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Heavy industries including cement, iron and steel, oil refining, and petrochemicals are
collectively responsible for about 22% of global CO» emissions. Among these industries,
oil refineries account for 4-6%, of which typically 25-35% arise from the regenerators
in Fluid Catalytic Cracking (FCC) units. This article reviews the progress in applying
CO» capture technologies to FCC units. Post combustion and oxyfuel combustion
have been investigated to mitigate CO» emissions in FCC and, more recently, Chemical
Looping Combustion (CLC) has received attention. Post combustion capture can readily
be deployed to the flue gas in FCC units and oxyfuel combustion, which requires air
separation has been investigated in a pilot-scale unit by Petrobras (Brazil). However, in
comparison, CLC offers considerably lower energy penalties. The applicability of CLC for
FCC has also been experimentally investigated at a lab-scale. As a result, the studies
demonstrated highly promising CO» capture capacities for FCC with the application
of post combustion (85-90%), oxyfuel combustion (90-100%) and CLC (90-96%).
Therefore, the method having lowest energy penalty and CO» avoided cost is highly
important for the next generation of FCC units to optimize CO» capture. The energy
penalty was calculated as 3.1-4.2 GJ/t CO» with an avoiding cost of 75-110 €/t CO, for
the application of post combustion capture to FCC. However, the application of oxyfuel
combustion provided lower energy penalty of 1.8-2.5 GJ/t CO», and lower CO» avoided
cost of 55-85 €/t CO». More recently, lab-scale experiments demonstrated that the
application of CLC to FCC demonstrate significant progress with an indicative much
lower energy penalty of ca. 0.2 GJ/t CO».

Keywords: CCS, CO, capture, Fluid Catalytic Cracking (FCC), post combustion, oxyfuel combustion, Chemical
Looping Combustion (CLC)

INTRODUCTION

The average CO, concentration has reached nearly 415 ppm in 2019, which is 40% higher than
the level in the 1850s of only 280 ppm. It is predicted that the CO, emissions will be reached a
value higher than 750 ppm by 2100 unless mitigation efforts are made (Wang et al., 2011). This
increase has led to rising in the climate change problem (Metz et al., 2005; EPA, 2010; NRC,
2010; IEA, 2013, 2016), with CO, capture and storage proposed as one of the means to protect
the environment (Herzog et al., 1997; Metz et al., 2005; Scott et al., 2006; Figueroa et al., 2008;
Straelen et al., 2009, 2010; Dennis and Scott, 2010; Dennis et al., 2010; Clarens et al., 2016; Quader
etal., 2016). Globally, the power sector ranks first among stationary CO; producers (at 78%), heavy
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FIGURE 1 | Overview of major CO, emissions sources from refineries,
adapted from Straelen et al. (2010) with permission from Elsevier.

industries such as cement production, oil refineries, iron and
steel production and petrochemicals account for the majority
of the rest (Straelen et al., 2010). CO, released from the
industries beyond power generation can be captured using post
combustion, pre-combustion, oxyfuel combustion, and chemical
looping combustion (CLC) technologies (Kohl and Nielsen, 1997;
Straelen et al., 2009, 2010; Ali et al.,, 2011; Digne et al., 2014;
Pérez-Fortes et al., 2014; Clarens et al., 2016; Quader et al., 2016;
Zhou et al, 2016). Among these industries, oil refineries are
responsible for ~4-6% of the global CO, emissions (Gale et al.,
2005; Straelen et al., 2009). The CO, emissions released by oil
refineries come from some different units (Figure 1) (EPA, 2010;
Bains et al., 2017).

Hydrogen manufacturing, which is responsible for 5-20% of
CO; emissions, produces concentrated CO, streams at pressure
giving relatively low CO, capture costs. However, the combustion
based CO; emissions (process heaters and steam boilers) account
for the major reason for the CO, emissions from the typical
refinery (Johansson et al., 2012; Bains et al., 2017). It is possible
to reduce 9-40 MtCO;/year, which is equal to 6-26% of total
refinery emissions, with short-term mitigation options such as
energy efficiency measures and fuel shift (Straelen et al., 2010;
Johansson et al., 2012). Additionally, there is a greater potential
for the significant reduction of CO, emission (5-80% of total
refinery emissions) by the application of CCS technologies in the
long term (Johansson et al., 2012). The regenerator in a FCC
plant is typically responsible for roughly 20-35% of standard
refinery CO, emissions, which is the largest single source at the
refinery (EPA, 2010; Straelen et al., 2010). However, a high-energy
penalty and equipment requirements for the application of CCS
technologies for FCC units are the main challenges CO, capture.

Introduction to Fluid Catalytic
Cracking (FCC)

In an oil refinery, FCC is one of the essential processes for
the conversion of gas oils and heavier petroleum residues into
more valuable gasoline, and distillate fuel products. The main
aim of the process is to decrease the molecular weight of the
feedstock to light cycle oil (LCO; C;3-Cyp), gasoline (Cs-Cj2),

