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Abstract: Recently, Japan and the European Union have been experiencing declining petroleum
demand owing to global initiatives aimed at reducing environmental impact by curtailing CO2

emissions. Consequently, alternative products and operational conditions should be developed to
utilize the fluid catalytic cracking (FCC) unit. Using simulation software (Aspen Hysys), this study
modeled a typical FCC unit and compared the simulation results with operational data to ensure
reproducibility. Two new process models were developed to investigate two scenarios: (i) the slurry
discharged from the FCC unit is utilized as a feedstock for the FCC process and (ii) the slurry and
fraction obtained from the downstream absorber of the FCC unit are introduced into a delayed coker
unit to facilitate carbon fixation. Within an optimum riser outlet temperature (ROT) of 520–530 ◦C,
the yields of gasoline and liquefied petroleum gas increased up to 4%. For profit performance,
although ROT of 535–545 ◦C yielded peak efficiency, the CO2 emissions increased by 70%. Thus, a
ROT of 530–540 ◦C, coupled with a delayed coker unit, can maximize profitability. Furthermore, a
correlation graph illustrated the relationship between CO2 emissions and profit for selecting optimal
FCC operational conditions.

Keywords: FCC; fluidized catalytic cracking; decarbonizing; LPG; liquefied petroleum gas; process
simulation; economic value; CO2 emission; operation patterns; plant optimization

1. Introduction

The current global landscape characterized by geopolitical, economic, and environ-
mental instability exerts substantial pressures on petroleum refiners to modernize refinery
processes and operations to sustain profitability and minimize environmental impact. Oth-
erwise, the refinery will be forced to shut down due to the recent decline in oil demand [1].
Recently, 15% of refineries were shut down in Japan [2,3]. The fluid catalytic cracking
(FCC) unit, which plays a pivotal role in petroleum refining plants, has been the subject
of extensive research aiming to enhance its performance [4–6]. Similarly, studies on the
chemical reaction kinetics of the FCC process have led to the development of techniques
for simulating these kinetics within the FCC unit [7,8]. Presently, the advancement of
highly accurate process simulation tools and analytical techniques enables the optimization
of petroleum refining plants, providing valuable economic assessment tools to inform
investment decisions [9].

Since 2000, the demand for petroleum in Japan and European Union countries has
witnessed a steady decline, which has further accelerated since 2020 [10]. This trend
is exemplified by the closure of two refineries in Japan over the past 3 years [2]. In
light of these circumstances, petroleum refining plants encounter two pressing demands.
First, their operations need to be oriented toward the production of petrochemical base
materials with added value [6]. Second, achieving high operational efficiency and reducing
environmental impact are paramount objectives. The FCC slurry is a byproduct of the
FCC unit, which is commonly utilized as carbonaceous fuel oil in boilers because of its
distinctive properties [11].
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However, the slurry generated from FCC units yields low-value liquid products
and high quantities of petroleum coke, resulting in adverse atmospheric pollution and
diminished economic benefits [11]. To effectively mitigate the environmental impact of the
FCC unit, alternative applications for the slurry must be explored beyond its current usage
as a fuel. Previous studies have investigated the decomposition performance of the slurry
and explored the recirculation of a portion back into the FCC unit [11,12]. However, these
studies have primarily focused on the characteristics of the slurry, lacking a quantitative
evaluation of the potential reduction in environmental impact achieved by modifying the
slurry process.

In response to the challenges experienced by petroleum refining plants, this research
aims to identify the operational conditions (independent variables) of the FCC unit that
can be customized to align with market trends while considering their correlation with
environmental impact. Additionally, novel approaches should be developed to manage
the slurry, which poses an environmental burden, and update the process scheme of the
FCC unit. To achieve these objectives, process simulation is employed as an alternative to
physical modifications of the plant. The developed simulation model undergoes compara-
tive analysis with actual operational data to ensure its reliability. Through this analysis,
three operational conditions are modified to identify key independent variables. Although
the maximization of gasoline production remains important, this study tackles the chal-
lenge of incorporating an economic evaluation method that takes environmental impact
into account.

