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ABSTRACT: Catalytic reforming is a key technology in the petroleum
refining and petrochemical industry. In recent years, countercurrent
continuous reforming has put forward and practiced the new concept of
matching the activity of the catalyst with the difficulty of the reaction.
Based on the equation-oriented method, the steady-state model for the
reactor-regenerator section of countercurrent continuous reforming was
established, including the reactor module, the regenerator module, the
compressor model, the heat exchanger model, the heating furnace
model, and the oil property model. The inlet and outlet of each module
are connected according to the actual technological process, and the
model conforms to the requirement of real-time optimization (RTO).
The sequential quadratic programming (SQP) algorithm is used for
calculation in this study. The model is calibrated to make the calculated
value more consistent with the actual value. The model simulation showed the trend of the reforming reaction and the difference
between countercurrent reforming and cocurrent reforming. Finally, the process model was optimized for different goals such as the
yield of aromatics, the yield of high-octane gasoline, and the yield of C7

+ aromatics. These results indicate that the established model
can simulate the actual industrial process, which can meet the requirements of RTO, and obtain considerable profits for different
optimization objectives.

1. INTRODUCTION
Refining and petrochemical industries are important because
they provide energy and chemicals, especially transportation
fuels and raw organic chemical materials.1 The development of
process simulation for these petroleum-related processes will
provide better guidance for plant operations and lead to better
economic benefits. The process simulation technology
originated from the first process simulation system Flexible
Flowsheet successfully developed by Kellogg. To date, the
process simulation system has undergone four generations of
development, from the initial simulation object mainly for light
hydrocarbon processing to gradually developing a simulation
object for a gas−liquid two-phase process and a gas−liquid−
solid three-phase process. In the 1990s, simulation integrated
steady-state and dynamic technologies, and it was widely used
in the design, research, and production departments. Typical
commercial process simulation software include Aspen plus,
PRO/II, ChemCAD, Petro-Sim, and VMG-Sim.2−6

At present, chemical process simulation algorithms are
mainly divided into two categories: sequential modular method
(SM) and equation-oriented method (EO).7 The sequential
module method is currently widely used, but it has certain
limitations. When the iteration times of the model calculation
are high or the heat exchange process involved is complex, the
model calculation is time-consuming and difficult to converge.
Unlike the sequential module method, the EO method

combines all of the equations for the process to form a
nonlinear equation set and solves the variables involved
simultaneously, which is more efficient and time-saving.8,9 The
difference between the two methods is shown in Figure 1.
Real-time optimization (RTO) is a technology that

optimizes the operating conditions of the process in real
time and downloads it to the control layer for automatic
execution.10 The RTO system of the refinery, which is
generally based on a strict mechanism model and aims at
maximizing economic benefits with scheduling indicators,
equipment capacity, product quality, energy consumption, and
other requirements as constraints, can achieve hour-level
optimization of operation parameters and corresponding
automatic execution.11,12 At present, many petrochemical
companies have begun to carry out RTO transformation and
implementation of the main processing units in refineries, and
the top-level architecture of an intelligent refinery is shown in
Figure 2.13−19 On the basis of these models, many other
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researchers have used RTO in combination with other
techniques for modeling and simulation.20−23

Catalytic reforming is one of the important secondary
processing technologies in refining and petrochemical enter-
prises. It uses naphtha as a raw material to produce aromatic
hydrocarbons and high-octane-number gasoline as well as the
byproduct hydrogen.24 In common chemical simulation
software from Aspen Plus, KBC, and Schneider, the traditional
cocurrent continuous reforming can be simulated, but the
countercurrent continuous reforming process cannot be
simulated because of its unique technological process. In the
countercurrent continuous reforming process, the flow
direction of the catalyst between each reactor is different
from that of the cocurrent reforming, and the coke generation
and deactivation of the catalyst in each reactor have an
interaction with the reforming reaction depth. A more

reasonable solution to its simulation and optimization is to
apply the equation-oriented method (EO) to perform the
modeling and carry out simulation calculation of the entire
process.
Sequential quadratic programming (SQP) and rSQP

methods are the main optimization algorithms for the model
built by the equation-oriented method currently. The
equations that these algorithms can solve should be all
algebraic equations, so the orthogonal configuration method or
the finite element orthogonal configuration method is selected
to discretize the differential equations such as the kinetic
equations.25 After establishing the whole process model with
the EO method, it is necessary to calibrate the model. The
main strategy of model calibration is to calibrate the kinetic
parameters to make the calculated values more consistent with
the actual values. After calibration, the operating conditions of

Figure 1. Sequential module method (left) and equation-oriented method (right).

Figure 2. Intelligent refinery architecture design.

Figure 3. Schematic diagram of the reaction-regeneration section of the countercurrent continuous reforming process.
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the countercurrent continuous reforming process can be
optimized for specific raw materials to achieve maximum
profit or other objectives.

2. OVERALL FRAMEWORK OF THE MODEL
2.1. Countercurrent Continuous Reforming Process.

As shown in Figure 3, there are four reactors, a regenerator, a
compressor, a heat exchanger, four heating furnaces, a
reforming separation tank, and a hydrogen purification system
in the reaction-regeneration section of the countercurrent
continuous reforming process. Recycled hydrogen from the
high-pressure separator tank is pressurized by a recycle
hydrogen compressor and mixed with the reforming feedstock
from the pretreatment section as the reforming feed. The feed
exchanges heat with the products in a heat exchanger and then
enters each reforming reactor in turn. Before entering each
reactor, the material needs to be heated through a heating
furnace in the front of the reactor to reach a specific reaction
temperature. The high-temperature oil and gas from the fourth
reactor exchange heat with the reforming feed, then are cooled
by an air cooler, and finally enter the vapor−liquid separation
tank. Part of the separated hydrogen-containing gas and the
sealed and elevated hydrogen are used as recycled hydrogen.
The other part is purified by the hydrogen purification system
and sent as a byproduct out of the reforming process.26