and LPG (C3-Cy), but the production of light gases (Ha, Ci-
C,) should be minimized. A commercial FCC unit, presented
in Figure 2, consists of a catalytic reactor (a riser reactor) and
a regenerator (Sadeghbeigi, 2000; Jones and Pujado, 2006). Vogt
and Weckhuysen (2015) presented the consecutive reactions
of complex FCC feedstock leading to the final FCC products
(Figure 2). The reactor is a riser in which the preheated feedstock
is injected, vaporized, and mixed with hot catalyst and steam,
with cracking temperatures of 480-600°C which decrease up to
the riser as the endothermic cracking reactions proceed. The
gas-phase cracked products and catalysts powders are separated
in the disengagement zone, a cyclone. The gas-phase products
are then sent to a fractional column while the coke deposited
catalysts are stripped with steam to remove volatiles and then
sent to the regenerator where the coke is combusted with air
in a controlled manner at temperatures typically close to 750°C.
After regeneration, coke free catalysts are sent back to the riser;
thereby, the cycle is completed. Combustion of the coke generates
heat to sustain the endothermic cracking reactions in the riser, so
the system is thermally balanced. The concentration of CO; in
the flue gas is 0-5 vol.% with a low concentration of CO in the
full combustion mode. Additionally, the flue gas contains 50-200
vppm of NOy and 300-600 vppm of SOy (Cheng et al., 1998).

Generally, type Y zeolite-based catalysts are the main catalyst
used for the cracking reaction in FCC units. The zeolites can
be modified with rare earth metals to increase acidity and
improve thermal stability and dealuminated to provide even
greater stability. Type Y zeolite catalysts also comprise an
aluminosilicate matrix with mesoporosity and some acidity to
crack larger molecules, clay to improve physical strength and
a binder (Rawlence and Gosling, 1988). FCC units have been
faced with increasingly stringent quality emission standards that
require lower emissions of CO, NOx and SOx, and this together
with the trend to heavier residue feedstock containing Ni and
V has resulted in many innovations in catalyst formulations
both maximize product selectivity and control these pollutants
(Rawlence and Gosling, 1988). An FCC catalyst should have the
critical properties shown in Figure 3.

As with the other industrial catalysts, selectivity, activity,
attrition resistance and durability are the key performance
attributes of FCC catalysts. Laboratory scale fixed-bed, fixed-fluid
bed, or fluid transport of riser reactors have been ordinarily used
to evaluate activity and product selectivity of an FCC catalyst
(Otterstedt et al., 1988; Rawlence and Gosling, 1988; Gianetto
et al.,, 1994; Al-Khattaf and De Lasa, 1999; Manos et al., 2001;
Corma et al., 2007; Ng et al., 2007).

CO, CAPTURE TECHNOLOGIES FOR FCC

As described in the introduction, oil refineries are the third-
highest CO, emitter after power plants and cement industries
(Gale et al., 2005; Straelen et al., 2010). N,O (0.08%) and CHy
(2.25%) are the other greenhouse gases which are emitted by
refineries besides CO; (97.67%) (EPA, 2010). The CO, produced
in the refineries come from several different units such as
FCC, hydrogen production, sulfur recovery plants in addition
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FIGURE 2 | A typical FCC unit (left) adapted from Rawlence and Gosling (1988) with permission from Elsevier and the consecutive cracking involve in FCC feedstock
(right), reprinted from Vogt and Weckhuysen (2015) with permission from the Royal Society of Chemistry (RSC) under the Creative Commons CC BY license.
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FIGURE 3 | Catalyst properties required for an FCC unit (left), adapted from Rawlence and Gosling (1988) with permission from Elsevier and typical chemical and
structural composition of an FCC particle (right) reprinted from Vogt and Weckhuysen (2015) with permission from the Royal Society of Chemistry (RSC) under the
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to boilers and process heaters (combustion-related CO, sources)
(EPA, 2010; Straelen et al., 2010; Digne et al., 2014; Miracca,
2015). Although the FCC system is one of the most important
units for a refinery, the regenerator part of FCC is responsible
for roughly a quarter of standard refinery CO, emissions at the
refinery (EPA, 2010). For instance, a medium-size FCC unit,
which has been fed 60,000 barrels per day (bpd), emits almost
0.5 million tons of CO;, per year to the atmosphere (Mello
et al,, 2015b). It is therefore clear that deploying CO, capture
to FCC would play a crucial role in fully decarbonizing oil
refinery operations.

Based on the characteristics of the FCC process, post
combustion capture (Elkamel et al., 2008; Peng and Zhuang,
2012; Digne et al., 2014; Miracca and Butler, 2015), oxyfuel

combustion (Melien and Roijen, 2009; Mello et al., 2009a, 2013,
2015a,b; Miracca and Butler, 2015) and CLC (Giileg et al.,
2019a,b, 2020) technologies have already been suggested to
capture the CO; released from the regenerator of FCC units.
In FCC-post combustion capture, the CO, in the flue gas can
be captured using an amine scrubbing method. In FCC-oxyfuel
combustion capture, oxygen mixed with recycled CO, is used
instead of air to oxidize the coke that deposited on the FCC
catalyst during cracking reaction (Melien and Roijen, 2009; Mello
et al., 2009a, 2013, 2015a; Miracca, 2015). In the FCC-CLC
capture, the coke is combusted with oxygen carriers, which are
supplied by an additional circulation through an air reactor
integrated with the FCC regenerator (Giileg et al., 2019a,b, 2020).
In addition to these technologies, Mace et al. (2009) suggested
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changing the regenerator in a FCC unit from a combustor to
a steam gasifier to produce syngas (CO and Hj) instead of
H,0 and CO; with gasification of coke, in which the oxygen
ratio may be reduced by increasing the ratio of CO,/O;, or
H,0/0; in the regenerator feed. However, Mace et al. (2009)
also raised up some serious questions about regeneration of
catalysts, the reverse Boudouard reaction without poisoning the
catalysts, maintaining the heat balance on FCC unit, additional
combustion source to provide all of the process heat, required
partial pressure of H,O and CO; etc. Although gasification of
the coke deposited on FCC catalyst is an alternative way to CO,
capture, the uncertainty of the process conditions and lack of
experimental study makes difficult to compare this process with
other suggested technologies. On the other hand, because of
the coke deposition on FCC catalyst, Pre-combustion cannot be
applied to FCC (Miracca, 2015).

