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ABSTRACT

Statistical software is a robust application that has proven reliable worldwide. However,

it is not normally used in the actual large scale olefin plant as it relies on the simulation

software by Olefin Licensor should any issue rises. The study was conducted in a newly

commissioned large scale olefin plant to see the impact of various operating variables
on the ethylene yield from Short Residence Time (SRT) VII Furnace. The analysis
was conducted utilizing statistical analysis, Response Surface Methodology (RSM) in

Minitab Software Version 18 to develop a reliable statistical model with a 95% confidence

level. The historical data was taken from the Process Information Management System
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(PIMS) Software, PI Process Book Version
2015, and underwent both residuals and
outliers removal prior to RSM analysis. 10
variables were shortlisted from the initial
15 identified variables in the studied SRT
VII via Regression analysis due to RSM
limitation to conduct the larger analysis in
Minitab Software Version 18. The Response
Optimizer tool showed that the ethylene
yield from naphtha pyrolysis cracking in
the studied plant could be maximized at
34.1% with control setting at 600.39 kg/
hr of Integral Burner Flow, 6.81% of Arch
0O,, 113.42 Barg of Steam Drum Pressure,
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496.96°C of Super High Pressure (SHP) Temperature, 109.11 t/hr of SHP Boiler Feed
Water (BFW) Flow, 92.78 t/hr of SHP Flow, 63.50 t/hr of Naphtha Feed Flow, and -13.38
mmHg of Draft Pressure.

Keywords: Ethylene yield, naphtha cracking, olefin plant, pyrolysis cracking, response surface methodology,

statistical analysis

INTRODUCTION

Thermal and catalytic cracking are the mature technologies in producing polymer grade
olefins from gaseous and liquid feedstock such as ethane, propane, naphtha, and gasoil
(Fakhroleslam & Sadrameli, 2019, 2020; Sadrameli, 2015; Sadrameli, 2016). These
feedstocks are available from various sources worldwide and may be applied to various
technologies in producing olefins (Fakhroleslam & Sadrameli, 2019).

Apart from well-known thermal and catalytic cracking technologies, there are also
other technologies being studied for olefins production such as propane dehydrogenation
(Akporiaye et al., 2001; Darvishi et al., 2016), Fluidized Catalytic Cracking (FCC)
(Sadrameli, 2016), olefin metathesis (Astruc, 2005), and reaction optimization in FCC
process (Akah & Al-Ghrami, 2015). However, they are not widely applied to industrial
applications to produce olefins due to the higher production cost (Fakhroleslam &
Sadrameli, 2019).

Thermal cracking or also known as pyrolysis cracking in the olefin industry causes
hydrocarbon bonds to break and resulting in the formation of the desired small and
unsaturated molecule (Van de Vijver et al., 2015; Vangaever et al., 2020) such as olefins.
Ethylene is an example of an olefin product that is produced from high-temperature
pyrolysis cracking reaction (Shi et al., 2015; Song et al., 2019; Van de Vijver et al., 2015;
Vangaever et al., 2020).

The pyrolysis cracking process in the steam cracker furnace is divided into three main
sections normally referred to as radiation, convection, and flue gas stack (Fakhroleslam &
Sadrameli, 2019; Fakhroleslam & Sadrameli, 2020; Karimzadeh et al., 2009; Sadrameli,
2015; Sadrameli, 2016). Over the years, numerous improvements have been established
to improve the process efficiencies to these three sections in the steam cracker furnace to
achieve the higher ethylene yield (Belinskaya et al., 2019; Han et al., 2016; Peller et al.,
2018; Podrojkova et al., 2018).

This study was conducted in the actual large scale plant with naphtha liquid as a
feedstock to the steam cracker furnace utilizing pyrolysis cracking technology. The studied
steam cracker furnace was Short Residence Time (SRT) VII from ABB Lummus, designed
to produce 1,100 KTA capacity of polymer grade ethylene product. SRT VII is among
the most promising technology available in the market proven reliable and efficient in
producing the olefins (Caballero et al., 2015; Kuritsyn et al., 2008).
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The study in the actual large scale plant is challenging as it is often affected by various
process fluctuation (Feli et al., 2017; Zakria et al., 2016) due to frequent process variation
in the feedstock composition, upstream plant performance, downstream readiness, and
utility availability. Figure 1 shows the configuration of the SRT VII and its auxiliaries in
the studied plant.

