
 
 

 والعشرون ةبعاسالندوة الس نوية السعودية اليابانية ال 
27th Annual Saudi-Japan Symposium 

 

 التقنية في تكرير البترول والبتروكيماويات
Technology in Petroleum 

Refining & Petrochemicals 
 

 

PROCEEDINGS: 27 

 
 

هـ1439ربيع الأول  2-3  
November 20-21, 2017 

 

 
 

KFUPM Research Institute 

 

 

Dhahran, Saudi Arabia 



Proceedings 27th Saudi Japan Annual Symposium 
Technology in Petroleum Refining & Petrochemicals 
KFUPM Dhahran, Saudi Arabia Nov. 20-21, 2017 
 

2 
 

Preface 

This is the Proceedings of the 27th annual symposium “Technology in Petroleum Refining & 

Petrochemicals” held on November 20-21, 2017 at the Research Institute of King Fahd University 

of Petroleum & Minerals (KFUPM), Dhahran, Saudi Arabia. This event, jointly organized by KFUPM, 

Saudi Aramco, the Japan Petroleum Institute (JPI), and Japan Cooperation Center, Petroleum 

(JCCP), brings together researchers from industry and academia to discuss technologies related to 

refining and petrochemicals. 

At this year's symposium, there are 20 presentations in six sessions featuring papers on, catalytic 

reactions, hydroprocessing, aromatics,, catalytic olefins, cracking, dehydrogenation. Among the 

distinguished speakers from Japan, we have experts from the University of Tohoku, Yokohama 

National University, JXTG, JGC and Kyoto University. For Local participation, there are 

distinguished speakers from Saudi Aramco R&DC, Honeywell UOP, SABIC R&D, KFUPM/CRP as 

well as chair professor from Zaragoza University.  

We extend our thanks to KFUPM, Saudi Aramco, JPI, JCCP, distinguished speakers, and attendees 

for their active participation and look forward to your participation in our next symposium.  

 

Dr. Sulaiman S. Al-Khattaf 

Director, Center for Refining & Petrochemicals 

http://ri.kfupm.edu.sa/refining-petrochemicals/     

KFUPM-Research Institute, Dhahran 31261, Saudi Arabia 

Email: skhattaf@kfupm.edu.sa  
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Paper No. 1 (keynote)  

Vision of the Japanese Oil Industry & Importance of the Education of 
Human Resources 

 

Jun Mutoh 
Representative Director, Executive Vice President, JXTG Holdings, Inc.  
President, Japan Petroleum Institute 

 

The JXTG Nippon Oil Group, an energy company group that supplies about 50% of Japanese 

oil demand, was established through a merger between the JX Nippon Oil Group and the 

TonenGeneral Group in April 2017.  

Global oil demand is growing steadily, led by Asia Pacific, but in Japan, demand is 

decreasing year by year. The Japanese petroleum industry has implemented company 

integration and reorganization to improve productivity, efficiency and competitiveness 

amid industry deregulation and declining demand. 

Established in this environment, JXTG is building a global supply system, and is shifting to 

higher value added petrochemicals. We are also focusing on electric power, LNG, hydrogen 

and renewable energy as future businesses. 

The keys to the success of these businesses are advanced technology and human resources. 

Saudi Arabia and Japan have built a strong relationship. In addition to business 

transactions, we have cooperated in the technological advancement of the petroleum 

industry and the education of human resources. In the future, it will be increasingly 

important to expand technological cooperation in the industry and foster human resources 

skilled in next-generation technology. I anticipate further mutual development through the 

activities of JPI and JCCP.  
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Papar No. 2 
 
Commercialization of High Severity Fluid Catalytic Cracking process 
for light olefins production in refineries 
 

I. Ogasawara 
JXTG Nippon Oil & Energy Corporation, Japan 
 

The Fluid Catalytic Cracking (FCC) process has undergone a long evolution of hardware 
and catalyst changes from bed cracking with amorphous catalyst to short contact time 
riser cracking with sophisticated zeolite catalyst systems. Improvements to the process 
have provided a wide degree of flexibility to selectively target production of distillates or 
gasoline or propylene from VGO and residue feeds thereby making the FCC the most 
widely used conversion process.  
 
More generally, the objective of the process is to produce high valued products and 
increasingly this includes fuels and petrochemicals, including light olefins and aromatics. 
At present, over 30% of the worldwide propylene supply comes from FCC related 
processes (FCC, RFCC etc). Fluctuating product demand and price have caused most new 
project developers to demand product flexibility for long term profitability and process 
integration with petrochemical facilities for added synergy and cost savings. 
In order to respond to these market demands, a new High Severity FCC (HS-FCC) process 
has been developed by an alliance of King Fahd University of Petroleum & Minerals 
(KFUPM), Saudi Aramco and JXTG Nippon Oil & 
Energy (JXTG), culminating in a 3,000 BPD semi-
commercial unit in operation in Japan for 2011-
2013. The process provides high light olefin 
yield from a wide variety of feedstocks utilizing 
high-severe reaction conditions, a novel down 
flow reaction system and proprietary catalyst. 
HS-FCC is now available for license from a 
Global Alliance by Axens and TechnipFMC 
Process Technology. 