Post Combustion Capture

Post combustion is one of the CO, capture technologies
suggested for the FCC regenerator (Melien and Roijen, 2009;
Mello et al., 2009a, 2013, 2015a,b; Crombie et al., 2011; Johansson
et al., 2012; Digne et al., 2014; Miracca and Butler, 2015) where
studies demonstrate that the technology can be retrofitted to
the regenerator flue gas line containing 10-20% CO, (Mello
et al., 2015a,b). Straelen et al. (2010) report a case study on
the deployment of post combustion CO, capture at a complex
large-scale refinery, consisting of a hydrogen production unit, a
fluid catalytic cracker, and a group of smaller and larger utility
plants, handling in the range of 400,000-500,000 bpd. The results
demonstrate that application of post combustion to refineries
is technically feasible. Miracca and Butler (2015) described
a system for an FCC unit with CO, capture modifications
established downstream from the FCC unit, as presented in
Figure 4 (Miracca and Butler, 2015). In this system, the flue
gas, which is released from the regenerator, is fed to an amine
scrubbing system by a flue gas blower. The CO, is chemically
absorbed by an aqueous amine solution and then very high purity
(99.5% vol.) CO; is desorbed in the stripper unit. The results of
the study illustrate that 85% of CO, can be captured from flue gas
using a commercial post combustion capture technology with a
suitable amine solvent (Miracca and Butler, 2015).

Digne et al. (2014), undertook a techno-economic evaluation
of a commercial post combustion CO, capture technology,
named HiCapt™ (Figure 5) developed by IFP Energies Nouvelles
and PROSERNAT, for FCC flue gas. To evaluate HiCapt™, a
case study for a capacity of 60,000 bpd was considered. As for
any amines scrubbing operation, HiCapt® process consists of
three main units; the absorber, stripper, and CO, compressors.
The process was described as follows; flue gas, which is cooled
down to 50°C by a water quench tower, is introduced at the
bottom of the absorber at atmospheric pressure. The lean solvent
is an aqueous solution containing 40 wt.% of monoethanolamine
(MEA) also enters at the top of the absorber. The CO; in flue gas
diffuses to the solvent and react with MEA. The gas described
as a decarbonized is then sent to the washing section zone of
the absorber. In this section, MEA in the vapor is recovered
by water washing. Decarbonized flue gas is, then, released to

the atmosphere from the top of the absorber. After a heat
recovery exchanger, the solvent highly loaded COj is introduced
to the regenerator (also called the stripper) at a pressure ~1-2
bar. The heated solvent is pumped through the packed stripper
column. The solvent recovered from the stripper column is sent
to the absorber from the bottom of the regenerator, and after a
condensation unit, the high purity (99.9 mol%) CO, separated
from the solvent is delivered to the CO, compression unit. Here,
the CO, compressed at 110 barg in several stages of compression
and condensation (Digne et al., 2014). From a technical point of
view, because of the HiCapt™ inlet specifications, 74% of CO,
emitted from the FCC unit can be captured, ~14% of total CO,
emitted from the refinery under consideration.

Wei et al. (2018) have also demonstrated the integration
of solvent-based carbon capture with FCC through process
simulation. An industrial scale FCC unit (1.4 million tons
VGO per year) was modeled in which different heat integration
options were considered to reduce the energy penalty. Further,
the model was validated through industrial operating data. As
demonstrated in Figure 6, three different cases were suggested
to provide the energy required for the carbon capture plant after
the regenerator. In case-1, the heat required by the CO; capture
plant was completely supplied by the excess heat of the FCC unit
coming from the waste heat steam generator (WHSG) and the
heat exchanger located after the chimney, which was calculated
as 11.52 MWth. In case 2, 90% CO, capture from the regenerator
was ensured using the only excess heat of the FCC unit, which
was calculated as 14.67 MWth. The additional 3.15 MWth in
case-2 came from the energy produced in the flue gas turbine.
In case 3, 90% CO; capture was also secured using an additional
heat supply. The results indicated that a proper design of heat
integration would significantly decrease the energy penalties for
CO; capture in FCC units.

Oxyfuel Combustion
Oxyfuel combustion is another technology proposed to capture
CO; from the FCC regenerator (Santos et al., 2008; Melien
and Roijen, 2009; Mello et al.,, 2009a, 2013, 2015a,b; Miracca,
2015; Silva et al,, 2015). High purity oxygen is used in the
regenerator to produce a flue gas consisting of mainly CO, and
H,O. The application of oxyfuel combustion to the regenerator
is illustrated in Figure 7 (Mello et al., 2009a; Miracca and Butler,
2015). An air separation unit (ASU) produces the pure oxygen
for use in the regenerator, which is then mixed with CO,
recycled from the dehydration unit. This mixture is then sent to
the regenerator for the combustion of coke deposited on FCC
catalyst. Thanks to the pure oxygen used in the combustion,
the flue gas released from the regenerator consist of 85-93% of
CO; by volume (Mello et al., 2013, 2015b; Miracca and Butler,
2015) balanced moisture which can be separated by dehydration
unit. Due to the flue gas compression, partial bypass to the stack
is not required, which gives oxyfuel combustion an inherent
boost on CO; recovery compared to post combustion capture
(Miracca and Butler, 2015).