During the reforming reaction, the catalyst and the reactant
flow countercurrently, that is, the regenerated catalyst flows
through the fourth reactor, the third reactor, the second
reactor, and the first reactor and then returns to the
regenerator for regeneration.27,28 The catalysts with the highest
activity in the third and fourth reactors are used to catalyze the
difficult reactions such as alkane dehydrocyclization of
paraffins, and the catalysts with a lower activity in the first
and second reactors are used for easy reactions such as
dehydroaromatization of naphthene. In short, matching the
catalyst activity to the reaction difficulty is a significant
advantage of the countercurrent continuous reforming process.
2.2. RTO Overall Structure. Countercurrent continuous

reforming is a large-scale industrial process. In addition to
modeling each of the units involved in the process mentioned

above, it is essential to establish the connection between each
unit. The connection between the reactor module and the
regenerator module is given by the equation associated with
the coke deposition of the catalyst. The coke deposition at the
first reactor outlet is the same as the coke deposition at the
regenerator inlet, and the coke deposition at the regenerator
outlet is same as the coke deposition at the fourth reactor inlet.
The auxiliary module uses temperature as the connection
between models that the compressor outlet temperature is the
same as the inlet temperature of the heat exchanger, and the
heat exchanger outlet temperature is the same as the inlet
temperature of the heating furnace for the first reactor. The
connections between each module are shown in Figure 4.
After connecting the modules together, the reaction-

regeneration section of the process can be modeled by the
EO method. The SQP method is adopted for solving the EO
model as it can meet the requirements of the RTO without any
further input of cumbersome entry conditions for each unit.
Meanwhile, using the established oil property model, it is
possible to estimate the physical properties of the reformed oil
such as octane number, vapor pressure, end boiling point,
distillation range, and density.

3. MODULE DETAILS
3.1. Reactor Module. Radial reactors are used to lower the

pressure drop in countercurrent continuous reforming; its
structure is shown in Figure 5. The 45-lump kinetic steady-
state model developed by Jiang et al. of our team was used to
simulate the reforming reaction.29 Under normal reforming
reaction operating conditions, the variation of concentration
and temperature mainly happens in the radial direction, and
there is little variation in the axial direction. To meet the
requirements of real-time optimization, the reactor model is
simplified to a one-dimensional radial model since the rate of
coke deposition on the catalyst is relatively slow within the
hydrogen environment and the two-dimensional model of the
reactor will distinctly increase the burden of simulation
calculation.27,30 When establishing the EO model of the
reaction module, it is necessary to simulate each radial reactor
and determine the connections between the reactors.31

Figure 4. Overall architecture of the RTO model for countercurrent continuous reforming.
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The catalyst flows axially in each reactor by gravity, while the
reactants flow radially in the radius direction. Between reactors
for countercurrent catalytic reforming, the material flows in the
direction opposite to that of the catalyst. In each reactor,
material balance, momentum balance, and heat balance need
to be taken into account, as the reactor is simplified to be an
adiabatic system without heat losses.
(1) Material balance: It is assumed that the temperature,

pressure, and molar flow rate of each component are uniformly
distributed in the specific radial position of each reactor. The
change in the molar flow rate with position is shown in eq 1.

j r r r jdF( )/d 2 L ( )b ∑π ρ= (1)

(2) Momentum balance: Ignoring the pressure drop of the
manifold, the Eugen formula is used to calculate the pressure
drop of the reactor.
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(3) Heat balance: The total heat of reaction and specific heat
are obtained by calculating the related thermodynamic
properties.
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The effect of the catalytic deactivation reaction rate on the
reaction is considered, and coke deposition in the reforming
reaction is mainly generated by the dehydrogenation of alkanes
and the condensation of aromatics and cycloalkanes.
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In the orthogonal collocation method, the Lagrange inter-
polation polynomial is used as the trial function of the
approximation function, and the root of the Legendre
polynomial is used as the collocation point. As the internal
residual R(τ) is zero at the collocation point or the boundary
point, the differential equations and boundary conditions are
transformed into algebraic equations with parameters and then
solved by the SQP algorithm.

R Z f x Z( ) ( , ( ))
i

K

i i K
0

1∑τ δ τ= −
=

+
(5)

3.2. Regenerator Module. The regenerator of the
catalytic reforming process is actually a radial reactor. The
catalyst enters from the upper part, slides down along the axial
direction gradually, and leaves the regenerator after oxidized
combustion to remove the coke deposition on the catalyst; gas
flows along the radial direction, and the oxygen in the gas
reacts with the coke depositions to form carbon dioxide and
water vapor. The regenerator model used in the process model
is the countercurrent reforming regenerator steady-state model
developed by Jiang Shubao et al. from our team.32

Coke is made up of carbon and hydrogen elements.
Although the high ratio of carbon to hydrogen in coke can
be analyzed and coke can be represented with the specific
molecular formula corresponding to the ratio, the ratio will
change as the coke reacts with oxygen because the hydrogen in
coke is burned off at a higher rate than the carbon in coke.
Thus, the reactions that take place in the regenerator can be
described with two equations in the model.33

C(s) O (g) CO (g) 395.4 kJ/mol2 2+ → − (6)

2H(s) 1/2O (g) H O(g) 121.0 kJ/mol2 2+ → − (7)

Since catalyst regeneration is an exothermic process, both axial
and radial heat balance are required, and it is necessary to
establish a two-dimensional model to describe the regenerator.
The regenerator is divided into several sections for simulation,
and the axial position z and the radial position x of
configuration points in each section are transformed into
dimensionless numbers between 0 and 1. Material balance,
momentum balance, and heat balance also need to be taken
into account.
(1) Material balance
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Figure 5. Diagram of the reactor structure.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c04651
ACS Omega 2022, 7, 1757−1771

1760

https://pubs.acs.org/doi/10.1021/acsomega.1c04651?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04651?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04651?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04651?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c04651?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


At the configuration point, the expressions of the partial
derivative value in the axial direction and the radial direction
are established, and the equation constraint is established
according to the principle of the orthogonal configuration
method that the residual is zero. The form of residuals is
shown in eqs 15 and 16.
Residuals in the radial direction

R z x y z x B f z x( , ) ( , ) ( , )x
j

N

l j jk x
1

2

∑= −
=

+

(15)

Residuals in the axial direction

R z x D y z x f z x( , ) ( , ) ( , )z
i

N

i k z
1

2

li∑= −
=

+

(16)

After discretizing differential equations to get a series of
equality constraints, the SQP algorithm is also used to solve
the model.
3.3. Vapor−Liquid Separation Model. After the

reformed gas comes out of the final reactor, it passes through
an air cooler and finally enters a high-pressure separation tank
for vapor−liquid separation. The gas-phase output is a mixed
gas rich in hydrogen. Figure 6 is a schematic diagram of the
separation tank of the catalytic reforming process.