The plant was designed to process the continuous naphtha feed from the upstream plant.
The feed enters the furnace and mixes with Dilution Steam (DS) in the convection section.
The mixing is initiated at the start of the process to improve olefin selectivity by reducing
the partial pressure of naphtha feed (Karimi et al., 2017; Masoumi et al., 2006) and favors
the ethylene yield from the reversible reaction following Le’ Chatelier’s Principles (Cai
et al., 2017; Epstein, 1978).

The mixed feed from the convection section flows into the radiation section with the
operating Tube Metal Temperature (TMT) of 1,050 °C - 1,180 °C. This extremely high
temperature is supplied to the SRT VII to maximize the ethylene yield generation. The
cracked gas from the radiation section then will flow into the Transfer Line Exchanger
(TLE) for rapid cooling of effluent and generation of Super High Pressure (SHP) Steam.
The SHP steam generated from TLE will be used at the downstream process to drive the
Charge Gas Compressor (CGC).
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Figure 1. General arrangement for SRT VII at the studied plant inclusive of tags and descriptions for the
selected variables
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Various studies have been conducted from simulation, lab experiments and pilot scale
plants that looking at various process parameters to optimize the olefins yield such as
ethylene from the furnace. The specific control variables such as Coil Outlet Temperature
(COT) (Song & Tang, 2018; Yu et al., 2018), Dilution Steam ratio (Berreni & Wang, 2011;
Geng et al., 2016), naphtha feedstock (Geng et al., 2016; Nian et al., 2015) and fuel gas
consumption (Yu et al., 2018) were normally studied to optimize the olefins yield. However,
there is also an opportunity to explore other variables in the steam cracker furnace which
are not widely discussed such as Arch O,, Steam Drum, and Draft Pressure to see their
relations towards the olefins yield.

Response Surface Methodology (RSM) is the mathematical and statistical techniques
used to model and analyze problems where the responses are influenced by a few factors
for optimization (Montgomery, 2017). The method has proven successful in a number of
recent studies conducted for various subjects (Amirov & Vakhshouri, 2020; Reddy et al.,
2020; Sun et al., 2016a; Sun et al., 2016b).

However, RSM application in large scale olefin plants is not common. The industrial
olefin plant usually relies on the process simulation provided by the specific Olefin
Licensor in the market should any issue rises such as ABB Lummus, KTI-Technip, Linde
AG (Pyrocrack), Stone and Webster, and M.W. Kellogg (Sadrameli, 2015). Examples of
currently available software are SPYRO (Dente et al., 1979; Van Goethem et al., 2001),
SHAHAB (Toufighi et al., 2004), CRACKER (Joo et al., 2000; Joo & Park, 2001),
CHEMKIN (Kee et al., 2006; Reyniers et al., 2017; Van Cauwenberge et al., 2017) and
CRACKSIM (Hillewaert et al., 1988; Van Geem et al., 2008; Willems & Froment, 1988).

Normally, the simulation software comes with its own limitation such as robust
simulation only applicable for specific furnace section such as radiation or convection
section only. Some Olefin Licensor also provides the simulation software with a limited
number of licenses for the olefin plant with a high price, and normally does not come
will full access to safeguard the proprietary olefin plant design. This often makes the
process monitoring and its troubleshooting for the olefins plant worldwide difficult. The
optimization of ethylene yield via a systematic approach is challenging if the worldwide
large scale olefin plant fully relies on the limited access and complex software by Olefin
Licensor alone.