Mello et al. (2013, 2015b) also demonstrated the technical
viability of oxyfuel combustion for a pilot-scale retrofitted FCC
unit operated by Petrobras (Brazil). An oxygen supply system and
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FIGURE 4 | Post-combustion capture for a FCC, adapted from Miracca and Butler (2015) with permission from BP Group Technology.
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FIGURE 5 | Simplified process flow diagram of the HiCapt* process, reprinted from Digne et al. (2014) with permission from IFP Energies nouvelles (Oil & Gas
Science and Technology).

a CO; recycling system was retrofitted to a pilot-scale FCC unit,  flow and pressure control skid, gaseous O, injector, and piping.
as demonstrated by Mello et al. (2013). The major equipment for ~ To define the technical feasibility of oxyfuel combustion, heat
the oxygen supply system is a liquid O, tank, vaporiser system,  balance and volumetric flow rate tests were carried out with two
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FIGURE 6 | Process flow diagram presenting three different heat integration options with post-combustion capture for the flue gas released from the regenerator of
the FCC unit, adapted from Wei et al. (2018) with permission from Elsevier.

different FCC feeds; an Atmospheric Residue (ATR) and a typical
vacuum gas oil (VGO) (Mello et al., 2013). Furthermore, catalyst
balance and catalyst deactivation tests were performed using
VGO. Due to the different properties of CO, and N, including
density and heat capacity, it is important to evaluate the same
heat balance and volumetric flow rate conditions (Mello et al.,
2013). The results demonstrated that an oxyfuel combustion
FCC unit might be run in the same heat balance conditions
as air operation once the CO, flow rate in the regenerator is
kept lower than the N, flowrate with air combustion. Moreover,
there is no impact on the thermal balance of the unit, and
very few changes occurred in the product yields. The retrofitted
system may also be run with the same inert volumetric flow rate,
but the thermal balance of the unit and product distributions
are affected because of the heat capacity of CO,, compared
with the nitrogen, as demonstrated in Figure 8. The effects of
using the same heat balance as for air are the temperature

decrease, higher catalyst circulation and feed conversion. For the
same volumetric flowrate are an increase in the distribution of
gasoline and LPG because of the decreasing bottom products
(Mello et al., 2015b). The catalysts did not show a significant
deactivation by increasing the partial pressure of oxygen in the
regenerator (Mello et al., 2013, 2015b).

Miracca and Butler (2015) have also summarized technical
and economic evaluation of oxyfuel combustion using two
different oxygen purity cases; case 1 with 97% oxygen purity and
case 2 with 99.5%. The overall capture rate was 90% of CO,
for case 1 and 99.98% for case 2 (Miracca and Butler, 2015).
In both instances, the ASU is responsible for the highest power
consumption, 11.4 and 15.9 MW, respectively. Because of the
higher oxygen purity in case 2, power consumptions for flue
gas recycle compression (7.5 MW), and CO; purification and
compression (6.4 MW) are lower than those of Case-1 (9.8 and
9.1 MW, respectively). Although ASU consumes more power in

Frontiers in Energy Research | www.frontiersin.org

April 2020 | Volume 8 | Article 62


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

Guleg et al. CCS Technologies for FCC Units

CO2

Cracked Products

H20 85 % CO2

Cyclone Vessel

|
Q|

Striper

e

Depleted Air

Regenerator

Riser Reactor

Vacuum Oil Feed

Dispersion Steam

L

FIGURE 7 | Oxy-combustion capture in FCC units adapted from Miracca and Butler (2015) with permission from BP Group Technology.

A if Hyir = Hoyy, then Onz > Qcoz B if Ov> = Ocoo then Hyir < Hoxy

:
Hair HOXy E Hair Ho Xy
0, N 0, co, ' 0 N 0, €O,
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from Elsevier.

case 2, the total power consumption (32.5 MW) is slightly lower ~ having much more influence on the CO,-coke reaction than O;-
than in case 1 (34.2 MW, Miracca and Butler, 2015). coke reaction. Furthermore, Silva et al. (2015) have explained the

In addition to the feasibility studies of oxyfuel combustion  reverse Boudouard reaction over vanadium, lithium, magnesium,
for FCC, Santos et al. (2008) and Silva et al. (2015), focused  potassium, calcium and sodium modified alumina, which occurs
on the reactions occurred in the regenerator. Santos et al.  for the coke deposited FCC catalyst. Potassium and vanadium
(2008) reported mechanistic insights of coke-CO; reactions in  modified alumina showed a synergism for the CO, coke reaction,
the regenerator. Coke functionality, especially aliphatic carbon,  which released '*CO followed by 2CO and '2CO;. In reverse
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Boudouard reaction, 12CO and 2CO, are affected by catalyst
types and reaction temperatures. During regeneration, besides
CO; capture, the FCC process may have an important role
to supply CO for other processes (Santos et al., 2008; Silva
et al., 2015). A two-stage regenerator system was suggested,
as presented in Figure9 (Silva et al., 2015). In the first step,
the Reverse Boudouard reaction would be favored using high
CO; and low O;. In the second stage, residual coke would be
combusted by highly pure O,. The second stage would also
provide energy to the first stage and the overall FCC process (Silva
etal., 2015).

Chemical Looping Combustion (CLC)

The other possible CO;, capture technology for FCC is CLC
(Giileg et al, 2019b, 2020), which can naturally separate the
oxygen from the air by reaction with the reduced oxygen carrier
and so does not require a CO; separation process.

