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Abstract—A fluidized catalytic cracking unit (FCCU) is one of
the effective units in many refineries. Modeling and optimization of
FCCU were done by many researchers in past decades, but in this
research, comparison between post- and oxy-combustion was studied
in the regenerator-FCCU. Therefore, a simplified mathematical
model was derived by doing mass/heat balances around both reactor
and regenerator. A state space analysis was employed to show effects
of the flow rates variables such as air, feed, spent catalyst,
regenerated catalyst and flue gas on the output variables. The main
aim of studying dynamic responses is to figure out the most
influencing  variables that affect both reactor/regenerator
temperatures; also, finding the upper/lower limits of the influencing
variables to ensure that temperatures of the reactors and regenerator
work within normal operating conditions. Therefore, those values
will be used as side constraints in the optimization technique to find
appropriate operating regimes. The objective functions were modeled
to be maximizing the energy in the reactor while minimizing the
energy consumption in the regenerator. In conclusion, an oxy-
combustion process can be used instead of a post-combustion one.

Keywords—FCCU modeling, optimization, oxy-combustion
post-combustion.

I. INTRODUCTION

HE main objective of the FCCU is converting the heavy

oil fractions to valuable products such as gasoline and
liquid petroleum gas. Fig. 1 shows a simplified flow sheet of a
typical FCCU. Fresh hydrocarbon feed (gasoil) and fresh
catalyst (0.1% of the regenerated catalyst [1]) are preheated
and then pumped to the riser bottom to be converted into small
particles and meet the high-temperature regenerated catalyst
coming from the regenerator since the residence time is
typically five seconds in the reactor. The feed temperature
must not exceed 400 °C to prevent coking of the heating coils;
otherwise, preheating is often just a control feature. The heat
from the regenerated catalyst vaporizes the feed and brings it
to the desired reaction temperature. Then, the mixture of
catalyst and hydrocarbons vapor is passed to the top of the
reactor. The cracking reactions start when the feed contacts the
hot regenerated catalyst in the riser and continues until the oil
vapors are separated from the catalyst in the top of the reactor.
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The hydrocarbon vapors are passed to the multiprocessing
fractionating column to yield valuable products. In the top of
the reactor, steam is injected to remove hydrocarbons
adsorbed on internal and external surfaces of catalyst. Because
of cracking reactions, coke forming on the catalyst surfaces
causes decreasing its activation; therefore, the spent catalyst
leaving the reactor contains deposited coke. The spent catalyst
enters the regenerator where coke reacts with air supplied by
the air compressor at the ten seconds residence time.

TABLE I
SYMBOLS’ DEFINITION

Definition

Symbol Unit

A (-) Coefficients Matrix of state variables
B (-) Coefficients matrix of influencing variables
C (-) Identity matrix

Cpar  (KI/kg°C)
Cprea  (KJ/kg.°C)

Specific heat of Air
Specific heat of fresh feed

Chfreshear  (kI/kg.°C) Specific heat of fresh catalyst

Chpuess  (kJ/kg.’C) Specific heat of flue gases
CPoxy (kJ/kg.’C) Specific heat of mixture oxygen

CPproauct ~ (kJ/kg.°C) Specific heat of product

CPregeat (kJ/kg.°C)
Chaies  (KI/kg.C)
Cpsieam  (kJ/kg.’C)

Fair (kg /sec)

Freed (kg /sec)
Ffresheat (kg /sec)
F flucgas (kg /sec)

Foxy (kg /sec)
Fproduct (kg /sec)
Fregeat (kg /sec)
Fopdcat (kg /sec)

Specific heat of regenerated catalyst
Specific heat of spend catalyst
Specific heat of steam
Air flow rate
Feed flow rate
Fresh catalyst flow rate
Flue gases flow rate
Oxygen flow rate
Product flow rate
Regenerated catalyst flow rate
Spend catalyst flow

Meoke (kg) Mass of coke
Mituegas (kg) Mass of flue gases
Mproduct (kg) Mass of reactor product
Mipdcat (kg) Mass of spent catalyst
Miegeat (kg) Mass of regenerated catalyst
Tair (°C) Air temperature
Theed (°C) Feed temperature
Tiuegas (°C) Flue gases temperature
Tiresheat (°C) Fresh catalyst temperature
Toxy (°C) Oxygen temperature
Toroduct (°C) Product temperature
Trec (°C) Reactor temperature
Ther (°C) Reference temperature
Treg (°C) Regenerator temperature
Tspdeat (°C) Spend catalyst temperature
Tsteam (°C) Steam temperature
AH (kJ/sec) Heat of reaction
AHcombxn  (kJ/sec) Heat of combustion
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Fig. 1 A side by side FCCU