Since vapor−liquid separation is generally carried out under
the conditions of medium or low pressure (0.3−1.0 Mpa) and
low temperature (30−60.6 °C), it is assumed that the gas
phase is an ideal state and the liquid phase is also an ideal
liquid. According to the principle of material balance and
multicomponent vapor−liquid equilibrium, the steady-state
model of the separation system can be expressed by the
following equations
(1) Material balance

F L VF F= + (17)

Fz L x V yi i iF F F F F= + (18)

(2) Normalized equation

z 1
i

i
1

44

F∑ =
= (19)

x 1
i

i
1

44

F∑ =
= (20)

y 1
i

i
1

44

F∑ =
= (21)

(3) Phase equilibrium of the mixture components

y

x

p

P
ki

i

i
i

F

F

F
0

s
F= =

(22)

The Antoine formula is used to calculate the saturated vapor
pressure of each component PFi

0 for eq 22, since the
temperature and pressure of the reforming separation tank
are not very high.

p 10i
A B T C

F
0 ( /( )= [ − + ]

(23)

The coefficients A, B, and C in the above formula are shown in
Table S1.
According to eqs 24, 44 constraint equations can be

obtained. The SQP algorithm is also used to solve the
constraint equations.

y k x 0i i iF F F− · = (24)

3.4. Heating Furnace Model. In the continuous
reforming process, the temperature drop of oil and gas at the
outlet of the first reactor can be up to about 100 °C, and the
temperature drops of oil and gas at the outlets of the second,
third, and fourth reactors can also reach 75, 58, and 45 °C,
respectively. Therefore, before the entrance of each reactor,
there is a heating furnace to increase the temperature of the
reactants to ensure the required reaction temperature for
reforming.34

In process simulation, it is necessary to calculate the accurate
heat efficiency of the furnace so as to obtain the heating load,
which should be less than its upper limit in the optimization
calculation. The heat efficiency is equal to the percentage of
effective heat divided by the supplied heat.
The heating furnace is equipped with a convection section

near the flue gas outlet, and heat transfer is carried out by
radiation and convection; the structure of the heating furnace
is shown in Figure 7. According to the Q/Y50-2002 energy

conservation monitoring method of the petrochemical process
heating furnace of China National Petroleum Corporation,35

the percentage of heat loss to the total heat can be calculated
by the counterbalancing method first when calculating the
thermal efficiency.

q q q100H 1 2 3η = − − − (25)

Figure 6. Diagram of the reforming separation tank.

Figure 7. Diagram of the heating furnace.
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q t t(8.3 10 0.031 ) ( g 1.35 10 g )

1.1
1

3 4 2α= [ × + · + ×

− ]

− −

(26)

q (4.043 0.252) HCO 102
4α= − · · −

(27)

α is the overheated air coefficient.

(21 0.0627 HO )/(21 HO )2 2α = − × − (28)

Surface heat loss can be obtained through the heat provided by
the fuel minus the sum of heat for the heating process medium,
the heat used to produce steam, and the heat loss with the
exhaust gas.
The total heat provided by the fuel is equal to the calorific

value of the fuel gas multiplied by its flow rate.

Q F Qtotal fg sf= × (29)

The heat consumed for the heating process medium is
calculated by the molar flow rate of the material as well as the
inlet and outlet temperatures of each heating furnace.

Q F C T T( ) d
T

T

pH
Fout

Fin∫= ×
(30)

The amount of heat needed to produce steam is calculated
from the steam system heat. By referring to HSC software, the
standard enthalpy of feed water and generated steam is
obtained; then, the heating load of the steam is obtained by the
flow rate of water.

Q H L H Lw w w G G= × − ×θ θ
(31)

Therefore, the surface heat loss can be calculated by eq 32.

Q Q Q Q Q q q( )sur total H w total 1 2= − − − + (32)

The ratio of the surface heat loss to the total heat provided is
denoted q3. The effective heating load of the heating furnace is
equal to the heat provided by the fuel multiplied by the heat
efficiency ηH.

Q Qeff total Hη= * (33)

When applying the above formula to calculate the heating
furnace efficiency, the required known variables and calculated
variables are as shown in Table S2.
3.5. Compressor Model. In the countercurrent continu-

ous reforming process, the recycled hydrogen from the
reforming separation system enters the recycle hydrogen
compressor, which is a key power equipment of the reforming
process.36 Under the effect of the compressor, the recycled
hydrogen is pressurized to a specified pressure and enters the
heat exchanger to increase the temperature. To accurately
calculate the steam consumption of the compressor and the
outlet temperature of the recycled hydrogen, the compressor
steady-state model needs to be established.
The process that occurs in the recycle hydrogen compressor

can be regarded as a polytropic process, in which the adiabatic
index of each substance can be found through the handbook of
thermodynamic data, and the total adiabatic index of recycled
hydrogen is calculated by eq 34.

k

y

k
1

1 1H

He

He
∑

−
=

− (34)

According to the actual inlet flow rate, the corresponding
polytropic efficiency and the compression ratio can be

obtained when the inlet and outlet pressures are known. The
polytropic index mh is calculated from the corresponding
polytropic efficiency and the adiabatic index.

m k k1/ 1 1/( /( 1))h p H Hη= [ − − ] (35)

The outlet temperature of the recycled hydrogen in the
compressor is calculated with the polytropic index and the
compression ratio.