The CLC process is based on oxygen transfer from an
air reactor to fuel reactor using a solid oxygen carrier. The
main advantage of the CLC process compared to conventional
combustion is that CO; is not diluted with N in the combustion
gases, and so highly concentrated CO, is obtained without
any extra energy needed (Abad et al, 2007). Firstly, the fuel
(such as coal, petroleum coke, biomass, and solid wastes) is
introduced to the fuel reactor and oxidized to CO, and H,O by
an oxygen carrier, Me, Oy, (such as CuO, NiO, Mn;03, Co304
etc.) (Adanez et al., 2012), which is reduced to metal (Mey)
or any other reduced state (Me,Op—1) during this reaction.
After a condensation and purification step the flue gas, pure
CO,, is ready for transport and storage (Wang et al., 2015).
In a second reactor, the reduced oxygen carrier (Me,Om—1) is
oxidized by oxygen in an air stream. The re-oxidized oxygen
carrier (Me,Oyy,) is then ready for the next combustion cycle.
The flue gas from the air reactor just contains nitrogen and
any excess oxygen (Chiu and Ku, 2012; Wang et al, 2015).
Although the preliminary investigations about solid fuel CLC
have mainly focused on power generation, Giileg et al. (2019a,b)

experimentally demonstrated that it is possible to combust the
coke deposited on an FCC catalyst with oxygen carriers, such as
CuO, Co304, and Mn,03. The concept is supported by earlier
solid fuel CLC studies (Cao et al., 2006; Scott et al., 2006;
Mattisson et al., 2009; Dennis and Scott, 2010; Dennis et al., 2010;
Adanez et al., 2012; Ksepko et al., 2012).

The combustion mechanisms (Syngas-CLC, iG-CLC, and
CLOU) for solid fuels are presented in Figure 10. Because of
the difficulties in solid-solid reactions, the solid fuel-CLC process
is facilitated by fluidisation with CO, and H,O, the gasifying
agents (Mattisson et al.,, 2009). Lyngfelt (2014) described how
the overall extent of solid fuel combustion reflects how well
the gases released from the solid fuel, i.e., volatiles and syngas,
have been oxidized to CO;, and H,O by the oxygen carriers.
Using a suitable CLC unit, a gas conversion of around 75-95%
is possible depending on the fuel, oxygen carrier and solids
inventory (Lyngfelt, 2014). Moreover, fuels with little or no
volatile material, such as FCC coke, show higher gas conversions
(Lyngfelt, 2014).

Giileg et al. (2019a) have proposed a novel CLC-FCC concept,
as illustrated in Figure 11, with two loops (i) regenerator—FCC
riser reactor and (ii) air reactor—regenerator. The regenerator
works as both the catalyst regenerator in the first loop and the
fuel reactor where the coke is combusted with oxygen carriers in
the second loop (CLC). FCC catalysts need to be modified with
an oxygen carrier for this new concept (Giileg et al., 2019a, 2020).
The oxygen carrier in the fresh catalyst will be in a reduced state
(Me,Op—1/Cat) as it enters the FCC riser reactor. The spent or
deactivated catalyst with deposited coke going to the regenerator
is assigned as Coke/Me, Opy—1/Cat. Similarly, the reduced oxygen
carrier modified FCC catalyst (Me,Op,—1/Cat) is also circulated
to the air reactor, another fluidised bed, where the reduced
oxygen carrier is oxidized and designated as Me,Om/Cat. By
mixing of Coke/Me;,Op,—1/Cat and Me,Oy,/Cat catalysts in the
regenerator, the deposited coke would be oxidized to CO; thanks
to the oxygen supplied through oxygen carrier modified on
FCC catalyst. The coked catalysts are hence regenerated. The
Me, O 1/Cat circulates back to the FCC riser reactor and the
air reactor. Given that the cracking and metal oxidation reactions
are fast in relation to the oxidized metal coke combustion, the
average coke content of the catalyst in the regenerator would be
low meaning that little CO, would be lost through combustion
in the air reactor where the residence time would be short.
The equations for CLC of carbon below indicate that all heat is
generated in the air reactor and this needs to balance the heat
required for the combustion and cracking reactions.

Regenerator : 4CuO) + C(s) — 2CupOgy) + COy) AHY =
—110.68 kJ/mol (2.1%)

Air reactor : 2CuzO() + Op) — 4CuO() AHg = —282.82
kJ/mol (2.2%)

Net reaction :
kJ/mol (2.3)

*AH? and AHY) are the standard heats of reaction for the
reduction ad oxidation at 298K and 1 atm.

NOy emissions from the regenerator of FCC demand a control
strategy (Cheng et al., 1998; Sadeghbeigi, 2000) and CLC would
be advantageous in that NOx emissions are lower than for normal

C(s) + OZ(g) — COz(g) AHS = —393.51
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FIGURE 10 | Combustion mechanisms of solid fuels with oxygen carriers, adapted from Adanez et al. (2012) with permission from Elsevier.
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FIGURE 11 | Schematic diagram of the proposed CLC-FCC process, reprinted from Glileg et al. (2019a, 2020) with the permission from Elsevier.

combustion (Cao et al., 2006; Adanez et al., 2012). Also, the gas
leaving from the air reactor can also be expected to be essentially
free of NOy (Lyngfelt, 2014).