Furthermore, two new process schemes are proposed and evaluated for their effec-
tiveness. The first model involves utilizing the slurry discharged from the FCC unit as
a feedstock for the FCC process. The second model introduces the slurry from the FCC
unit and the fraction from the downstream absorber into a delayed coker unit, thereby
enabling the production of needle cokes. Considering the environmental impact, an eco-
nomic evaluation is performed for the proposed process schemes. Moreover, optimal
operational conditions for future FCC units are proposed, given the complex interplay
between economic performance and environmental considerations.

2. Materials and Methods
2.1. FCC Unit
2.1.1. Process Flow Diagram

FCC is a vital conversion process employed in petroleum refineries to transform
high-boiling point, high-molecular weight hydrocarbon fractions, such as crude oils, into
valuable products such as gasoline, olefinic gases, and other petroleum derivatives. The
catalytic cracking process generates larger quantities of high-octane rating gasoline and
produces byproduct gases that hold great economic value in the petrochemical indus-
try [5,13]. Figure 1 illustrates the typical process flow diagram of an FCC unit. For this
study, a capacity of 18,000 BPSD (barrel per stream day), which is representative of typical
capacity in Japan, is considered. The FCC unit comprised the reaction regeneration system,
fractionation system, and absorption system [13].

2.1.2. Reaction System

The process begins with preheating the gas oil feed via a heat exchanger using the hot
products from the main fractionator. The preheated feed is then mixed with a regenerated
catalyst and charged into the reactor. Alternatively, unconverted heavy cycle oil (HCO)
can be recycled back to the reactor to enhance conversion. Additionally, introducing a
small amount of lift gas into the riser pipe is gaining popularity as a means to reduce
the detrimental effects of metal contaminants present in the feedstock. Within the reactor,
the products resulting from the catalytic cracking process are separated from the spent
catalyst. Steam is employed to strip the catalyst, removing any remaining oil products and
hydrocarbons present in the reactor, and directing them to the main fractionator for the
initial separation of the reaction products.
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Figure 1. Typical FCC process flow diagram.

2.1.3. Fraction and Absorption System

The hot effluent from the reactor undergoes cooling at the bottom of the main fraction-
ator using a circulating slurry oil quench. The slurry oil product is a highly aromatic stream
with a final boiling point of approximately 649 ◦C [5]. This heavy material is directed either
to a separating unit or to another residue process. Alternatively, a net flow of HCO can be
withdrawn from the main fractionator above the quench zone, with a portion potentially
recycled back to the reactor to enhance conversion. Light cycle oil, a side product of the
main fractionator, is withdrawn and subjected to steam stripping to eliminate light com-
ponents and improve its flash point. This product serves as a suitable blending stock for
light heating oils. However, for use in low-sulfur heating oils, hydrotreating is necessary to
reduce the sulfur content.

2.1.4. Typical Operation

The primary feeds to the FCC process unit consist of atmospheric and vacuum gas oil
obtained downstream of the crude distillation unit. The gas oil boils within the approx-
imate range of 344–580 ◦C. Catalytic cracking operates at low pressures, with most FCC
reactors functioning within the pressure range of 2.4–3.4 bars absolute. The regenerator is
maintained at a slightly higher pressure, whereas the main fractionator operates at a small
pressure differential relative to the reactor outlet. Typical reactor temperatures range from
483 to 552 ◦C, with regenerator temperatures reaching up to 691 ◦C for conventional units
and up to 816 ◦C for units processing heavy residues [5].

2.2. Simulation Methods

The initial step involves developing a simulation model that encompasses logical
process kinetics to quantitatively assess the material balance within the FCC unit. This
study utilized the Aspen HYSYS V12 software [14], employing the 21-lump kinetics model
developed by AspenTech based on actual production process data from the refinery [15,16].
Figure 2 depicts the FCC unit simulation in the refinery. Given that most FCC systems
are virtual components involving light hydrocarbons, the selected thermodynamic fluid
package adopted the Peng–Robinson method [17].
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Figure 2. Simulation model of FCC unit (Case 1).