 
 
 
 
Figure 1. HS-FCC Semi-Commercial Unit 

1. Features of HS-FCC 
FCC utilizes acidic zeolite catalysts to crack heavy hydrocarbons into lighter fuels such as 
gasoline and distillate, and under more severe conditions into lighter olefins such as 
propylene and butylene (and to a lesser extent ethylene). Complex secondary reactions 
that can degrade the primary products to less valuable components should be limited to 
retain product selectivity and refinery profitability. For HS-FCC, the objective is to not only 
improve the selectivity for normal fuels production, but also to maximize the potential of 
light olefin and petrochemical production at high severity conditions. HS-FCC provides a 
total system to maximize product selectivity and, in particular, propylene yield. Three key 
elements are required to attain this objective: 
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 Highly selective catalyst and additive system; 

 Optimized reaction conditions; and 

 Down flow, short contact time reaction system with rapid catalyst separation. 

The balance of these elements and realization at commercial scale is the key to success. 
 
2. Catalyst system 
The catalytic cracking reaction 
pathways are complex, with 
primary formation of olefinic 
products and parallel bi-molecular 
hydrogen transfer reactions 
leading to paraffin formation and 
aromization of naphthenes. 
Managing the acid site density of 
the catalyst can suppress hydrogen 
transfer and isomerization 
reactions to maximize olefins 
production.  

                                                                                     Figure 2: Concept of HS-FCC catalyst                      
 

The HS-FCC catalyst uses a high USY zeolite content system with very low acid site density   
catalyst formulated to minimize hydrogen transfer reactions for high olefin selectivity and 
low coke and gas selectivity. Figure 2 illustrates the concept of HS-FCC catalyst.  
 
3. Optimized Reaction Conditions 
When targeting maximum petrochemicals production, HS-FCC operates under more severe 
conditions than conventional FCC. The main reaction conditions applied and the 
advantages and challenges presented are summarized below:  
 
 Advantages Challenges 

High Temperature High conversion & olefins selectivity 
Increased thermal cracking,  
product degradation 

Short Contact Time 
Reduced secondary reactions & thermal 
cracking 

Reduced conversion, rapid mixing and 
separation required 

High Catalyst / Oil Increased catalytic cracking 
High catalyst circulation, uniform flow, 
mixing, & separation 

 

High reaction temperature coupled with short contact time increases the primary 
reactions towards olefins while limiting the undesired secondary reactions of hydrogen 
transfer and thermal degradation. A consequence of the increased severity and short 
contact time the need for higher catalyst circulation (Catalyst to Oil mass ratio or C/O) to 
provide the required heat to the reactor and sufficient catalyst activity to achieve high 
conversion at short contact time. The range of operating conditions for a conventional FCC 
and HS-FCC are summarized in Table 1. 
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Table 1. Typical operating conditions for FCC and HS-FCC 

 FCC HS-FCC 
Reaction T, C 500-550 550 – 650 
Contact Time, s 2 – 5 0.5 – 1.0 
Catalyst / Oil, wt/wt 5 - 8 20 – 40 
Reactor Flow Up Flow Down Flow 
 
 
 
4. Down Flow Reaction (DFR) System - Hardware 
The specific reaction conditions with very high C/O result in certain challenges in a 
conventional up flow FCC riser reactor system where the catalyst required for the reaction 
is lifted up the reactor pipe or riser by the vaporized and cracked hydrocarbon feed. In up 
flow fluid-solid systems, the solids or catalyst are conveyed upward against the force of 
gravity by drag forces from the rising gases (hydrocarbons). As a result, all riser reactor 
systems have varying degrees of catalyst back-mixing and reflux along the walls, 
particularly in the feed injection or catalyst pickup zone at the bottom of the riser reactor. 
Consequently, reactor residence time varies from center of the riser to walls, and it is hard 
to realize and manage the short contact time within less than 1 second. At very high C/O 
significant back-mixing is unavoidable. This problem is overcome in a down flow reactor 
(DFR) where both the catalyst and feed flow downward together.  
 