Giileg et al. (2019a) observed no significant effects of reduced
oxygen carriers such as Cu, CuyO, CoO, and Mn3Oy, on the
cracking reaction in terms of conversion, yield, and product

selectivity. However, in another study, Giile¢ et al. (2019b)
demonstrated that higher hydrocarbons such as n-hexadecane
and n-heptane could be combusted with oxidized oxygen carriers
such as CuO and Mn;,0s3, at low temperatures, 500°C, which
is the cracking temperature in the FCC riser. To keep product
selectivity and conversion the same, circulating reduced oxygen
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TABLE 1 | Flue gas compositions and summary results.

Post-combustion Oxy-combustion CLC*
Air Air Air 95% O, 99.5% O, CuO
Flue gas compositions
COz (Mol%) 17.7 13.5 16.3 84.3 89.4 98.06
Ny (mol%) 775 72.9 74.3 1.7 0.1 -
Oz (mol%) 1.2 2.7 1.04 2.8 2.8 -
H>O (mol%) 3.6 10.0 7.3 6.9 6.9 1.9
SOy (ppm) 134 378 220 2246 2383 low
NOy (ppm) 118 81 200 505 536 -
CO (ppm) 15 9 100 9 9 low
Summary results
CO; capture (%) 74.0 90.4 85.5 90.5 99.9 95.6
CO; purity (vol.%) - 99.9 - 95.2 96.1 n.a.
Capture Cost ($/t) - - 94.2 - - n.a.
CO, product (/h) 62.9 101.7 - 101.6 112.3 56.4
References (Digne et al., 2014) (Mello et al., 2009a) (Miracca and Butler, (Mello et al., 2009a) (Mello et al., 2009a) (GUleg et al., 2019a,
2015) 2020)

The flue gas composition (CO», N2, H2O, O») for the CLC-FCC concept were calculated by a case study conducted with a medium size of FCC unit having a feed rate of 50,000 barrels
per day (bpd). In this case studly, the combustion reaction of coke with CuO was investigated under CO, atmosphere in the regenerator (having 96% combustion efficiency (Gllec et al.,
2019a, 2020). The other gas compositions (SOx, NOx, CO) were assumed as same as on Oxy-combustion.

carriers modified FCC catalyst between regenerator and riser
reactor is very important. Furthermore, the CLC tests of coke
with oxygen carriers; CuO, Co304, and Mn,0O3, demonstrated
that complete combustion is possible once the stoichiometrically
required amounts of oxygen carriers are used with sufficiently
long residence times (Giileg et al., 2019a, 2020). Over 90 wt% coke
combustion coke was achieved with CuO and Mn,03 at 750°C
for 40-60 min (Giileg et al., 2019a, 2020), similar conditions to
those used in the conventional FCC regenerators (Arbel et al.,
1995; Corma et al., 2007).

TECHNICAL EVALUATION OF CO;
CAPTURE TECHNOLOGIES

Although post combustion capture, oxyfuel combustion and
CLC are applicable for CO, capture, technical and economic
evaluation have an important role in establishing pilot or
commercial scale FCC units with low CO, emissions. While
there is no need for any modification to the FCC regenerator
under for post combustion capture, the regenerator and its
operating conditions must be modified for the application of
oxyfuel combustion and CLC. A summary of the flue gas
composition and CO; capture levels are presented in Table 1 for
the three technologies.

The flue gas composition for post combustion capture is the
same as for a commercial FCC unit. From a technical point of
view, because of the HiCapt™ inlet specifications presented by
Digne et al. (2014), FCC flue gas was able to be treated with
74% CO; capture for conventional FCC regenerator. Miracca and
Butler (2015) and Mello et al. (2009a) demonstrated 85 and 90%
CO; capture levels.

Bench-scale tests for oxyfuel combustion demonstrated the
regeneration of coke with O, mixed CO, (Hicks et al., 2008;
Santos et al., 2008; Melien and Roijen, 2009; Mello et al., 2009a;
Miracca and Butler, 2015). Moreover, larger-scale tests showed
that oxyfuel combustion is also technically feasible for the FCC
regenerator (Santos et al., 2008; Mello et al., 2009a). Compared to
post combustion capture, oxyfuel combustion offers much higher
CO; capture levels depending on the oxygen purity used in the
regenerator; when oxygen purity increases from 95 to 99.5%, the
CO; capture increases from about 90.52 to 99.99%. Additionally,
there are no significant changes in the stability of operation,
the product profile, and effectiveness of coke burn (Mello et al.,
2009a). The operation of FCC unit with oxyfuel combustion is
considered to be more flexible than post combustion capture, and
also it requires less area (Miracca and Butler, 2015).

In addition to these two technologies, CLC-FCC offers
promise to produce concentrated CO,, with a capture levels
higher than 96% thanks to the oxygen separation by oxygen
carriers from air reactor to regenerator (Giileg et al., 2019a, 2020).
The challenges of the CLC-FCC concept are (i) reformulating
FCC catalysts to include sufficient oxygen carrier capacity; (ii)
selecting oxygen carriers that would not negatively affect the
cracking activity of the catalyst and the coke yield, (iii) modifying
the FCC process to include the air reactor (Giileg et al., 2019b,
2020). For example, iron-containing clays were the first catalysts
used for cracking reactions, and, if it is used as an oxygen carrier,
would impact on cracking and coke formation (Rawlence and
Gosling, 1988). Additionally, the modification of FCC catalyst
with oxygen carriers should not significantly increase the overall
mass of the catalyst to maintain similar catalyst to oil ratios and
the heat balances currently used in FCC. As for the selecting
of oxygen carriers, many other transition metals than Fe are
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TABLE 2 | Total installed Operation and Maintenance (O&M) costs (Mello et al.,
2009b).