Variations of the air flow rate play a key role in controlling
the regenerator temperature. After regeneration, the catalyst
passes through the side valve and enters the bottom of the
riser, thus forming a continuous catalyst circulation loop. The
reaction is endothermic in the reactor while it is exothermic in
the regenerator. Residence time in the reactor is in the 2-10
seconds range, while it is 10-15 minutes in the regenerator [1],
[2]. Due to the reactions inside the FCCU, the CO, emitted
from the regenerator typically represents 10 — 20 % of flue-gas
in full post-combustion. Based on the design of the
regenerator in the FCC process, two combustion schemes are
possible: post- and oxy-combustion schemes. Nowadays,
combustion reactions happen under two main schemes in the
petroleum refining processes. Many differences are presented
between these schemes such as concentration and amount of
the carbon dioxide, type of products and operating cost. Post-
combustion scheme happens in combustion of the fossil fuel
such as natural gas or oil in existence of air which produces
carbon dioxide, large amount of nitrogen, and water, while
oxy-combustion scheme happens in combustion of the fossil
fuel such as natural gas or oil in existence of pure oxygen
which produces carbon dioxide and water. Diluted oxygen
rather than air is used for combustion [3].

II.REDUCED ORDER MODEL

Nowadays, modeling of industrial processes considers basic
issues to majority of the operations such as design, control and
optimization. Both model simplification and model reduction
are found in process system engineering (PSE) literature,
specifically in process control applications. They help to ease
computational burdens of the simulation by gaining insight
into models of the processes [4]. Furthermore, simplified
models sometimes can give better estimations and predictions
than extended models when the data have a lack of
information and calculating values of the mean square error
for both simplified and extended models. Simplified models
were developed and used in many different fields in chemical
engineering such as process control, design, and optimization
[4], [5]. Simplified models are more reliable and less
expensive in usage since they do not contain many unknown
variables [6]. The solution of any simulation of the dynamic or
steady state problems requires choosing correct numerical
methods with special calculation features. By simplification
model, both complexity and nonlinearity of the models can be

reduced. Finally, the aim of using model reduction is not only
to reduce the number of the equations but also to reduce their
difficulty. Because of the complexities that are associated with
deriving the models, the engineers almost should use
simplified models along with choosing the correct
assumptions such as neglecting terms in mass/energy balances
or making some parameters at reasonable values or fixing
temperature dependencies of heat of reactions if the
temperature range is narrow. Also, to have accurate results in
the simulations, the modelers should have sufficient
knowledge about the processes, obtain data that represent the
best predictions, and select the appropriate simplified models.
Many processes are complex and difficult to obtain accurate
mechanism, especially with existing unknown parameters and
limited of information about the process. The consequences of
using simplified models focused on acceptable assumptions
during formulation of the model as well as fixing some
parameters at fixed appropriate values. Developing those
models represents challenges since they are difficult and
costly and required sufficient data to predict all the unknown
parameters and variables of the model [7].

III. MODEL SIMPLIFICATION: STATE SPACE ANALYSIS

State space analysis is a method that is used in multi-
influencing and multi-output (MIMO) dynamic systems to
figure out the relationships between influencing variables and
output variables. Calculation of the method depends on groups
of the matrices that are defined in (1)-(4) [8]:

{551 = f1 (1, x4, ) X U, Uy, ---rum)\
!J'Cz = f5(%3, Xg, e, Xy Ug, U, eoe, Upy) L

1
l)’cn = fu(xq, Xg, v, X, Ug, Uy, ...,um)J
E2) A Az - Gn][X byy by o bim][%
Xy = |Gz Gz o Gan| (Xl 1bp by e bam||¥2]| (2)
X Ap1 Az ... Gupl [Xn bp1 bpy ... bypllun

where x;, X,...X, are state variables while u;, u,...u, are
influencing variables.

x = Ax + Bu (3)
y=Cx 4)

where y is a vector of the outputs (yi, ¥z..., Yn), A and B are
matrixes that represent coefficients of the influencing
variables and output variables respectively, while C is an
identity matrix. The elements of the A and B matrixes are
computed through (5) and (6):

af,

= L2 5)
of,

b, = P (6)
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where f refers to a right side of the differential equation. After
finding the elements of matrixes A, B, and C, (7) is used to
find the relationships between influencing and output
variables.