T T m m
Eout Ein c

( 1)/h hε= [ − ]
(36)

After calculating the outlet temperature, the polytropic index
can be calibrated according to the actual outlet temperature.
With the calibrated polytropic index, the theoretical power of
the compressor can be calculated using eq 39.

( )
N

PV16.67 1m
m

P
P

m m

1 1 1

1/

p

h

h

2

1

h h

η
=

[ − ]−

−

(37)

The shaft power is equal to the theoretical power divided by
the mechanical efficiency and the transmission efficiency.

N N/ /s g eη η= (38)

When calculating the value of steam consumption, it is
necessary to calculate its enthalpy difference before and after
compression.

G N H3600 / / /iE S s gη η= Δ (39)

When applying the above formula to calculate the steam
consumption of the compressor, the required known variables
and calculated variables are shown in Table S3.

3.6. Heat Exchanger Model. The temperature of the
hydrogen from the compressor is about 80 °C, and the
temperature of the feed oil from the pretreatment distribution
is about 110 °C, while the temperature of the oil and gas
mixture at the inlet of the heating furnace is above 400 °C. To
accurately calculate the reforming reaction heat and the
heating load of the heating furnace, it is necessary to estimate
the inlet temperature of the reforming feedstock stream into
the first heating furnace.37 This is the main reason for
establishing the heat exchanger steady-state model.
The reforming process uses a plate heat exchanger. Because

the main target of the estimation is the outlet temperature, it is
assumed that this process is a countercurrent heat-transfer
process without phase change. A model is established through
the macroscopic energy balance equation and the total heat-
transfer equation of the heat exchanger.

Q W H H W H H AS

K T

( ) ( )ex h h,1 h,2 c c,2 c,1

gross LMTD

= − = − =

· ·Δ (40)

( )
T

t t

In t
t

LMTD
h c

h

c

Δ =
Δ − Δ

Δ
Δ (41)

Among them, the value of Kgross is obtained by fitting the actual
heat exchanger outlet temperature. The error due to ignoring
the phase transition and heat loss is calibrated by the
estimation of the heat-transfer coefficient; the required
known variables and calculated variables are shown in Table
S4.
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3.7. Oil Property Model. 3.7.1. Octane Number
Estimation Model. The octane number is the most important
quality indicator of motor gasoline, and the octane number of
gasolines has a strong relationship with its composition.38 The
octane number of the mixed components is calculated by eq
42.

k a LRON
i

i iRON
1

44

F∑=
= (42)

The octane number coefficients in eq 42 are shown in Table
S5.39

The octane number calculated by the model is verified with
actual analysis data, and the model fitting effect is shown in
Figure 8.

The comparison results show that the absolute error of
model prediction is less than 1, which means that the accurate
octane number can be obtained without adjusting the effective
octane number of each component or changing the
mathematical model due to the large difference in oil
composition.
3.7.2. Vapor Pressure Estimation Model. Since the pressure

is not too high, the gas and liquid phases can be treated as ideal
gas and ideal liquid, respectively.
Saturated vapor pressure of the mixed fraction is calculated

using eq 43.

P P L
i

i itotal
1

44

F
0

F∑=
= (43)

Calculation of saturated vapor pressure still adopts the Antoine
formula. Comparing the calculated steam pressure with the
actual analysis data, the fitting effect of the model is shown in
Figure 9.
It can be concluded that the errors between the calculated

vapor pressure and the actual value are mostly less than 1 kpa,
which means that the estimation model can be used to
calculate the vapor pressure.
3.7.3. End Boiling-Point Estimation Model. The temper-

ature when the last drop of oil sample in the flask disappears is
called the dry point or the end boiling point of the fraction.

The end boiling point is generally only related to the content
of the heaviest components in a fraction.
The end boiling point of the mixed components is calculated

by eq 44.

k L BEbp
i

i
1

5

Ebp F bp∑= +
= (44)

The coefficients for estimation are shown in Table S6 as the
concentrations of C11 and C12 alkanes are zero.
The model fitting effect is shown in Figure 10.

It can be concluded that the relative errors between the
calculated end boiling point and the actual value are less than
1%.

3.7.4. Density Estimation Model. Density of the mixture is
calculated by eq 45.

k L /100
i

itotal
1

44

F∑ρ = − Δρ ρ
= (45)

Figure 8. Fitting results of the octane number.

Figure 9. Fitting results of vapor pressure.

Figure 10. Fitting results of the end boiling point.
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The value of the calculated correction coefficient Δρ is 8 kg/
m3, and the density coefficients in eq 45 are shown in Table S7.
The calculated reforming oil density is verified with the

actual analysis data, and the model fitting effect is shown in
Figure 11.

It can be concluded that the relative errors between the
calculated density and the measured density are mostly less
than 1%, which means that the density estimation model can
be used to determine the density of reforming oil.
3.7.5. Distillation Range Estimation Model. The distil-

lation range measurement method commonly used in the
actual industry is ASTM D86, but the distillation curve based
on the boiling point and percentage of individual components
is closer to the simulated distillation curve. The simulated
distillation based on temperature programming of gas
chromatography requires less analysis time than real boiling-
point distillation and has more theoretical plates.
First, the simulated distillation data is converted to real

boiling-point distillation data.40

TBP(5 wt %) TBP(50 wt %) VV VV VV5 6 7= − − −
(46)

TBP(10 wt %) TBP(50 wt %) VV VV5 6= − − (47)

TBP(30 wt %) TBP(50 wt %) VV5= − (48)

TBP(50 wt %) SD(50 wt %)= (49)

TBP(70 wt %) TBP(50 wt %) VV4= + (50)

TBP(90 wt %) TBP(50 wt %) VV VV4 3= + + (51)

TBP(95 wt %) TBP(50 wt %) VV VV VV4 3 2= + + +
(52)

TBP(100 wt %) TBP(50 wt %) VV VV VV

VV
4 3 2

1

= + + +

+ (53)

In the above formula, VV is calculated from eq 54.

