CO,, 8% H,O, rest N,, 630°C Reg: wet flue gas, 46% CO,, rest N,, 900°C
Exp. case 2: Carb: 10% CO,, rest N,, 630°C Reg: wet flue gas, 55% CO,, rest N,, 900°C

Exp. case 3: Carb: 14% CO,, rest N, 630°C Reg: wet flue gas, 61% CO,, rest N, 920°C

Prev. experiments: Carb: 12% CO,, rest N,,630°C Reg: dry flue gas, 53% CO,, rest N,, 900°C [58]

Mepiexépuevo CO, o1 OTEPEG TTOU EEEPYOVTAI aTTO TOV ‘carbonator’ — Xcarm
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Figure: Xcarb versus residence time of the carbonator

Exp. case 1: Carb: 16% CO,, 8% H,0, rest N,, 630°C Reg: wet flue gas, 46% CO,, rest N, 900°C
Exp. case 2: Carb: 10% CO,, rest N, 630°C Reg: wet flue gas, 55% CO,, rest N, 900°C

Exp. case 3: Carb: 14% CO,, rest N,, 630°C Reg: wet flue gas, 61% CO,, rest N, 920°C



AugnuEvn TIUA Xearn ONMaivel 0TI 0 avTiIdpaoTpag Asitoupynoe KaAd deouelovTag au-
&npévn TmoodTnTa CO,. AuTO TTAPATNPEITAI VIO TNV TTPWTN TTEIPANATIKN opdda TTapoudia u-

Opatpou Kal 6Toug dUo avTIOPACTAPEG.

Bafuog amrédoong ‘carbonator’ (E..v)

To akéAouBo Odldypaupa TTPpokUTITEl 600V agopd To PaBud armmédoong Tou
‘carbonator’. O BaBudg amodoong ekppdaleTal cuvapTtioel Tou ‘looping ratio’, éva péyebog
TTOU ONAWVEl TNV TTO0OTNTA TOU OTEPEOU UAIKOU TTou diaTiBeTal KABe @opd yia avTtidpaon —
oéapeuon CO,. Mapartnpeital 6T UPNAR TIUA Tou PeyéBoug auToU ouvOudleTal e augnuévn
atrédoon. MapéAa autd uywnAni TIPA autou Tou PeyEBoUg onuaivel Kal auénuévo KOOTOG Agl-
Toupyiag Adyw diakivnong PeyaAlTepng PHAZag oTepeou avTidpwvtog. Ooov agopd Tnv £TTi-
dpacn Tou aTtyou Trapatnpeital paydaia BeATiwon NG amoédoong TTapoucia udpaTtuol Kal
oTouG dU0 avTiIdpacThpeS. MpoKeITal yia apKeTA evBApPUVTIKO eUpnua 6oov agopd TNV OIKO-

VOUIKN BIWOIYOTNTA KAl aTTod0TIKOTNTA TNG dlEpyaciag auTAg.
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Figure: Carbonator efficiency versus looping ratio and space time

Exp. case 1: Carb: 16% CO,, 8% H,0, rest N, 630°C Reg: wet flue gas, 46% CO,, rest N, 900°C
Exp. case 2: Carb: 10% CO,, rest N, 630°C Reg: wet flue gas, 55% CO,, rest N, 900°C

Exp. case 3: Carb: 14% CO,, rest N,, 630°C Reg: wet flue gas, 61% CO,, rest N,, 920°C