Y(s) = [C[sI - A]'BIU(s) ™

Many researchers used state space method to figure out
dynamic responses of the MIMO system and to find the
transfer functions between influencing and output variables
since its calculation is easy and depends on matrix algebra. In
opposite side, using this method makes researchers loss some
accuracy because it converts the system from nonlinear state
to linear one.

IV. OPTIMIZATION TECHNIQUE

Optimization is one of the effective tools used by engineers
and researchers for solving many relevant management
problems. It is concerned with finding the best solutions by
minimizing the time required, increasing profits and
enhancing operating conditions in the process. Using
optimization became easier and more effective since software
includes many quantitative optimization methods, leading to
more reliable solutions and allowing the researchers to achieve
results faster. Basically, optimization problems consist of
many mathematical expressions that range from simple to
complex depending on the system itself [9]. To achieve a good
optimization, simulation models, objective functions and
constraints should be presented very well since every
optimization problem should include at least one objective
function (profit function, cost function, etc.), equality
constraints, inequality constraints and side constraints. The
framework of an optimization model can be described as the
following:

Optimizing objective function: f(x)

Subject to:

e h(x) =0 equality constraints,

e g(x) >0 inequality constraints,

o xI <x; < xUside constraints.

where x is a vector of the n variables (x;, Xy, . . ., X,), h(X) is a
vector of the equations, and g(x) is a vector of the inequalities
[9], [10].

V. SIMPLIFIED MODEL OF THE FCCU

In simulation models of various processes, the equations of
mass/energy balance and equations of kinetic models should
be derived. Some assumptions should be considered to help
the researchers reduce the complexity of models and solve
them. The aim of dynamic modeling is to predict changes
consequence of the system influencing or operating
conditions. Worldwide, the FCCU is a principal element in
modern refineries. Its object is converting heavy hydrocarbon
petroleum fractions into more usable products such as gasoline
at high octane number, middle distillates, and light gases.
Studying operating conditions that have impact on physical
properties of the catalyst makes the operation of the FCCU a

big challenge [1]. Heat balances need to be calculated
correctly for the process to work. These balances can be
employed to study among the process variables (i.e.,
temperatures and flow rates) and the impact of the heat
balances on the FCCU. The heat generated from combustion
of coke supplies the heat of all streams in the reactor such as
heating the feed temperature to the rector temperature,
substituting the heat losses by conduction, radiation, etc.,
supplying the heat of reaction, and raising the steam
temperature the reactor temperature [3]. While in regenerator,
it supplies the heat to the streams such as raising coke
temperature from reactor temperature to regenerator
temperature, and raising air temperature to regenerator
temperature, and substituting the heat losses by conduction,
radiation, etc. The distribution of combustion heat varies from
one stream to another depending on needs of the stream in the
process and design considerations to maintain good balances
between the reactor and regenerator. The distribution of
combustion heat of feed, reaction, air, steam and losses are
40%, 30%, 20%, 8%, and 2% respectively [11].

A. Heat Balance of the Reactor

References [12]-[14] presented detailed models of the
FFCU that included mass/heat balances and kinetic reactions
in both reactor and regenerator, control system and
optimization. Reference [12] described mechanistic models for
both reactor and regenerator. The model covered most of
dynamic behaviors of the FCCU including interaction between
two processes, process control and on-line optimization. They
concluded that FCC process has high interactions among the
influencing and output variables and high nonlinearities
system. Also, [13] presented the FCC models in detail with
mentioning the kinetic rates of CO, and CO combustion and
their effects on the FCC performance. [14] represented a
dynamic simulator of the FCCU and studied the dynamic
behavior by imposing step changes in manipulated variables.
They measured temperature of the reactor and regenerator and
regenerator flue gas in both open- and closed loops of the unit
and compared these to a simulator. They concluded that the
dynamic simulator can serve to develop model-based control
and off-line optimization studies. [15] described material/heat
balances for the reactor and regenerator at steady state. The
reactor model was described as follows by assuming that the
specific heats of the variables are constant.