DVV (WW )Di Di
E= · (54)

D and E are coefficients as shown in Table S8.
Second, the real boiling-point distillation data is converted

to ASTM D86 distillation data.

( )
ASTM

TBP(wt %)

1.8i
F

G

D

1.8 1/

=
·

(55)

F and G are coefficients, as shown in Table S9.
The calculated data is compared with the actual distillation

range data, and the results are shown in Table 1.
The relative errors of the calculated and actual distillate data

are small, which means that the distillation range estimation
model can be applied in this process.

4. MODEL CALIBRATION
In the actual industry, the performances of the catalyst and the
operating state change slightly with time, so it is necessary to
calibrate the reactor model to reflect the current catalyst
performance and operating state of the process. During the
calibration, it is not necessary to calibrate every kinetic
parameter but to calibrate the pre-exponential factors of
various reforming reactions. For each type of reaction, the pre-
exponential factors are multiplied by a coefficient where the
initial value of the coefficient is set to 1 and its range is
between 0.9 and 1.1 for optimization with the SQP algorithm.
The objective function of optimization is set to be the sum of
squares of the differences between the calculated and actual
values, including the temperature, catalyst coke deposition, and
molar flow of each component, and the equality constraints for
the material balance, heat balance, and momentum balance are
the same as the reactor module of Section 3.1.

f Y F F Y

T T

Y w w
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( )
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i
i i i T
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q q
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1

44

F, ,real ,cal
2

1

4

,out,real ,out,cal
2

coke,1,out,real coke,1,out,cal
2

∑

∑

= − +

−

+ −

=

=

(56)

The first to third sets of data in Table S10−S14 were used for
calibration, and the optimized calibration coefficients are as
shown in Table 2. In general, it takes 15 min to calculate the
calibrated model coefficients on MATLAB (CPU = 2.20

Figure 11. Density fitting results.

Table 1. Results of Distillation Range Estimation

actual data (°C) model data (°C)

number ASTM (10 wt %) ASTM (50 wt %) ASTM (90 wt %) ASTM (10 wt %) ASTM (50 wt %) ASTM (90 wt %) relative error (%)

1 83.5 127 170.5 85.47 126.85 166.97 1.49
2 85 123.5 164.5 85.41 123.05 165.68 0.52
3 85.5 123.5 164.5 84.50 120.79 166 1.42
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GHz). The speed of convergence depends on the initial
settings and the accuracy requirement.
The calculated temperature before and after calibration as

well as the actual temperature are compared, as shown in Table
3.

It can be concluded that the absolute error between the
actual temperature and the calibration temperature is greatly
reduced, and the average absolute error is reduced by 19.26%.
The calculated coke deposition before and after calibration

as well as the actual coke deposition are compared as shown in
Table 4.

It can be concluded that the absolute error between the
actual coke deposition and the calibration coke deposition is
greatly reduced, and the average absolute error is reduced by
37.07%.
The comparison of material molar flow before and after

calibration is shown in Figure 12.

Before model calibration, the prediction absolute errors of
the total molar flow rate of the three sets of data are 16.65,
27.03, and 37.35 kmol/h, respectively; after calibration, the
prediction absolute errors are 1.82, 12.66, and 23.29 kmol/h,
respectively. The average absolute errors of each component
before calibration of the three sets of data are 1.19, 1.36, and
1.44 kmol/h, respectively; the average absolute errors of each
component after calibration are 0.69, 0.96, and 1.0 kmol/h,
respectively. It can be concluded that the calibration effect is
very effective, which can achieve the purpose of matching the
calculated value and the actual value more closely.

5. PROCESS SIMULATION
Based on the simulation of the calibrated model, the
temperature profile and molar flow changes of the various
fractions in the process can be obtained. The fourth set of data
in Tables S10−S14 and the regenerator data in Table S15 were
chosen as the feed composition and operation conditions for
simulation. The SQP method has the advantages of high
accuracy and fast convergence. In general, it takes only 25 s to
simulate the reaction-regeneration section of the counter-
current continuous reforming process on MATLAB (CPU =
2.20 GHz).
In the entire process model, the coke deposition of the

catalyst is an important parameter as the catalyst circulates
between the reactors and the regenerator. At the same time,
using the EO method to simulate the process is also suitable
for other processes, such as the cocurrent continuous
reforming process. The trend of coke deposition of the catalyst
in each module of the countercurrent reforming process and
the cocurrent reforming process is shown in Figure 13.
For the countercurrent reforming process, the increase of

coke deposition on the catalyst is the largest in the fourth
reactor, and the increase is relatively slow in the first, second,
and third reactors. This is because the regenerated catalyst
enters the fourth reactor first in the countercurrent continuous
reforming, the condensation of aromatics will be intensified
due to the high activity of the catalyst and the high content of
aromatic hydrocarbons and olefins in the fourth reactor.
As a comparison, the cocurrent reforming process was also

simulated. The flow direction of the catalyst was changed to be
consistent with the flow direction of the material, without
changing the amount of catalyst loading in each reactor, and
the coke deposition of the catalyst under cocurrent catalytic
reforming was obtained. In the cocurrent reforming process,
the catalysts in the first and second reactors have a high activity
because of less coke deposition of the catalysts than that of the
countercurrent reforming process, and the main reforming
reactions are easy to happen, such as alkane dehydrogenation
cyclization and cycloalkane dehydrogenation aromatization. In
the third and fourth reactors, due to the decrease in catalyst
activity and the increased coke deposition, the coke deposition
of the catalyst at the outlet of the fourth reactor is more than
that in the countercurrent process. However, in the actual
cocurrent reforming process, the first reactor has the smallest
catalyst loading amount and the fourth reactor has the largest
catalyst loading amount, which will lead to a larger difference
in catalyst coke deposition among the four reactors. As a result,
the countercurrent continuous reforming process can make the
catalyst activity and reaction difficulty more suitable.
In the regenerator module, the combustion reaction mainly

happens in the first stage of the regenerator, and the remaining
coke deposition on the catalyst is removed in the second stage