This study is significant in closing the gap in providing a practical solution (economical,
process width, and easy application) for process monitoring and troubleshooting at the actual
large scale olefin plant. It provides a guideline to the Panel Operators and Technologists in
the studied plant to develop the maximized ethylene yield model based on a set of actual
historical data from the large scale olefin plant using RSM in Minitab Software. Besides,
this study also closes the gap in showing the impact of the other parameters that are not
widely discussed at the large scale steam cracker furnaces such as Arch O,, Steam Drum
Pressure, and Draft Pressure.
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METHODS AND EQUIPMENT
Equipment/Tools

The study utilized the newly commissioned SRT VII furnace with its auxiliaries comprised
of main components such as TLEs, Burners, Steam Drum, and Induced Draft Fan (IDF).
The steam cracker furnace was designed with 93 t/hr of processing capacity for naphtha
liquid by Lummus Technology Heat Transfer (LTHT), United States, and constructed by
Toyo Engineering, Japan.

The data used for the analysis was extracted based on actual plant data during the
Start of Run (SOR) condition from the Process Information Management System (PIMS)
Software, PI Process Book Version 2015 while the analysis was conducted using RSM in
Minitab Software Version 18.

Methods

Table 1 shows 15 variables associated with the studied SRT VII furnace with the dedicated
tag namely X1 —X15. The specific location of each tag was shown in Figure 1. The tags
were chosen without segregation of “controlled” and “output” variables to see the relation
of all variables towards Ethylene Yield represented by Y1.

Although these 15 variables covering almost all parameters in the studied steam cracker
furnace, the environmental impacts such as SOx and NOy emissions at the furnace stack
were excluded as the environmental aspect was not prioritized for this study.

The date for analysis was selected on January 24, 2020, 1700 hrs to February 2, 2020,
1200 hrs (211 hrs). The data was extracted as an hourly (average, time weighted) from the
PI Process Book with a total of 3,376 data (represented by 1 output and 15 input variables).
The data used for analysis focused on the Ethylene Yield at the normal operating range of the
studied plant which was 28.70% to 30.67%. This small range was selected to safeguard the
plant safety and equipment integrity during the study as advised by the olefin plant licensor.

The Paraffins, Olefins, Naphthenes, and Aromatics (PONA) composition in Naphtha
feedstock were 60.92 % vol, 1.02 % vol, 25.97 % vol, and 12.09 % vol respectively. The
Initial Boiling Point (IBP) and Final Boiling Point (FBP) for the naphtha feedstock were
34.1 °C and 166.1 °C respectively.

Box Plot, Run Chart, and Individual-Moving Range (I-MR) Chart were used for the
data stability verification while the Normality Test and Graphical Summary were used to
check on the data normality for these 3,376 data. The P-Value in both stability and normality
verification for these tools was ensured at above 0.05 to proceed as normal data in the
Regression and RSM analysis. The analysis may utilize the Box-Cox data transformation
methodology if the P-Value generated from stability and normality verification was lower
than 0.05.
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Regression analysis was initiated to all 15 identified variables before the RSM analysis
to shortlist only 10 most significant variables. This step was taken due to the limitation in
Minitab Software Version 18 in handling the bigger analysis for RSM. The Regression was
conducted a few times, via one by one variable elimination in each Regression to remove
insignificant variables with VIF >10 and P-Value >0.05.

The variable elimination followed the sequence which started from the highest VIF
value until all variables achieved VIF <10. After all of the remaining variables were
determined at VIF <10, the elimination continued for variables starting from the highest
P-Value until only 10 variables left in the intermediate Regression for further analysis
using RSM.

RSM was conducted to the remaining 10 variables via the Historical Design of
Experiment (DOE) method. The intervals were set at 95% in the Minitab (Analyze
Response Surface Design interface setting) to ensure the analysis was conducted at the 95%
of confidence level. The elimination of the insignificant variables was also conducted in
RSM one by one, started from the Two-ways Interaction, Square, and finally to the Linear
relation. This sequence was essential to maintain the hierarchical model in RSM.

The elimination in RSM also started from the highest VIF and P-Value until all VIF
<10 and P-Value <0.05 achieved. VIF measures the severity of multicollinearity that exists
in the ordinary least squares Regression analysis. VIF >10 is not recommended (Hair et
al., 1995) due to its multicollinearity relation which may affect the P-value and finally
contribute to the unreliable model. However, the variable with a higher VIF and P-Value
in Linear relation may be considered into the final model should the variable exist in the
model as Square or Two-Way Interaction to maintain the hierarchical RSM model. This
must also be supported by a good R-Square at 75% or higher.