In the subsequent step, the reactor and regenerator sizes are specified, along with key
FCC operational variables such as ROT, stripping steam mass flow, and feed inlet tempera-
ture, to initialize the model. After the simulation program has achieved convergence, the
yield and performance data obtained from measurements are inputted based on the current
simulation scenario. The correction factor is then updated to align the simulation results
with the actual operational data. Similarly, the fractionation, absorption, and stabilization
systems are simulated in a consistent manner [18]. The specifications of the simulation plant
are summarized in Table 1. Each equipment has a design value of temperature, pressure,
and flowrate. These values are reflected in the simulation model.

Table 1. Specification of simulation plant.

Specification FCC-1100 T-1100 T-1200 T-1300 T-1400 T-1500

Function Catalytic
Cracking Fraction Absorption Absorption Stripping Stabilizing

Product Cracked
Naphtha C1 to C5, Slurry C1, C5 C1, LCO C2 to C4,

Gasoline
C3, C4 and
Gasoline

Temperature Top/Bottom
(◦C) 479/479 65/351 48/49 48/54 40/170 −84/176

Pressure Top/Bottom
(kPa) 300 255/302 1300/1322 1200/1262 1266/1301 1171/1202

Molar Flow Top/Bottom
(Kg mole/h) 1585 735/1448 105/

1.76 × 104 97/96 294/
1.78 × 104

446/
1.73 × 104

Mass Flow
(kg/h) 1.08 × 105 3.47 × 104/

1.16 × 105
2538/

1.57 × 106
2008/

1.98 × 104
8509/

1.59 × 106
2.06 × 104/
1.57 × 106

Liquid Volume Flow
(m3/h) 139 58/137 4/2188 3/20 12/2212 37/2175

2.3. Case Study

After setting up the simulation model, three scenarios are investigated as simulation
case studies. Each process flow is depicted in Figure 3. In Case 1, a typical FCC operation
is selected as a benchmark to verify the accuracy of the model. The simulated results are
compared with actual FCC operation data, with the acceptance criterion being an absolute
relative error of <0.5. If the results fall within this acceptable range, the Case 1 setup is
considered as the baseline data [18]. In Case 2, the model is developed from Case 1 by
modifying the process flow scheme to incorporate the recirculation of slurry products.
The Case 2 process flow involves introducing slurry, one of the heavy products from the
FCC unit, into the inlet of the FCC reactor. This aims to recycle the slurry as a feedstock
and reduce the slurry yield from the FCC reactor. Finally, in Case 3, a delayed coker unit
is incorporated to increase the yield of needle coke, with the heavy components being
recycled back to the FCC inlet.
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The absolute relative error value, Ere, is described by the following equations
(Equations (1) and (2)) [19]:

Ere =
|yactual − ysimulate|

yactual
× 100, (1)

Ere =
1
n

n

∑
i=1

Ere. (2)

2.4. Evaluation Methods
2.4.1. Economical Evaluation

The economic value as produced from FCC unit, P, is described by Equation (3) [20]:

P =
N

∑
i

piqi − cU′. (3)
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The transaction price of each petroleum product, pi, is referred to in Table 2 [21]. The
yield of each product, qi, was delivered from the simulation result. For the cost component,
the energy cost ratio, c, was set as $0.42/m3 [22]. The consumption energy with exclusion
energy of flue gas, which is the byproduct of the FCC unit, is described as U’.

Table 2. The transaction price of each petroleum product.

Product Price ($/bbl.) Price ($/kg)

Propylene 46 0.57
Propane 85 1.03
Butane 46 0.51
Butene 46 0.48

Naphtha 76 0.65
LCO 30 0.20

Bottom 30 0.17
Cokes – 0.60

2.4.2. Environmental Evaluation

In terms of environmental evaluation, the emission of carbon dioxide from the FCC
unit is accounted for. Carbon dioxide is emitted during the catalyst regenerator process
and in-house power generation within the FCC unit. The volume of CO2 emissions, Em,
is described in Equation (4) [20]. The emissions of each product, ei, are obtained from
the simulation. A study conducted by JPEC [23] reported that 57.6 g of CO2 is emitted to
generate 1 MJ of energy in a refinery plant, and this coefficient is represented as k. The total
energy consumption, U, was calculated through process simulation.