Nepiexduevo CO, oTa oTEPED TTOU £&épYovTal amrd Tov ‘carbonator’ — Xcac

ZnuUavTiko PéyeBog gival emiong n TiuA Xcalc, dnAadn 1o Tepiexduevo CO, oTa oTeEPEd
TTou €&épxovTal ammd Tov ‘regenerator’. ES&w eival emBuUPNTA TTOAU PIKPr TIPA Tou HeyEBoUg
auTou, kaBwg auTtd onuaivel KaAAR AsiToupyia Tou ‘regenerator’, dnAadr PEYIOTN aTTEAEUBEpW-
on Tou Trepiexduevou CO,. Mapartnpeital 6To akdAouBo didypauua BeATiwon TG TIMAS AQUTAS
ME aufnaon Tng TTEPIEKTIKOTNTAG O€ UOPATUO, HEXPI OpIoUEVA Opla WETATPOTIAG Tou CaCO; o¢
CaO. MéyioTn PETATPOTTA TTAPATNPEITAI VI TNV TPITA OMAdQ TTEIPAUATIKWY OEDONEVWV [E U-
WnAOTEPN Bepuokpaaia avTidpaong, yeyovog TTou emiReRaiwvel TOV Kupiapxo poAo Tng Bep-
MOKpaaiag aTnv €¢EAIEN TNG avTidpaong.
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Figure: Conversion of CaCO; to CaO versus water vapour partial pressure
Exp. case 1: Carb: 16% CO,, 8% H,0, rest N, 630°C Reg: wet flue gas, 46% CO,, rest N, 900°C

Exp. case 2: Carb: 10% CO,, rest N, 630°C Reg: wet flue gas, 55% CO,, rest N, 900°C
Exp. case 3: Carb: 14% CO,, rest N, 630°C Reg: wet flue gas, 61% CO,, rest N, 920°C

BaBuég amdédoong Tou ‘regenerator’ (Eeq)

O BaBuodg ammédoong Tou ‘regenerator’ divetal atrd TNV egicwon:

Xcarb — Xcalc

E =
reg Xcarb
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Figure: Regenerator efficiency versus regenerator load

Exp. case 1: Carb: 16% CO,, 8% H,0, rest N, 630°C Reg: wet flue gas, 46% CO,, rest N, 900°C
Exp. case 2: Carb: 10% CO,, rest N,, 630°C Reg: wet flue gas, 55% CO,, rest N, 900°C

Exp. case 3: Carb: 14% CO,, rest N, 630°C Reg: wet flue gas, 61% CO,, rest N, 920°C

Prev. experiments: Carb: 12% CO2, rest N2,630°C Reg: dry flue gas, 53% CO2, rest N2, 900°C [58]

Ta atroTeAéTUOTA TOU TTAPATTAVW dIAYPAUKATOS AaTTodidovTal yIa TV JEV TTPWTN OUd-
00 TTEIPANATIKWY onueiwv oTnv TTOAU KOAA TIuA Tou Xcarb 1Tou emTelxOnke, yia mn o€ TpiTn

opGda oTnv TTOAU KaAr — XapnAf i Xcalc, Adyw NG uwnAdTepng Beppokpaaciag.

ATtTwAg1a UAIKOU — attrition

H onpaoia Tou puBpou Pe TOV OTT0I0 €X0UME aTTWAEIA UAIKOU £EnyHONKE Kal TTapaTTd-
vw. Emnpeddel Gueca TNV ammoTeAEOUATIKOTNTA KAl OIKOVOUIKA Bliwoiudtnta Tng dliepyaciag
auThg. To akdAouBo didypaupa TTapoucidlel To PéyeBog autd o€ KIAG avda wpa AsIToupyiag.
Mapatnpeital 1B1aiTepa augnuévo ‘attrition’ TTapoucia udpaTuou, €IBIKG yia TNV TTEPITITWON
OTTOU UdPATHOG RTAV TTAPWYV KAl OTOUG dUO avTIOPACTAPES. INa TNV TTEPITITWON QUTH 0T JO-
vada Trapatnpninke €MKABIoN oTEPe0U UAIKOU OTA TOIXWHATA TWV CWANVWOEWY KAl TwvV

KUKAWVWY, dnuioupywvTag TTpoARuaTa atnv opaAn pon — Asiroupyia Tng povadag.
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Figure: Mass loss per hour for different experimental conditions

Exp. case 1: Carb: 16% CO,, 8% H,0, rest N,, 630°C Reg: wet flue gas, 46% CO,, rest N,, 900°C
Exp. case 2: Carb: 10% CO,, rest N, 630°C Reg: wet flue gas, 55% CO,, rest N, 900°C