The validation for the final RSM equation model was conducted using the Probability
Plot for the residuals. The residuals in the Probability Plot represented the difference
between the predicted data from the final equation model versus the actual plant data
in the studied plant. This plot was important in measuring the degree of regression line
vertically might miss a data point. The P-Value of higher than 0.05 in the Probability Plot
was a good validation criterion for the reliable final equation model for the Historical DOE
method in RSM.

Surface Plot was also utilized for four variables with the highest impact which was
determined from the highest coefficient factor in the final equation model. Surface Plot
is important to surface the relation and contribution of two continuous variables towards
the fitted response value of ethylene yield in form of a three-dimensional view in Minitab
Software.

Finally, the Response Optimizer tool was applied to the final model to predict the
maximum value of ethylene yield with the process settings for the identified significant
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variables in RSM analysis. The setting in Response Optimizer was useful as a guideline
for the studied olefin plant to maximize the predicted response of the ethylene yield.

RESULTS AND DISCUSSION

Table 1 shows the 1% Regression (initial) and 6™ Regression (intermediate) that were
conducted to select only 10 variables for RSM analysis.

The 1% Regression was started to establish the overall relationship between each
variable. The 2" Regression was continued with the elimination of variables with VIF
>10. From the analysis, the VIF for all variables successfully reduced to <10 after the
2m Regression. Besides, some variables with VIF >10 in 1% Regression such as X10 was
successfully reduced to 9.68 in the 2™ Regression and therefore these variables remained
in the intermediate regression. This condition occurred due to the multicollinearity factors
for X10 was reduced as the first variable, X13 removed from the analysis.

The 3 — 6™ Regressions were conducted with the removal of variables with P-Value
>().05. The 6™ Regression was determined as the intermediate Regression as 10 variables
were successfully shortlisted. The sequence of elimination for 2™ — 6 Regression conducted
were X13 (VIF: 17.54), X9 (P-Value: 0.759), X1 (P-Value: 0.720), X15 (P-Value: 0.542),
and X11 (P-Value: 0.564). This one by one variable elimination was taken to ensure only

Table 1
Identified 10 variables for the RSM analysis
Initial (1** Regression) Intermediate (6™ Regression)  New
Tag with Description RSM
Coef. P-Value VIF Coef. P-Value  VIF Tag
Constant -1.3 0.976 4.4 0.883
X1  Fuel Gas Pressure 0.049 0.850  3.02
X2  Hearth Burner Flow -0.000852  0.000  8.50 -0.000917  0.000 7.20 A
X3  Integral Burner Flow 0.02804 0.000 259  0.02937 0.000 2.41 B
X4  Arch O, -0.281 0.094 3.72 -0.234 0.111 2.89 C
X5  Steam Drum Pressure -0.420 0.004 441 -0.443 0.002 4.14 D
X6  SHP Temperature -0.0254 0237 349  -0.0211 0.290 3.05 E
X7  SHP BFW Flow 0.1537 0.000  5.17 0.1617 0.000 4.06 F
X8  SHP Flow -0.0696 0.013  3.05 -0.0768 0.003 2.66 G
X9  Dilution Steam Flow -0.000031  0.801 1.10
X10 Naphtha Feed Flow 0.1400 0.000 1096  0.1112 0.000 6.83 H
X11 Crossover Temperature -0.0007 0.991 9.93
X12  Coil Outlet Temp. 0.0766 0.156  3.21 0.0797 0.049 1.83 J
X13  Stack Temperature 0.0888 0362 17.54
X14 Draft Pressure 0.126 0.305  1.40 0.131 0.243 1.20 K
X15 1ID Fan Power -0.0401 0.391 2.14
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insignificant variables were removed as the VIF and P-Value will significantly change after
each variable eliminated from the analysis.

RSM analysis continued with the new tags for the identified 10 variables in the
intermediate Regression. The new tags were named A - K as shown in Table 1. These
changes were necessary to avoid confusion in the RSM analysis as 10 variables in RSM
analysis resulted in a total of 45 Two-Way Interactions, 10 Squares, and 10 Linear relations.