Em =
N

∑
i

ei(CO2) + kU (4)

2.4.3. Comprehensive Evaluation

To comprehensively evaluate the economic and environmental factors, Equation (5) is
employed [20]. This integrated evaluation formula captures the sustainability aspect.

S = P− αEm (5)

The values for P are described in Section 2.4.1, and Em is obtained from Section 2.4.2.
The coefficient α represents the effective carbon rate in Japan. Previous studies have
reported that effective carbon rates have been established globally, as listed in Table 3. Note
that the effective carbon rate in Japan is $42.9/tCO2, which is comparatively lower than
that of other European countries [24].

Table 3. Effective carbon rate.

Country Carbon Price [$/tCO2] 1

Uruguay 155.8
Switzerland 130.8

Liechtenstein 130.8
Sweden 125.5

Denmark 96.3
Norway 90.8
Finland 83.7
Japan 41.9

Australia 35.3
Korea 11.1

1 Countrywide carbon pricing.
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3. Results and Discussion
3.1. Comparative Analysis of Yield

The simulation results of Case 1 are summarized in Table 4. The left column displays
the simulation results of the main product yields under normal operation conditions
from the FCC unit. The center column presents the normal operation data of the actual
plant. As observed, the absolute relative error was <0.5, indicating that the simulation
model accurately represents the catalytic cracking reaction and can be utilized for further
predictive case studies [18].

Table 4. Comparison of product yield between simulation and actual operation.

FCC Product Simulation (wt.%) Operation (wt.%) 1 Relative Error

Dry Gas 2.7 5 0.46
LPG 20 16 0.25

Gasoline 46 45 0.02
Diesel 15 18 0.17
Slurry 10 8 0.25
Cokes 7 8 0.13

1 Steady state product data from FCC normal operation.

3.2. Comparative Analysis of Key Design Parameters

The key design parameters for the FCC unit are shown in Table 5. The process
simulation revealed that the independent variables included three temperature parameters,
and their conditions affected the yield of FCC products.

Table 5. Summary of design parameters.

Parameters Unit Design Range Simulation

Riser Outlet Temperature 1 ◦C 480–535 480
Inlet Feed Temperature 1 ◦C 170–240 175

Stripping Steam Temperature ◦C 150–220 200
Regenerator Top Pressure MPa 0.248–0.348 0.296
Fraction Top Temperature ◦C 105–130 130

Fraction Bottom Temperature ◦C 320–350 320
Stabilizer Top Pressure MPa >1.05 1.17
Absorber Top Pressure MPa 1.1–1.4 1.2

Re-absorber Top Pressure MPa 1.1–1.4 1.3
1 Marked temperatures are the independent variables.

• ROT
• feed inlet temperature
• stripping steam temperature

Particularly for ROT, this temperature is identified as a key independent variable
through the case study as it directly affects the kinetics of catalytic cracking. Given that
gasoline is the most valuable product in the FCC unit, identifying the optimal operation
setting for maximizing gasoline production contributes to the plant’s profitability.

3.3. Analysis of Case Studies

The yield performance of the main products is portrayed in Figure 4a–d. This perfor-
mance has a relationship with temperature, pressure, feed components, and catalyst-to-oil
ratio [25]. The FCC ROT is a crucial operational condition, directly influencing the kinetics
of catalytic cracking. Using a simulation case study tool [26], the yield of the main products
in the FCC unit is calculated, where each figure expresses specific phenomena.
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Figure 4. Product yield performance: (a) gasoline yield; (b) LPG yield; (c) coke yield; (d) LCO yield.