Table 2. Calibration Coefficients

reaction calibration coefficient

dehydrogenation, N ⇌ A 1.005
dehydrogenation, P ⇌ O 0.995
dehydrocyclization, P ⇌ N 1.000
isomerization, iP ⇌ nP 1.004
isomerization, 5N6 ⇌ 6N6 1.100
transalkylation, 2A ⇌ A + A 0.947
hydrocracking, nP → P 1.005
hydrocracking, iP→P 0.999
hydrodealkylation, A → A + P 1.003
adductive reaction, P + O → P 1.068
adductive reaction, A + O → A 1.100
A + N → Coke 0.922
P → Coke 0.998

Table 3. Error of Temperature Before and After Calibration

number of
data sets

before
calibration

(K)

after
calibration

(K)
actual

value (K)
absolute
error1

absolute
error2

1 688.14 684.70 683.05 0.75 0.24
711.41 710.29 708.07 0.47 0.31
725.48 725.58 726.40 0.13 0.11
729.01 730.20 730.23 0.17 0.00

2 685.86 682.49 683.95 0.28 0.21
709.46 708.33 708.42 0.15 0.01
724.17 724.23 726.97 0.39 0.38
728.79 729.97 730.84 0.28 0.12

3 683.03 679.65 684.45 0.21 0.70
707.43 706.28 708.17 0.10 0.27
722.46 722.51 725.86 0.47 0.46
727.63 728.78 728.64 0.14 0.02

Table 4. Error of Coke Deposition Before and After
Calibration

number

before
calibration

(%)

after
calibration

(%)

actual
value
(%)

asolute
error1 (%)

absolute
error2 (%)

1 0.0257 0.0268 0.0293 0.0036 0.0025
2 0.0280 0.0293 0.0287 0.0007 0.0005
3 0.0227 0.0237 0.0245 0.0018 0.0008
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of the regenerator to assure full recovery of the catalyst activity.
Due to the redundant capacity of the regenerator design, the
coke deposition generated by either the countercurrent
continuous reforming or the cocurrent continuous reforming
can be completely burned.
During the countercurrent continuous reforming process

and cocurrent continuous reforming process, the temperature

trends of the recycled hydrogen and the feed oil are shown as
Figure 14.

Position: 1, compressor inlet; 2, compressor outlet; 3, heat
exchanger inlet; 4, heat exchanger outlet; 5, first heating
furnace outlet; 6, first reactor outlet; 7, second heating furnace
outlet; 8, second reactor outlet; 9, third heating furnace outlet;
10, third reactor outlet; 11, fourth heating furnace outlet; 12,
fourth reactor outlet.
As shown in Figure 14, the heating load of the heat

exchanger is the largest in the entire reforming process. For

Figure 12. Comparison of material molar flow: (a) first set of data, (b) second set of data, and (c) third set of data before and after calibration.

Figure 13. Trend of coke deposition in the process. Position: 1, first
reactor outlet; 2, second reactor outlet; 3, third reactor outlet; 4,
fourth reactor outlet; 5, first stage outlet of the regenerator; 7, second
stage outlet of the regenerator. Figure 14. Temperature trends of hydrogen and feed oil.
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countercurrent continuous reforming, the temperature drop in
the first reactor is 98.59 °C, and the temperature drops of the
second, third, and fourth reactors are 74.31, 58.85, and 48.91
°C, respectively. For the cocurrent continuous reforming
process, the temperature drop in the first reactor is 120.79 °C,
and the temperature drops of the second, third, and fourth
reactors are 74.59, 44.51, and 35.7 °C, respectively. The
temperature difference between the reactors in countercurrent
continuous reforming is larger than that in the countercurrent
continuous reforming. In the actual cocurrent reforming
process, the amount of catalyst loading in each reactor will
be changed to make the temperature difference between the
four reactors smaller, but this will lead to a lower efficiency of
catalyst utilization.
The simulation results show that the countercurrent

continuous reforming model can be established by the EO
method, and the model can be easily modified for the
simulation of cocurrent continuous reforming. The EO
method is effective for the modeling of petrochemical
processes with a complex reaction system.

6. PROCESS OPTIMIZATION
6.1. Optimized Strategy. For industrial processes,

optimization mainly includes improving the selectivity or
yield of the product and achieving the maximum economic
benefits based on the raw material composition and market
demand, in the premise of meeting the product indicators.
Optimization can be categorized into offline optimization and
online optimization.41 The feature of online optimization is
that the device can be kept in an optimal state for a long time
so as to achieve deeper optimization. The general form of the
mathematical model of the constrained nonlinear optimization
problem (also called the nonlinear programming problem) can
be shown by eqs 57 and 58.

J xmin ( )1

g x( ) 0, i 1, 2, ,i
1 ≥ = ··· (57)

h x j( ) 0, 1, 2, ,j
1 = = ··· (58)

The SQP algorithm can also be used to solve the constrained
nonlinear programming problem, and the optimal operating
conditions can be selected to achieve energy saving and
consumption reduction and increase the yield of reformed
gasoline/aromatics to maximize the process profits.
For the continuous reforming process, an important purpose

is to produce basic organic materials such as benzene, toluene,
and xylene. In this case, the objective function of optimization
is set as the yield of aromatics. Another important objective
product of continuous reforming is the production of high-
octane gasoline. In this case, the objective function of
optimization is set as the yield of high-octane gasoline.
In actual operations of countercurrent reforming, the

operating variables that can be changed are mainly the inlet
temperature of the four reactors, the H/C molar ratio, as well
as the inlet temperature and oxygen content of the
regeneration gas. Constraints include the coke deposition on
the catalyst of the first reactor outlet, coke deposition on the
catalyst of the regenerator outlet, inlet oxygen content of gas
for the regenerator, the amount of steam consumed by the
compressor, and the heating load of heating furnaces.
For the production plan of aromatics, the objective function

is aromatic yield, as in eq 59.