Exp. case 3: Carb: 14% CO,, rest N,, 630°C Reg: wet flue gas, 61% CO,, rest N, 920°C

Prev. experiments: Carb: 12% CO2, rest N2,630°C Reg: dry flue gas, 53% CO2, rest N2, 900°C [58]

KokkoueTpia
To akdAouBo didypappa emReBaiwvel 6T TO HEYEBOG TwV KOKKWY OUvOEETal AUETA E

TO Qaivopevo ‘attrition’. Ta AeTTTOKKOKO cwpaTidla oTadIaKG TTAPACEPVOVTAl EKTOG TOU OU-
OTAMATOG BIANECOU TWV KUKAWVWY ASdYw TwWV UWnAWyv TaXUTATWY peucTtotroinong. ‘ETol a-
paTtnpeital atnv KAivn va TTopauEVOUV Ta TTIO XOVTPOKKOKO — Bapid cwiaTidia.
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Figure: Particle size for raw calcined material, carbonator and regenerator bed
Exp. case 2: Carb: 10% CO,, rest N, 630°C Reg: wet flue gas, 55% CO,, rest N,, 900°C



H otadiokf @Bopd — TpIBN Twv CWHATIBIWY PETALU TOUG KAl HE TA TOIXWHATA TWV O-
vTiIdpacTripwy odnyei oTn oTadiok YeEiwon Twv dIaoTACEwWY Toug Kal TNV TBavr atTwAEId
TOoug SlOPECOU TwV KUKAWVWYV. H oTtadiakr autr peiwon tng didueong SlauéTpou Pe TNV Td-

OO0 TOU TTEIPAMATIKOU XPAOVOU QaiveTal KAl 0TO akOAouBo didypauua:
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Figure: Median value of particle size — dpsg

Exp. case 1: Carb: 16% CO,, 8% H,O, rest N,, 630°C Reg: wet flue gas, 46% CO,, rest N,, 900°C
Exp. case 2: Carb: 10% CO,, rest N,, 630°C Reg: wet flue gas, 55% CO,, rest N,, 900°C

Exp. case 3: Carb: 14% CO,, rest N,, 630°C Reg: wet flue gas, 61% CO,, rest N,, 920°C

Prev. experiments: Carb: 12% CO2, rest N2,630°C Reg: dry flue gas, 53% CO2, rest N2, 900°C [58]

Emriloyog

Ta eupAuata autng TNG SITTAWMATIKAG Epyaciag cival IDIAITEPNS onUaciag yia Tnv u-
Aotroinon Tng diepyaacieg Tou ‘calcium looping’ o€ peyaAuTepn KAiJAKa Kal UTTO PECAIOTIKEG
OUVONKES UTTAPENG ONUAVTIKAG TTOoOTNTAG UdPATUWY oTa kauoaépia. ‘EdeiEav weéNiun eTTi-
dpaacn Tou udpaTtuou aTnv amdédoon TNG Povadag ooV aPopd TNV IKAvOeTNTAa BECUEUCNS KAl
ameAeuBépwong CO,, KABWG Kal 6oov agopd TNV IKAVOTNTA avTidpaong Tou acBecToABou
émeira atrd TOAAOUG KUKAOUG AsiToupyiag. ATd Tnv AAAN TTAsupd €0<1Eav EKTETAPEVEG ATTW-
A€1EG UNIKOU Kal OUVETTWG avAaykn dlapkoUlg Tpopodooiag e ppéoko aoBeoTdABo. Ev karta-
KAEI®I N TEXVOAOYia auTh TTPOCEPEPETAI YIA TOV TTEPIOPICHUO Tou TTapayopevou CO, atrd peyda-
Aeg Povadeg TTapaywyng evépyelag. Mepaimépw PEAETN KAl OIKOVOPOTEXVIKI BEATIOTOTTOINON
gival aTTapaiTnTEG yIa TNV ATTOTEAECUATIKA EVOWUATWON TNG TEXVOAOYIAG AUTHG OTIG £V Adyw

Hovadeg.
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