T T
Ffeed fTT]:;Ed CpFeed dT + FFreshcat fTerSMM Cpfreshcat ar +
T T,
Fregcat fr::]f Cpregcat dT + Fsteam f-r::;am CPsteam dT —

T. T,
product _ spdcat
Fprduct Cpproduct ar Fspdcut f-pref Cpspdcat ar +

Tref
AH,, — Heat L = (MspacacC + M, c ) Hree
rxn eat Losses = spdcat UDspdcat product “Pproduct dt
®)

where heat losses due to convection and radiation in the
reactor are equal to 2% of the regenerated catalyst [11], [16].
After integration, (8) can be written as:
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Ffeed Cpfeed (Tfeed - Tref) + FfreshcatCpfreshcat(Tfreshcat -
Tref) + Fregcatcpregcat(Treg - Tref) + Fsteamcpsteam(Tsteam -
Tref) - Fproductcpproduct (Trec - Tref) - Fspdcat Cpspdcat (Trec -

Tref) + FfeedAern —0.02 F‘regcatcpregcat(Treg - Tref) =
(Mspdcatcpspdcat + Mproduct Cppraduct) % (9)

B. Heat Balance of Regenerator

The regenerator model is described as follows by assuming
that the specific heats as variables are constant:

T ai T,
Fair fT::; Cpair ar + Fspdcat fT::; Cpspdcath -
T, T
Ffluegas fT::;] Cpfluegas dT — Fregcat fT::}q Cpregcat dT —

FcakeAHcombxn — Losses = (Mregcatcpregcat +

dTre
Mfluegascpfluegas) Tg (10)

where heat losses due to convection and radiation in the
regenerator are equal to 4% of the combustion heat [11], [16].
After taking integration, (10) can be written as:

Faircpair(Tair - Tref) + Fspdcatcpspdcat(Trec - Tref) -
Ffluegascpfluegas (Treg - Tref) - Fregcatcpregcat(Treg - Tref) -
FcukeAHcombxn_ 0.04 FcokeAchmbxn = (Mregcatcpregcat +

ATye
Mfluegascpfluegas)Tg (1 1)

In case of oxy-combustion systems, two scenarios will be
considered in the regenerator. For the first scenario, we
substitute the same heat that air supply to the regenerator, i.e.

Qair = Qoxy (12)

Therefore, the model becomes:

quy + Fspdcathspdcat(Trec - ref) - Ffluegascpfluegas(Treg -
T'ref) - F‘regcatcpregcat(Treg - Tref) -

AHcombxn_ 0.04 FcokeAHcombxn = (M‘regcatcpregcat +
dTye
Mfluegascpfluegas) Tg (13)

The difference is in calculation of the specific heats and
flowrates of both air and oxygen since air contains nitrogen
while oxygen is diluted with carbon dioxide [17], so the
equation will be as follows:

Faircpair (Tair - Tref) = Foxycpoxy (Toxy - Tref) (14)

Those differences will affect dynamic behaviors of both
reactor and regenerator since total material and heat balance
should be recalculated again. Percentage of oxygen in flue
gases values of the lower/upper limits of the flow rates will
also be different. For the second one, we substitute the same
flow rate that air provides to the regenerator, i.e.

Foir = Eaxy (15)

In this case, the heat supplied by air will not be the same
heat supplied by oxygen. The reason is differences between

the specific heats containing nitrogen and oxygen diluted with
carbon dioxide. Therefore, percentage of oxygen in flue gases
and lower/upper limits of flow rates will also be different. It is
important to mention that the switching from post-combustion
to oxy-combustion takes 5-15 min [17]. This gives advantages
to the modern FCCUs to be in a flexible design and operation.
Studying a simulation behavior of the FCCU represents a
challenging research due to high environmental and economic
importance, while the optimization involves developing a
model which describes the process in detail [14]. Our model
will be based on the models presented in literature, but
compared to that of [15], the model is not only in a static
behavior but also in a dynamic one.

VI. RESULTS AND DISCUSSIONS

A. Dynamic Behavior

For post combustion, Figs. 2—7 show the dynamic responses
of positive step changes in the influencing variables to study
their effects on the output variables. Some influencing
variables have considerable effects, while others have sensible
effects. Some increases are with positive step change, while
others decrease since majority of the change nature in these
types takes step behavior. The aim of taking step change is for
knowing nature of the relationship between influencing and
output variables and magnitude of the change; therefore,
figuring out the allowable lower/upper limits of the
influencing variables. Also, the same procedure is for oxy-
combustion. Tables II and III show the results of the
optimization for both post- and oxy-combustion in the
regenerator and reactor.
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E — -Step g— 550 + Step
S 700 K3 —— -Step
g N 5 500 -
2 680 — . 18
[} Q
D o
% 660 450
0 1 2 3 0 1 2 3
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Fig. 2 Effects of a positive/negative step change in the air flow rate
on reactor and regenerator temperatures