The R-Square from the final model was good at 87.22 % regardless it was conducted in
the actual large scale plant where process fluctuation often occurred. This value translated
to 87.22% of'the variability in data was accounted for in the model. It is adequate the meet
the data variability which is advised at more than 75% (Haaland, 1989; Omar et al., 2009).
Table 2 shows the details of the Analysis of Variance (ANOVA) for the RSM analysis.

The remaining 15 degree of freedoms (DFs) in Table 2 indicated that a total of 41
Two-Way Interactions, 7 Squares, and 2 Linear relations were removed during one by one
variable elimination. Some variables with P-Value >0.05 were retained in the final model
which were E (SHP Temperature), and K (Induced Draft Fan Power). These variables were
accepted to maintain the hierarchical RSM model as their relation also existed in the Square

Table 2
ANOVA for the final RSM model
Source DF Adj SS Adj MS F-Value P-Value VIF
Model 15 26.2656 1.75104 70.54 0.000
Linear 8 7.7088 0.96360 38.82 0.000
B 1 0.4423 0.44228 17.82 0.000 2.32
C 1 0.3016 0.30155 12.15 0.001 7.26
D 1 22811 2.28106 91.89 0.000 4.68
E 1 0.0415 0.04148 1.67 0.198 232
F 1 0.1801 0.18006 7.25 0.008 5.12
G 1 0.2121 0.21208 8.54 0.004 3.45
H 1 0.4239 0.42394 17.08 0.000 8.04
K 1 0.0845 0.08452 3.40 0.067 1.30
Square 3 1.5394 0.51313 20.67 0.000
c*C 1 0.7332 0.73324 29.54 0.000 1.40
D*D 1 0.4887 0.48868 19.69 0.000 2.01
E*E 1 0.1521 0.15212 6.13 0.014 1.33
2-Way 4 1.6858 0.42144 16.98 0.000
C*E 1 0.4283 0.42826 17.25 0.000 4.08
C*G 1 1.5186 1.51865 61.18 0.000 2.60
C*K 1 0.1418 0.14176 5.71 0.018 2.48
G*H 1 0.6591 0.65908 26.55 0.000 1.44
Error 155 3.8476 0.02482
Total 170 30.1132
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and Two-Way Interaction. Besides, they were also supported by a high R-Square of 87.22%.
The final equation model established from the RSM analysis is shown in Equation 1.

Y1 = 26519 + 0.02231 (B) + 188.4 (C) — 280.8 (D) — 41.2 (E) + 0.0714 (F) —
—10.54 (6) — 6.69 (H) + 6.62 (K) + 1.924 (C?) + 1.226 (D?)
+ 0.0452 (E2) — 0.618 (CE) + 0.919 (CG) — 1.013 (CK)

+ 0.0750 (GH) (1)

The Equation 1 shows that 8 out of 10 variables were considered in the final model.
Although E (SHP Temperature), and K (Induced Draft Fan Power) were accepted with
P-Value >0.05, they were accepted to maintain the hierarchical order in the final RSM
model. Hierarchical order was prioritized over P-Value in the RSM analysis to obtain a
reliable final equation model (Gaitonde et al., 2017; Noordin et al., 2004; Tanaka et al.,
2007). The hierarchical order prioritization in this analysis was supported by the high
R-square at 87.22% compared to the advised R-square of >75% (Haaland, 1989; Omar
et al., 2009). Besides, the confidence level was also already set at 95% for all intervals
throughout the RSM analysis in the Analyze Response Surface Design interface in Minitab.

The coefficient factors in the final equation model will be a good basis in understanding
the operating behavior and the criticality for the significant variables towards the higher
Y1 (Ethylene Yield). Figure 2 shows the Probability Plot for residuals conducted for data
validation to the final equation model.

The P-Value from the Probability Plot for the residuals was observed at higher than
0.05 which was 0.571. This high P-Value represented a good data distribution and model
prediction in explaining the validity of the final equation model. The residuals in this plot
compared the predicted data from the equation model and the actual data in the studied
plant used for the RSM analysis. The P-Value of higher than 0.05 validated the acceptance
for the final equation models using the Historical DOE method in the RSM analysis.