Figure 4a illustrates that the yield of gasoline increases in accordance with ROT; how-
ever, the yield curve has its peak point at approximately 520–530 ◦C [27]. This phenomenon
is directed by catalytic cracking kinetics, which converts heavy components into light
products, such as C5, as the ROT rises. However, if the temperature is increased to >530 ◦C,
hydrocarbons are excessively converted into light gas products, resulting in a reduction in
gasoline distillate, as depicted in Figure 4b.

Figure 4c,d displays the yields of coke and light cycle oil (LCO). The yield of coke varies
quadratically, tending to increase rapidly at temperatures >530 ◦C. There is a correlation
between ROT and coke yield, exhibiting an opposite trend compared to LCO. The coke
formation increases due to prolonged exposure to heavy oil at the reaction temperature
and steam exposure during regeneration at even higher temperatures. These factors can
reduce the accessibility of molecules to the active sites and therefore decrease the catalytic
cracking efficiency.
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3.4. Economic Evaluation and CO2 Emission

According to the economic evaluation outlined in Section 2.4.2, the profit increase
ratio is summarized in Figure 5. As observed, high ROT increases gasoline production,
which is a significant economic factor. However, the ROT leads to elevated CO2 emissions,
as depicted in Figure 6, thereby negatively affecting carbon pricing. Figure 5 illustrates a
peak point in the performance curve under the current production settings. The optimal
operational temperature is determined to be 525 ◦C, which aligns with the findings of a
previous study [27].
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3.5. Economic Optimum Operational Conditions for Each Case

Further case studies have been conducted to identify the most economically viable
operational conditions under the current price setting. The amount of stripping steam
is varied in two steps from 5000 kg/h to 6000 kg/h, the feed preheating temperature is
adjusted in four steps from 145 to 190 ◦C, and the ROT is modified in eight steps from 480
to 545 ◦C.

The optimal operational conditions for maximizing profit are determined for each
case. Following the case studies, a comprehensive evaluation is conducted, considering the
environmental aspects. The results are presented in Table 6 below.

Table 6. Economic optimum operational conditions for each case.

Condition and Profit Ratio Case 1 Case 2 Case 3

Stripping Steam (kg/h) 5000 5000 5000

Feed Preheats Temp. (◦C) 145 145 145

Riser Outlet Temp. (◦C) 545 545 545

Profit Increase Ratio (%) 10.5 10.7 11.1

Consequently, the maximum economic value is obtained in all cases when the stripping
steam rate is set at 5000 kg/h, the feed preheat temperature is maintained at 145 ◦C, and
the ROT is set to 545 ◦C. When comparing the different cases, Case 3 demonstrates the
highest profit, surpassing Case 1 by 0.6%. Considering the overall evaluation obtained by
deducting the carbon dioxide emissions from the economic evaluation using the effective
carbon price, the operational condition maximizing the overall evaluation aligned closely
with the condition that maximized the economic value. This finding indicated that the
carbon tax rate in Japan is relatively low, and the current condition does not strongly
incentivize the prioritization of CO2 reduction in FCC unit operations.

3.6. Changes in Potential Value and Optimal Operational Conditions in Rising Coke Prices

A general interpretation of cokes, a refinery byproduct, as a means of carbon fixation
to offset CO2 emissions is yet to be established. Currently, cokes are applied in various
fields, including iron-making, casting, carbide manufacturing, and construction mate-
rials. Notably, needle cokes produced from delayed coker in refineries are utilized for
graphite electrodes in electric steel-making and have gained attention as a carbon material
for lithium-ion secondary batteries in electric vehicles [28]. The market value of cokes
is expected to increase in the future. Considering these factors, if the value of coke is
newly recognized as a material for offsetting carbon dioxide emissions, the simulation
results undergo changes as summarized in Table 7. The CO2 deduction effect reaches 70%
compared to the current process, contributing to an increase in profit rate of up to 11%.

Table 7. Changes in the potential for carbon offset by cokes.