Post- (amine) Oxy- (99.5% O3) Oxy- (95.0% O,)

Total utility cost (M$/yr) 735 28.2 28.4
Total chemical cost (M$/yr) 3.73 0.86 0.86
Total O&M cost (M$/yr) 77.23 29.06 29.26
Total Installed cost (M$)* 133.1 193.3 197.5

*The economic study does not include the energy integration or optimization.

available including Cu-, Mn- and Co- that have no significant
effects on the cracking reaction (Giileg et al., 2019a,b, 2020) under
a suitable configuration where the air reactor is integrated with
FCC unit as demonstrated in Figure 11.

ECONOMIC EVALUATION OF SUGGESTED
CO, CAPTURE TECHNOLOGIES

A preliminary evaluation can be attempted for the different CO,
capture technologies for FCC, although the cost uncertainties
for CLC-FCC at this stage are high. Due to the high ASU cost,
the total installed cost for oxyfuel combustion unit is calculated
to be ~2 times higher than for a post combustion capture
unit (Mello et al., 2009a). Similarly, the total capital investment
for oxyfuel combustion is estimated at ~1.5 times higher than
Post combustion based on medium size of FCC unit (60,000-
62,000 bpd) by Miracca and Butler (2015) and Melien and Roijen
(2009). Table 2 presents the capital costs with an accuracy of
£30% and associated with post combustion capture and oxyfuel
combustion (O3 purity: 99.5 and 95.0%) presented by Mello et al.
(2009b). Additionally, the relative contributions of CO; capture
technologies to the total capital cost is presented in Figure 12. In
this calculation, the capital cost of oxyfuel combustion method
is about 193.3 M$ which is nearly 45% higher than for post
combustion capture. Melien and Roijen (2009) also determined
the capital cost as 126 M€ for post combustion capture and 178
M<€ for oxyfuel combustion.

Although it is possible to decrease the total capital cost for
oxyfuel combustion by decreasing the oxygen purity used in the
regenerator, the requirement of the propane refrigeration system
and larger recycling compressors resulted in an overall higher
investment as noted by Mello et al. (2009b). On the other hand,
Lemaire et al. (2011) and Digne et al. (2014) have indicated
that the HiCapt™ process using 40% MEA solution gives a 15%
reduction in the cost of an amine scrubbing plant compared to
using only 30% MEA. Although post combustion capture for
FCC regenerator has a lower capital cost (Crombie et al., 2011),
oxyfuel combustion indicated a lower CO, capture and avoided
cost than post combustion (Melien and Roijen, 2009; Mello et al.,
2009a). In another study, the Inside Battery Limit cost, which is
the cost of purchasing and installing all process equipment, for an
FCC unit with CO; capture is determined to be 1.25 times higher
than that of an FCC unit without capture (Digne et al., 2014).
Although no cost analysis of the CLC-FCC concept is attempted,
the air reactor used for the oxidation of reduced oxygen carriers

would be an additional installed cost. The other utilities such
as waste heat steam generator, SOy scrubber, dehydration unit,
and CO; compressors should almost be the same as for oxyfuel
combustion technology as the flue gas released from the CLC-
FCC concept is similar to that released in oxyfuel combustion.
The air blower, which is used in a conventional FCC unit, can
also be used as the air blower required for the air reactor.

Most of the energy consumption in post combustion capture
is due to solvent regeneration in the boiler (Abu-Zahra et al,
2007). Additionally, besides the capture solvent and technology,
the concentration of CO; in flue gas also influences the capture
cost (Straelen et al., 2009). The energy penalty (specific duty) for
the application of post combustion capture to an industrial scale
FCC unit was reported as 4.2 GJ/t CO; (for CO; capture level of
90%) and this decreased to 3.8 GJ/t CO, with the modification
of heat integration option case 1 having a CO; capture level of
78% (Figure 6, Wei et al., 2018). Furthermore, the novel post
combustion capture technology, HiCapt™, specifically developed
for FCC units by Digne et al. (2014) gavean energy consumption
of 3.1-3.3 GJ/t CO,, for 74% CO; capture. The CO; avoided cost
was determined as 75-110 €/t CO; for the application of post
combustion to a medium sized FCC unit (Melien and Roijen,
2009; Miracca and Butler, 2015). It was also determined between
90 and 120 €/t CO, if the current amine capture technology is
modified to the refineries (Straelen et al., 2009).

The application of oxyfuel combustion to FCC was
demonstrated to have a lower energy penalty than post-
combustion capture of 1.8-2.5 GJ/t CO, depending on oxygen
purities of 95 to 99.5%. The energy penalty for oxyfuel
combustion arises from the ASU, oxygen and flue gas recycle
compression. Further, oxyfuel combustion provides lower CO,
avoided costs of 55-85 €/t CO, compared to post-combustion
capture (Melien and Roijen, 2009; Mello et al., 2009a; Miracca
and Butler, 2015). Although the energy penalty was calculated to
be as low as 0.5 GJ/t CO; for the application of post combustion
capture due to the lower net power consumption than oxyfuel
combustion (Melien and Roijen, 2009; Mello et al., 2009b;
Miracca and Butler, 2015), there is no clear explanation as why
this is the case. As for the application of CLC to FCC unit, the
significant additional costs of CLC unit is associated with the
CO;, compression (Lyngfelt, 2014). In order to evaluate the
performance of proposed CLC-FCC unit (Giileg et al., 2019a,b,
2020), a case study was conducted with a medium size of FCC
unit having a vacuum gas oil (VGO) feed rate of 50,000 bpd.
The case study composed a heat and mass balance around the
proposed CLC-FCC unit with the experimental data presented
in Giileg et al. (2019a). Thanks to this case study, the energy
penalty was determined as 0.2 GJ/t CO;. In terms of capture
cost, a comparison of the first design of CLC solid fuel power
plant in an EU project to the similar fluidized bed indicated a
low-efficiency penalty as well as a low capture cost, 10-40 €/t
CO; (Ekstrom et al., 2009). However, it is still unknown as to
what extent capital costs of the FCC unit will be higher than for
the case considered here.