Figure 3 shows the actual data versus the predicted data distribution using the final
model generated from the RSM analysis. The data were uniformly distributed at the normal
operating range in producing Y1 (Ethylene Yield) at 28.8% — 29.5%. However, as this
study was conducted in the actual large scale plant, the process condition was observed
fluctuating for the Y1 (Ethylene Yield) at 30.1 — 30.5%. However, this data was accepted
into the establishment of the RSM model due the data was observed normal and stable
from the normality and stability verification conducted earlier. These data had also proven
reliable from the high R-square value of 87.2% in the final model regardless the study was
conducted with the fluctuating process condition at the studied olefin plant.
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Probability Plot of Residuals
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Figure 2. Validation using Probability Plot for the final equation model residuals
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Figure 3. Actual vs predicted value for Y1 (Ethylene yield)
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Figure 4 shows the Surface Plot of variables with 4 highest coefficient factors in the
equation model in achieving Y1 (Ethylene Yield) which were 188.4 of C (Arch O,), -280.8
of D (Steam Drum Pressure), -41.2 of E (SHP Temperature), and -10.54 of G (SHP Flow).

The value for non-tested variables was held at mean value, X; 6.38% of C (Arch O,),
114.05 Barg of D (Steam Drum Pressure), 499.29 °C of E (SHP Temperature), and 90.50

31.0

30.5
Y1

30.0

295

(e) ()
Figure 4. Surface Plot for most impactful variables towards Y1; (a) C vs D, (b) Cvs E, (c) Cvs G, (d) D
vs E, () Dvs G, and (f) Evs G
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t/h of G (SHP Flow). The light on the Surface Plot was also set to indicate Y1 (Ethylene
Yield) value at maximum.

Figure 4 (a) and 4 (b) indicate the higher value of C (Arch O,) combined with the
lower value of D (Steam Drum Pressure) or E (SHP Temperature) will result in higher
Y1 (Ethylene Yield). However, operating the studied SRT VII with higher E (SHP
Temperature) also will result in higher Y1 (Ethylene Yield) due to its significant quadratic
relation that exists in the model compared to E (SHP Temperature). It was also good to
note that operating the plant with the combination of lower C (Arch O,) and lower E
(SHP Temperature) should be avoided to prevent the poor Y1 (Ethylene Yield) as shown
in the Surface Plot.

Figure 4 (c) illustrates the existence of both quadratic and cubic relations between C
(Arch O,) and G (SHP Flow). Operating the plant with lower C (Arch O,) combined with
the lower G (SHP Flow) will favor the higher Y1 (Ethylene Yield). However, the higher
Y1 (Ethylene Yield) may also be obtained via operating the higher C (Arch O,) and G
(SHP Flow).

Figure 4 (d), and 4 (e) show the same relation between D (Steam Drum Pressure) vs
E (SHP Temperature) and D (Steam Drum Pressure) vs G (SHP Flow). Maximum Y'1
(Ethylene Yield) can be achieved by manipulating the lower D (Steam Drum Pressure)
for both variables. In these plots, both E (SHP Temperature) and G (SHP Flow) did not
show significant impact when combined with D (Steam Drum Pressure) in achieving the
targeted Y1 (Ethylene Yield).

Figure 4 (f) demonstrates that manipulating lower E (SHP Temperature) with lower
G (SHP Flow) may also result in the higher Y1 (Ethylene Yield). However, Y1 (Ethylene
Yield) will also reduce after reaching a certain operating condition of E (SHP Temperature)
due to its quadratic relation as shown in the surface plot.

Table 3 displays the result of Multiple Response Prediction utilizing the RSM analysis
in Minitab Software while Figure 5 shows the Response Optimizer evaluation for the
process condition taken from the identified 8 significant variables to achieve the maximized
Y1 (Ethylene Yield).