Profit Increase Rate Case 1 Case 2 Case 3

CO2 Deduction (%) 17 30 70

Profit Increase Rate (%) +10.5 +9.9 +11.1

The evaluation would be enhanced by recognizing the delayed coker as a means of
carbon dioxide fixation. Additionally, given the anticipated rise in coke demand, the price
of coke is predicted to increase. In this study, the price of coke has been set at $0.6/kg, and
the profit increase rates under different coke prices are presented in Table 8 below.
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Table 8. Cokes price and rating in Case 3.

Cokes Price ($/kg) 0.6 0.8 1.2

Profit Increase Rate (%) +11.1 +12.5 +15.1

3.7. Relationship between Carbon Price and Optimal Operational Conditions

Scatter plots illustrating the relationship between CO2 emissions and economic value
are created for each operational condition from Case 1 to Case 3 (Figure 7). As the decar-
bonization trend necessitates minimizing CO2 emissions, the point in the upper-left corner
of the graph represents the ideal operational condition. Furthermore, Case 3 is a favorable
option for decreasing the CO2 emissions by >20% while maintaining a profit increase rate
of up to 11%.
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Figure 7 demonstrates a correlation between profit and CO2 emissions. Due to the
relatively low carbon price in Japan ($42.9/tCO2), the curve slope is relatively flat. How-
ever, as the carbon price increases, reaching up to $200/tCO2, the curve becomes steeper
(Figure 8). Of the existing options, Case 3 is the preferred choice for effectively reducing
CO2 emissions.
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4. Conclusions

This study aimed to identify the key operational conditions (independent variables)
of the FCC unit and propose suitable operational conditions based on the current market
demand. Aspen HYSYS, a widely used process simulation software, was employed to
quantify the yield of each product and CO2 emissions. The simulation results demonstrated
good agreement with actual operation data. Through the case studies, ROT was determined
to be the most influential variable, exhibiting a peak point in yield performance.

Building upon the comparative analysis, two additional process simulations were
conducted, introducing novel approaches to utilize FCC slurry and reduce environmental
impact. The first scenario involved incorporating FCC slurry into the FCC feedstock,
whereas the second scenario introduced the slurry and the fraction from the downstream
absorber into a delayed coker unit. The delayed coker unit plays a vital role in carbon
fixation and the production of needle cokes, a market that is expected to grow.

Further case studies revealed a correlation between profit and environmental load,
depicted through graphical representations. Given the increasing pressure to reduce
CO2 emissions worldwide, this case study revealed that the delayed coker option, which
produces needle cokes, will be a recommended operational condition in the near future.
The recommended operational condition for the FCC unit includes a stripping steam rate
of 5000 kg/h, a feed preheat temperature of 145 ◦C, and a ROT of 545 ◦C.

Additionally, the case study proposed that an increase in carbon pricing would make
the ROT of 530–540 ◦C with delayed coker operation yield a 12–15% increase in profit.
Case 3 aligns with efforts to reduce environmental load and market trends. Specifically,
by fixing CO2, mitigating the CO2 emissions of oil refineries becomes possible. The fixed
carbon, transformed into needle coke through the delayed coker unit, represents a funda-
mental material with anticipated growth in the market. By adopting this process scheme,
refineries can avoid closure due to loss of profit resulting from declining gasoline demand.
Furthermore, centered around the FCC unit, this method has the potential to alter the
value proposition of refineries by shifting production from gasoline to petrochemicals and
needle coke.
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This study primarily focused on a typical FCC unit in Japan; note that FCC units can
have multiple equipment configuration patterns, and not all patterns have been validated
in this study. Furthermore, as FCC units are crucial conversion processes in petroleum
refining plants, they were selected as the initial research target. Future studies should focus
on the upstream and downstream processes, thereby contributing to the reduction in CO2
emission and proposing scenarios for shifting toward plants that manufacture petrochemi-
cal products in line with market trends. By proposing a transition scenario for the entire
plant, it is possible to transform at-risk petroleum refining plants into petrochemical base
product plants, ensuring their survival as foundation industries.
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