J X f X

W W W W W W

W

min ( ) ( )

(

)

1 1

A6 A7 A8 A9 A10 A11

A12

1 1= −

= − + + + + +

+ (59)

For the production plan of gasoline, the objective function is
the yield of high-octane gasoline, as in eq 60.
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+ + (60)

Within the upper and lower limits of operating conditions, the
inlet temperature of the reactor should not be too high because
of the coke deposition limit, the inlet temperature should not
be too low to ensure a certain conversion, and the upper limit
of the H/C molar ratio should consider the upper limit of
steam consumption of the compressor. The upper limit of the
inlet gas temperature and the oxygen content of the
regenerator is to ensure that the temperature of the hot spot
in the regenerator is not too high. When the objective function
is high-octane gasoline yield, the other restriction is that the
octane number should not be less than 98. Specific values are
shown in Table 5.

6.2. Optimization Results. Under Table 5 constraints, the
optimized results of operating conditions are as shown in
Table 6. In process optimization, it takes 5 minutes to calculate

Table 5. Upper and Lower Limits of Operating Conditions

restrictions constraint value

lower
limit upper limit

1st reactor input temperature (K) 778.15 788.15
2nd reactor input temperature (K) 778.15 788.15
3rd reactor input temperature (K) 778.15 788.15
4th reactor input temperature (K) 771.15 781.15
H/C molar ratio (mol/mol) 2.0 2.3
regeneration gas inlet temperature (K) / 735
regenerator oxygen content (%) / 0.008
heating load (MW/h) / 25
steam consumption (t/h) 10
reactor outlet catalyst coke deposition (kg/kgcat) / 0.035
regenerator outlet catalyst coke deposition
(kg/kgcat)

/ 0.0005

aromatic yield (wt %) /
gasoline yield (wt %) /
octane numbera 98

aThe constraint is only when the objective function is the high-octane
gasoline yield.
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the values of the optimized operating conditions on MATLAB
(CPU = 2.20 GHz).

In some cases, it is favored to produce more C7
+ aromatics,

and the constraint setting of the operating conditions is the
same as that of the production of aromatics, and the objective
function is changed to eq 61.

J X f X

W W W W W

W

min ( ) ( )

(

)
A A A A A

A

1 3

7 8 9 10 11

12

1 1= −

= − + + + +

+ (61)

Under such conditions, the optimization results are as shown
in Table 7. The optimization time is similar to that required for
aromatic yield optimization.
Under the existing operating conditions, the yield of

aromatic hydrocarbons is increased by 0.99% when the
objective function is the yield of aromatic hydrocarbons, and
the yield of gasoline is increased by 1.63% when the objective
function is the yield of gasoline with a high octane number.
Taking the C7

+ aromatic yield as the target, the yield increased
by 0.74%, while the aromatic yield also increased by 0.94%.
Thus, the economic profits of the improvement are
considerable.
From the optimization results, the change in operating

conditions to improve the aromatic yield is mainly the increase
of the reactor inlet temperature. Corresponding to the reaction
mechanism of aromatic generation, the increase in temperature
is favorable to the alkane dehydrocyclization reaction and the
cycloalkane dehydrogenation reaction, which can improve the
yield of aromatics.
The limiting condition in gasoline yield optimization is

mainly the octane number because a lot of the increase in
gasoline yield consists of C10

+ fractions and the octane number

contribution of these components is not very high, which will
lead to the drop of the gasoline octane number.

7. CONCLUSIONS
Based on the EO method, the model for the reaction-
regeneration section of countercurrent continuous reforming
was established, including the reactor module and the
regenerator module, connected with the gas−liquid separation
model, the heating furnace model, the compressor model, and
the heat exchanger model.

(1) According to the time required by model calibration,
simulation calculation, and optimization of the process,
the established process model can meet the require-
ments of RTO.

(2) The calibration of the model can bring the calculated
values of the model into better consistency with the
actual values.

(3) The optimization calculation results show that setting
different objective functions can lead to different
optimization results. The resulting optimization results
fit the reaction mechanism of the reforming, which can
be set for different production plans according to the
market demand.
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■ NOMENCLATURE
F = molar flow rate, kmol/h
r = reactor radius, m
L = catalyst bed height, m
ρb = catalyst bulk density, kg/m3

r(j) = reaction rate in the reactor, kmol/(kg catalyst·h)
P = reactor pressure, MPa
g = constant of gravity, N/kg
ε = void fraction of the catalyst bed, %
μ = gas viscosity, pa·s
U = apparent velocity, m/s
Φ = particle shape coefficient, 1
dp = equivalence diameter of the catalyst, m
ρf = gas density, kg/m3

T = reaction temperature, K
Cp = heat capacity of the fraction, kJ/(mol·K)
H = reaction heat of the fraction, kJ/mol
rcoke = coke deposition rate, kg coke/ (kg catalyst·h)
EN = coke-formation activation energy of N&A, kJ/mol
EP = coke-formation activation energy of P, kJ/mol
k0,coke,N = coke-formation pre-exponential factor for N&A,
kg coke/ (kg catalyst·h)
k0,coke,P = coke-formation pre-exponential factor for P, kg
coke/ (kg catalyst·h)
P(i) = partial pressure of the ith component, Mpa
R(τ) = internal residual at the collocation or boundary point
Zi = state variables of the ith component
δi = interpolation of the ith component
CC = mass fraction of the carbon in coke
rC = rate of carbon combustion, kg/(kg·min−1)
S = cross-sectional area, m2

Fs = circulation rate of the catalyst, kg/min
HH = mass fraction of hydrogen in coke
rH = rate of hydrogen combustion, kg/(kg·min−1)
z = position of the collocation point in the axial direction