In general, the Response Optimizer result showed that Y1 (Ethylene Yield) could be
maximized at 34.1% with the controlled operating range as illustrated in Figure 5. The
recommended process setting for the highest identified coefficient in Equation 1, D (Steam

Table 3
Multiple Response Prediction for final equation model
. . Confidence (95%)
Response Fit Standard Error Fit —
Confidence Interval Prediction Interval
Y1 34.096 0.420 (33.267, 34.925) (33.210, 34.982)
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Optimal B C D E F G H K
D: 1.000 High 600.3877 6.8085 114.6757 501.6304 109.1069 92.7810 63.4961 -12.3497
_ Cur  [600.3877] [6.8085] [113.4192] [496.9586] [109.1069] [92.7810] [63.4961] [-13.3853]
M Low 579.8176 5.9534 113.4192 496.9586 104.7298 88.2207 59.3702 -13.3853
o N T T
Maximum
y = 34,0962
d = 1.0000

Figure 5. Process condition to achieve maximized Y1 from Response Optimizer

Drum Pressure) was 113.42 Barg. This value favored towards the lowest reading of D
(Steam Drum Pressure) which was supported by a huge negative coefficient factor of -288
in the equation model. The setting for the 2™ biggest coefficient factor, C (Arch O,) was
identified at the highest side of 6.81%. This setting explained the big positive coefficient
factor of 188.4 for C (Arch O,).

Figure 5 is helpful as a guide to control the process range condition at studied SRT VII
for a better Y1 (Ethylene Yield) with a 95% confidence level. The High and Low range
setting in Figure 5 also can be referred to by Panel Operators and Operations Engineers in
the studied plant to maximize the Y1 (Ethylene Yield).

Operating the furnace at a higher Coil Outlet Temperature (COT) was normally practiced
by olefin plants worldwide to improve the ethylene yield. It was also recommended from
various studies and reviews (Fakhroleslam & Sadrameli, 2019; Fakhroleslam & Sadrameli,
2020; Nabavi et al., 2009; Nabavi et al., 2011; Sadrameli, 2015; Song & Tang, 2018).
However, it is interesting that COT was not identified as the significant variable in this
study. Besides COT, another interesting finding was Hearth Burner Flow that was widely
studied also did not show significant relation to ethylene yield in this study (Han et al.,
2016; Yu et al., 2018; Zhang et al., 2017).

Previous studies conducted widely using simulation software with a focus on only
controlled variables such as COT and fuel gas consumption at burners without full
consideration on the inter-related variables in the furnace. For example, Steam Drum
Pressure which shown the highest coefficient factor in the final equation model was not
discussed widely in the literature compared to the COT and other controlled variables.
This due to Steam Drum Pressure is not a primary control variable and therefore it was
less attractive for the optimization improvement studies.

RSM was proven a robust statistical tool in finding the significant relations for each
identified variable in the studied SRT VII. Although COT and Hearth Burner Flow were not
listed as one of the significant variables, the final equation model showed that the highest
coefficient was contributed by Arch O,, Steam Drum Pressure, SHP Temperature, and SHP
Flow. These 4 variables were highly dependent on the operating temperature inside the
steam cracker furnace which is normally controlled by the COT and Hearth Burner Flow.
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However, as this study was conducted with the removal of VIF >10 to reduce
multicollinearity in the final equation model, the highly inter-related variables were removed
and the more significant variables were taken for the establishment of the reliable final
equation model. If the analysis was conducted without removal of the variable with VIF
>10, the COT and Hearth Burner Flow may exist in the final model as significant variables.
However, it may not yield a reliable final equation model due to the huge multicollinearity
factor that existed.

The approach in the study for the establishment of a reliable ethylene yield model was
proven successful from the high R-square obtained at 87.22% and high P-Value of 0.571
for Probability Plot of the residuals. These were observed regardless of the study was
conducted in the actual large scale olefin plant that came with process fluctuation. This
study also showed that less attractive variables in the steam cracker furnace should not be
neglected in the optimization study in achieving a higher ethylene yield.

CONCLUSION

The RSM analysis was successfully conducted at the studied plant utilizing Minitab
Software Version 18. The Ethylene Yield can be maximized at 34.10% with the optimized
value of 600.39 kg/hr of Integral Burner Flow, 6.81% of Arch O,, 113.42 Barg of Steam
Drum Pressure, 496.96 °C of SHP Temperature, 109.11 t/hr of SHP BFW Flow, 92.78 t/
hr of SHP Flow, 63.50 t/hr of Naphtha Feed Flow, and -13.38 mmHg of Draft Pressure.
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