B. Optimization Technique

Nature of the two reactions taking place inside a FCC unit is
different: a reaction inside the reactor is endothermic, while
the one inside the regenerator is exothermic. These reactions
affect directly the temperatures and other parameters. Keeping
appropriate temperatures of both the reactor and regenerator is
considered a challenge and plays a key role in maintaining a
satisfactory performance of the FCCU. It is should be
important to mention that every FCCU has set of the
constraints since operations of a FCCU depend on
combination of the constrains during optimal operations [18].
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Fig. 3 Effects of a positive/negative step change in the feed flow rate
on reactor and regenerator temperatures
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Fig. 4 Effects of a positive/negative step change in the flue gases
flow rate on reactor and regenerator temperatures
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Fig. 5 Effects of a positive/negative step change in the product flow
rate on reactor and regenerator temperatures
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Fig. 6 Effects of a positive/negative step change in the regenerated
catalyst flow rate on reactor and regenerator temperatures
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Fig. 7 Effects of a positive/negative step change in the spend flow
rate on reactor and regenerator temperatures

For reactor, objective function:
energy, Qror = Qin + Qour + Qgen + Qcon

maximizing total

Ffeedefeed (Tfeed - Tref) + Ffreshcatcpfreshcat (Tfreshcat -
Tref) + Fregcutcpregcat(Treg - Tref) + Fsteumcpsteam(Tsteum -
Tref) - Fproductcpproduct (Trec - Tref) - Fspdcatcpspdcat (Trec -
Tref) + FfeedAern —0.02 Fregcatcpregcut(Treg - Tref)

(16)

Equality constraints:

Ffeed — Uproduct + Fregcat + - spdcat + Fsteam =0 (17)

Side constraints:

14.953 < Fair < 120.61
73.676 < Freeq < 98.419
12.651 < Fﬂueqas < 85.743
70.017 < Foroduct < 87.36
349.85 < Fregeat < 453.64
308.18 < Fspdcat < 443.31
370 < Tair < 593
204 < Tteed < 400
496 < Trec < 565
677 < Treq < 732

For regenerator, objective function: minimizing total
energy, Qror = Qin + Qour + Qgen + Qcon

Fair Cpair (Tair - Tref) + Fspdcatcpspdcat(Trec - Tref) -
Ffluegascpfluegas(Treg - Tref) - Fregcat(:pregcat (Treg - Tref) -
FcokeAHcombxn_ 0.04 FcokeAHcombxn (1 8)

Equality constraints:

Fair + Fspdcat - Ffeed - Fregcat =0 (19)

Side constraints:

19.225 < Far < 69.347

61.000 < Freed < 92.025

48.114 < Fpegs < 82.788

74498 < Fpowe < 96.245

36732 < Fregar < 4417

317.63 < Fgpgear =< 423.06
370 < Tair < 593
204 < T < 400
496 < T < 565
677 < Teg < 732

VII. CONCLUSION

With all theoretical conducted since this research
commenced, the following simple conclusions can be made
thus far about using post- and oxy-combustion schemes: it can
be used oxy-combustion in the regenerator since the values of
both cases are the same.
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TABLEII TABLE VI
OPTIMAL VALUES OF THE POST-COMBUSTION ANALYSIS OF THE AIR/OXYGEN AND FLUE GASES IN THE REGENERATOR
Optimized Variables Regenerator ~ Reactor . Oxy-combustion (wt.%)
Post-combustion
Air flow rate 54.76 54.76 Components (WE.%) Constant Constant
Feed flow rate 83.00 98.41 : heat volume
Flue Gases flow rate 58.20 58.19 . Air/oxygen
Product flow rate 80.824 70.017 Nitrogen 7 78.5 79
Regenerated Catalyst flow rate 388.96 414.91 Oxygen 21 215 21
Spend Catalyst flow rate 392.39 44331 Total 100 100 100
Air Temperature 450.00 - Flue gases
Feed Temperature - 400.00 Carbpn 19.35 93.68 93.68
dioxide
TABLE I Nitrogen 74.33 - -
OPTIMAL VALUES OF THE OXY-COMBUSTION g"l}'ien 0.95 0.95 0.95
. . Same heat Same volume 1P et 0.09 0.09 0.09
Optimized Variables dioxide
Regenerator  Reactor Regenerator ~ Reactor Water 528 5.28 528
Oxygen 54.76 54.76 54.76 54.76 Total 100 100 100
Feed 98.41 98.41 83 98.41
Flue Gases 58.79 58.79 58.8 58.79 REFERENCES
Products 70.01 70.01 80.82 70.01 ) ) ) "
Regenerated Catalyst 41522 41522 388.96 41522 [1] ngberman, N. P. (2009). Troubleshooting process operations (4
Edition). PennWell.
Spend Catalyst 4432 443.62 392.39 443.62 [2] Gary, J. H., Handwerk, G. E., & Kaiser, M. J. (2007). Petroleum
Oxygen Temperature 370 - 450 - Refining: technology and economics (5™ Edition). CRC press.
Feed Temperature - 400 - 400 [3] Lecomte, Fabrice Broutin, Paul Lebas, Etienne. (2010). CO, Capture -