The total O&M costs for post combustion capture was much
higher than that for oxyfuel combustion as presented in Table 2.
The high utility cost for post combustion capture was attributed
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to the demanding low-pressure (LP) steam required for the
amine regeneration and extra cooling tower water needed (Mello
et al., 2009b). Additionally, the higher chemical cost for post
combustion capture was also attributed to the requirements of
MEA, corrosion inhibitor, particulate filters, activated carbon to
remove hydrocarbons, sodium carbonate to reclaim MEA plus
disposal costs. Such chemical costs are not required for oxyfuel
combustion applications.

For CLC-FCC, cracking catalysts need to be modified with
oxygen carriers such as CuO, Co304, Mn,03, for the CLC
cycle between the regenerator and oxidiser. Thanks to the low
proportion of coke on equilibrium catalysts during typical FCC
operation, a relatively low amounts of oxygen carriers would be
required for regeneration (Giileg et al., 2019a, 2020). Although
the relatively small amount of fresh oxygen carrier would not
expect to increase the capture cost in a CLC process, the oxygen
carrier cost needs to be considered carefully because of the
natural decay of activity during many reduction-oxidation cycles.
Based on the oxygen transfer capacity, an energy balance and a
thermodynamics analysis, CuO seems to be the best choice as
an oxygen carrier for the CLC system of solid fuels (Cao et al.,
2006). So, in all, the additional costs for such a CLC system
would be expected not to be excessive in comparison to other
CO; capture technologies (Lyngfelt, 2014). Although this work
may not accurately reflect the additional capital cost for the
construction of a CLC_FCC unit, it provides a useful indicator for
establishing the economic viability of this process and comparing
to the competing capture processes.

In summary, even though post combustion CO, capture
for FCC looks like a mature technology, the overall cost per
ton of CO2 capture appears to be significantly higher than
for oxyfuel combustion. Therefore, breakthrough technological
developments, such as improve solvents are required to make
post-combustion couture more competitive (Straelen et al.,
2009). Although the studies to date demonstrate that oxyfuel
combustion looks to be a promising technology for CO,
capture from the FCC regenerator, it still requires further
improvements before commercial applications (Mello et al.,

2013, 2015b; Miracca and Butler, 2015). As a high-energy
penalty and requirements for extra equipment are apparent
with both these technologies. CLC may well be a technology
that provides a unique potential for avoiding the significant
costs and energy penalties inherent in gas separation and CO,
capture. Nevertheless, more research and development are still
required, especially with respect to finding the best design of
the fuel reactor system and the combustion reaction mechanisms
between coke and oxygen carriers in the regenerator (Ekstrom
et al,, 2009; Lyngfelt, 2014; Giileg et al., 2019a,b, 2020).

Additionally, a cost reduction in the application of post
combustion, oxyfuel combustion and CLC to FCC unit would be
possible with the developments of CCS technologies. Although
amine absorption is currently at a high technology readiness
level (TRL), an advanced absorption process, in which amine
solvents and flue gases in a cross-flow system, can reduce both
O&M and installed costs. Additionally, developing advanced,
environmentally friendly, and cheap sorbents such as metal-
organic frameworks, zeolites, activated carbons and amine-
modified silica would potentially decrease the costs for the post
combustion application (Samanta et al.,, 2012). Although CLC
is currently at relatively low TRLs, developing advanced oxygen
carriers at a low cost and upscaling of metal oxides should be
further pursued to decrease the potential application cost of CLC
technology (Wang et al., 2014). Furthermore, the development
of membrane technology may enable to develop advanced ASU,
which might be an option to significantly decrease the costs
of oxyfuel combustion compared to the traditional cryogenic
distillation (Mat and Lipscomb, 2019).

CONCLUSIONS

Post combustion technology can be retrofitted after the
regenerator flue gas line using a suitable amine scrubbing
technology. Therefore, this technology does not require any
operating modifications to the conventional FCC unit for the
capture of typically 90% CO,. However, the total cost of the
required chemicals for this system increases the cost significantly.
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As for oxyfuel combustion, the operating conditions of the FCC
regenerator must take account of the different heat capacity and
specific gravity of CO,. Furthermore, the total installed cost of
the system was high due to the ASU cost. However, it is possible
to capture more than 95% CO; released from the regenerator
using high oxygen purity. Additionally, there is no or little
chemical and utility cost unlike for post combustion capture.
On the other hand, more extensive studies may be required
at pilot plant before scale up to a commercial demonstration.
CLC is another promising technology for CO, capture from
the FCC regenerator. There is no need for any separation
process unlike for post combustion capture oxyfuel combustion
technologies, which significantly reduces the CO; capture cost.
However, capital costs are higher due to the resin of FCC units
to accommodate the oxidiser. Moreover, NOx emissions are
an important issue in FCC demanding a control strategy and
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