FO2
= molar flow rate of oxygen, kmol/min

FCO2
= molar flow rate of carbon dioxide, kmol/min

FH2 O = molar flow rate of steam, kmol/min
x = position of the collocation point in the radial direction
rO2

= reaction rate of oxygen, kmol/(kg·min−1)
rCO2

= reaction rate of carbon dioxide, kmol/(kg·min−1)
rH2 O = reaction rate of steam, kmol/(kg·min−1)
r0 = radius of the outlet screen, m
r4 = radius of the inlet screen, m
Gs = mass flow rate of the catalyst of per unit cross-sectional
area, kg/(min/m2)
Cps = specific heat capacity of the catalyst, kJ/kg
Gg = molar flow rate of the regeneration gas of per unit
cross-sectional area, kmol/(min/m2)
Cpg = specific heat capacity of the regeneration gas, J/(mol·
K−1)
ΔHC = reaction heat of coke combustion, kJ/mol
ΔHH = reaction heat of hydrogen combustion, kJ/mol
Rx = residual in the x direction of the regenerator
Rz = residual in the z direction of the regenerator
f x (z,x) = differential expression in the x direction of the
regenerator
fz (z,x) = differential expression in the z direction of the
regenerator
Dli = parameter matrix
Bjk = parameter matrix, transposed matrix of Dli
R = gas constant, J/(mol·K)
LF = molar flow rate of the liquid phase, kmol/h
VF = molar flow rate of the gas phase, kmol/h
xFi = molar fraction of the ith component in the liquid
phase, %
yFi = molar fraction of the ith component in the gas phase, %
zFi = molar fraction of the ith component in the feeding
material, %
pFi
0 = saturated vapor pressure, Mpa
ps = separation tank pressure, Mpa
Ltotal = total molar flow rate in the liquid phase, kmol/h
Vtotal = total molar flow rate in the gas phase, kmol/h
kFi = phase equilibrium constant
LFi = molar flow rate of the ith component in the liquid
phase, kmol/h
VFi = molar flow rate of the ith component in the gas phase,
kmol/h
ηH = efficiency of the heating furnace, %
q1 = exhaust heat loss, %
q2 = heat loss of incomplete combustion, %
q3 = surface heat-dissipation loss, %
α = overheated air coefficient
tg = exhaust temperature, °C
HO2 = oxygen concentration of smoke gas, %
HCO = carbon monoxide concentration of smoke gas, %
Qtotal = total heat provided by the fuel, MJ/h
Ffg = fuel flow rate, Nm3/h
Qsf = low calorific value of the unit fuel, MJ/Nm3

QH = heat consumption of the heating process medium,
MJ/h
TFin = inlet temperature of the heating furnace, K
TFout = outlet temperature of the heating furnace, K
Qw = heat for steam production, MJ/h
Hw

θ = standard enthalpy of feeding water, kJ/kg
HG

θ = standard enthalpy of steam, kJ/kg
Lw = flow rate of feeding water, t/h
LG = steam flow rate, t/h
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Qsur = surface heat loss, MJ/h
Qeff = effective heating load, MJ/h
kHe = adiabatic index of the eth component
kH = adiabatic index
yHe = volume fraction of the eth component
mh = polytropic index
TEin = inlet temperature of the compressor, °C
TEout = outlet temperature of the compressor, °C
P1 = inlet hydrogen pressure of the compressor, Mpa
P2 = outlet hydrogen pressure of the compressor, Mpa
V1 = inlet hydrogen flow rate of the compressor, Nm3/h
εc = compression ratio
N = theoretical compressor power, KW
Ns = shaft power of the compressor, KW
ηp = polytropic efficiency, %
ηg = mechanical efficiency, %
ηe = transmission efficiency, %
ηi = turbine efficiency, %
GE = steam consumption, t/h
ΔHs = enthalpy difference of steam, kJ/kg
Qex = heat-transfer load, kJ/h
Wh = mass flow rate of hot flow, kg/h
Wc = mass flow rate of cold flow, kg/h
Hh,1 = enthalpy of the hot fluid at the inlet of the heat
exchanger, kJ/kg
Hh,2 = enthalpy of the hot fluid at the outlet of the heat
exchanger, kJ/kg
Hc,1 = enthalpy of the cold fluid at the inlet of the heat
exchanger, kJ/kg
Hc,2 = enthalpy of the cold fluid at the outlet of the heat
exchanger, kJ/kg
AS = heat-transfer area, m2

Kgross = heat-transfer coefficient, W/(m2·K)
ΔTLMTD = average logarithmic temperature difference of the
heat exchanger, K
Δth = temperature difference of the hot end, K
Δtc = temperature difference of the cold end, K
RON = research octane number
kRON = octane correlation coefficient where its value is 1
ai = effective octane number of the ith component
Ptotal = saturated vapor pressure of the fraction, Kpa
Bbp = end boiling-point constant, °C
kEbp = end boiling-point coefficient of the ith component
Ebp = end boiling point, °C
ρtotal = density of fraction, kg/m3

kρ = density coefficient of the ith component
Δρ = density calculation correction coefficient where its
value is 8 kg/m3

VVDi = temperature difference between two adjacent cutting
points in real boiling-point distillation, °C
WWDi = temperature difference between two adjacent
cutting points in simulated distillation, °C
TBP = distillation temperature of real boiling point, °C
SD = simulated distillation temperature, °C
ASTM = ASTM D86 distillation temperature, °C
fca = objective function of model calibration
YF,i = weight coefficient for the molar flow rate of the ith
component
YT = weight coefficient for the temperature
Yw = weight coefficient for the coke deposition

g x( )i
⎯⇀

= ith equality constraint

h x( )j
⎯⇀

= jth inequality constraint

Wi = mass percentage of the ith component, wt %

■ ABBREVIATIONS USED

A aromatics
nP n-paraffins
iP iso-paraffins
5N6 methyl cyclopentane
6N6 cyclohexane
N naphthenes
O olefins
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