Technologies to Reduce Greenhouse Gas Emissions. Editions Technip.
[4] Perregaard, J. (1993). Model simplification and reduction for simulation
APPENDIX and optimization of chemical processes. Computers & Chemical
Engineering, 17(5-6), 465-483.

TA];S:TIZIV [5] Brendel, M., Bonvin, D., & Marquardt, W. (2006). Incremental
- - identification of kinetic models for homogeneous reaction systems.
Variables at steady ~ Temperature ~ Mass flow Specific heat Chemical Engineering Science, 61(16), 5404-5420.
state €0 rates (kg/sec) (kJ/kg °C) [6] Brooks, R. J., & Tobias, A. M. (1996). Choosing the best model: Level
Reference 25 - - of detail, complexity, and model performance. Mathematical and
Reactor 522 - - computer modeling, 24(4), 1-14.
Regenerator 716 R R [7] V.Vanglg',fF(.1 z., Zhl:l, Z. sll, lf\/[assaro;to, Pa, & Eﬁudolph,";/. 1(2007). A
simplifie namic model for accelerated methane residual recover
Coke 322 343 1.670 fI'Ol’}l’jl coals. (}f]hemical engineering science, 62(12), 3268-3275. '
Feed 312 83.0 3.266 [8] Coughanowr, D. R., & LeBlanc, S. E. (2009). Process systems analysis
Fresh catalyst 312 0.38 1.193 and control (3™ Edition). McGraw-Hill.
Products 522 80.82 3.639 [9] Edgar F., Himmelblau, D., & Lasdon, L. (2001). Optimization of
chemical processes (2nd Edition). McGraw-Hill Book Company.
Regenerated catalyst 720 388.96 1193 [10] Venkataraman, . (2009). A)pp]ied optimization with MATLAB
Spent catalyst 522 39239 1.197 programming (1% Edition). John Wiley & Sons.
Post-combustion [11] Jones, D., & Pujado, P. (2006). Handbook of petroleum processing.
Air 450 54.76 1.0153 Dordrecht, NLD: Springer.
Flue gases 720 58.20 1.0932 [12] McFarlane, R,.C.,' Reineman, R. C., Bartee,' J. F., & Georg'akls, C
. (1993). Dynamic simulator for a Model IV fluid catalytic cracking unit.
Oxy-combustion/ Constant heat Computers and Chemical Engineering, 17(3), 275-300.
Oxygen 450 55.36 1.0466 [13] Shinnar, R., Huang, Z., Rinard, I. H., Arbel, A., & Sapre, A. V. (1995).
Flue gases 720 58.80 1.0261 Dynamic and control of fluidized catalytic crackers. 1. Modeling of the

current generation of FCC's. Industrial & engineering chemistry

Oxy-combustion/ Constant volume
research, 34(4), 1228-1243.

Oxygen 450 54.76 1.0461 [14] Bollas, G. M., Vasalos, I. A., Lappas, A. A., latridis, D. K., Voutetakis,
Flue gases 720 58.20 1.1021 S. S., & Papadopoulou, S. A. (2007). Integrated FCC riser—regenerator
dynamics studied in a fluid catalytic cracking pilot plant. Chemical
TABLE V engineering science, 62(7), 1887-1904.
DESIGN VALUES [15] Fahim, M. A., Alsahhaf, T. A. & Elkilani, A. (2010). Fundamentals of
Design Values Reactor Regenerator petroleum refining (1% Edition). Elsevier.
[16] Sadeghbeigi, R. (2012). Fluid Catalytic Cracking Handbook - An Expert
Temperature range 496 -565(°C)  677-732(°C) Guide to the Practical Operation, Design, and Optimization of FCC
Feed temperature range 204 - 400 (°C) - Units (3rd Edition). Elsevier.
Air/Oxygen temperature range - 370 -593 (°C) [17] De Mello, L. F., Gobbo, R., Moure, G. T., & Miracca, I. (2013). Oxy-
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