 
 
 
 
 
 
 
 
 
 
 
   
  

 
Figure 3: Up Flow vs Down Flow residence time profiles 

Down flow fluid-solid reaction systems have been of increasing interest in recent years to 
achieve plug flow reaction conditions as summarized Cheng2. When plug flow conditions 
are achieved, more selective primary cracking results in greater selectivity. FCC pilot work 
demonstrating the effects of short contact time and down flow have been reported by Del 
Poso3 and Abul-Hamayel4 as shown in Figures 4 a-b. The general trend reported is that of 
greater gasoline selectivity at short contact time down flow with a maximum yield 
achieved at a higher conversion level. This effect is seen in Figure 4a where the maximum 
gasoline yield is about 5 wt% higher in the down flow system. When olefins are of interest, 
the more selective down flow reaction environment can produce substantially more light 
olefins (C2-C4) at the same gasoline yield compared to a conventional up flow system (Fig. 
4b).  
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Figure 4: Selectivity benefits of a down flow reaction system (4) 

 
 
Although the idea of controlled high severity, short contact time down flow reaction, has 
been considered for some time, achieving this successfully at commercial scale has been 
elusive. Extensive pilot work at the 0.1 BPD scale demonstrated the principle, catalyst 
system and operating conditions, but did not address how rapid mixing, reaction and 
efficient catalyst/gas separation can be achieved at large scale with a target residence time 
on the order of 0.5 sec. At commercial scale, equipment design for very short contact time 
with the mechanical integrity to withstand high velocity catalyst circulation in a coking 
environment requires extensive research, development, and demonstration.  
 
5. R&D History 
 
The challenges of developing this new technology required a systematic research & 
development program undertaken by KFUPM, Saudi Aramco and JXTG, with supports of 
Japan Cooperation Center, Petroleum (JCCP).Early pilot work by both KFUPM and JXTG in 
1996-2000 demonstrated the benefits of high severity operation at controlled short 
contact time in a down flow reactor. Aramco became an active participant in the scale up 
effort to design a 30 BPD demonstration unit. JX conducted large scale, 30 BPD equivalent, 
cold flow testing of the catalyst circulation loop and reactor-separator equipment to 
validate the design of the demonstration unit. 
 
The demonstration unit shown in Figure 5 was operated from 2003-2004 at the Aramco 
Ras Tanura refinery. Results from the demonstration unit validated the HS-FCC concept 
with good agreement of scaled-up between 0.1 BPD pilot results and the 30 BPD 
demonstration as shown in Figure 6.5, 6   
 
Desulfurized VGO was cracked at high severity in both the pilot and demo units. A very 
high propylene yield over 10% was obtained along with a very high octane gasoline. 
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Figure 5: HS-FCC Demonstration unit       Figure 6: Bench scale vs Demonstration scale results 
on desulfurized VGO at high severity conditions  

 
 
Work immediately began on scale-up to commercial unit. Important lessons were learned 
concerning equipment design and larger scale cold flow work was undertaken by JXTG in 
Japan at the 500 BPD equivalent scale to optimize feed injection zone and separator design 
– Figure 7. This work was coupled with CFD simulations to assist in larger scale equipment 
design6. 
 

 
Figure 7: 500 BPD equivalent cold flow testing to scale-up and optimize reaction system 

 
6. Semi-Commercial Unit 
With the successful demonstration of the HS-FCC technology at the 30 BPD scale 
completed, it was time to look forward to scale-up to a full size commercial unit and plan 
for future licensing of the technology. Several FCC licensors were interviewed and 
evaluated before Axens and TechnipFMC Process Technology were selected to assist in the 
design of a 3,000 BPD semi-commercial unit, plan for a larger commercial unit, and serve 
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as exclusive licensor for the HS-FCC technology, relying on their extensive knowledge in 
FCC and RFCC design. 
 
A complete 3,000 BPD HS-FCC unit with main fractionator, gas plant, and flue gas 
treatment was designed for the JXTG Mizushima refinery. Design works of the unit started 
in 2007, and was put on-stream in early 2011. The unit was operated in 2011 – 2013 
(Figure 1). Performance trials were conducted to evaluate yields and product properties 
for widely different feeds and to demonstrate equipment reliability. The results showing 
yields for several feeds of VGO, Hydrocracker (HDC) bottoms and Atmospheric Residue are 
shown in Table 2. Combined light olefins (C2-C4) yields of 34 to 40 wt% have been 
demonstrated with 17 to 20 wt% propylene and 4-5 wt% ethylene. The yield of butenes is 
enough high to offer opportunities for greater petrochemical integration, including 
oligomerization and/or olefin conversion configuration for even higher propylene 
production. 
 

 
HDT VGO + HDT 

  VGO HDC BTM AR 

Feed SPGR 0.86 0.85 0.92 

Reactor T, ºC 600 575 600 

Light Olefins, w% 40 39 34 

C2= 4 4 5 

C3= 20 19 17 

C4= 16 16 12 

C5-220 Gasoline, w% 34 35 31 

RON 96 98 98 

Table 2: Semi-Commercial Unit Performance 

 
When viewed from a petrochemicals perspective, the ethylene produced becomes a 
significant boost to the economics. The gasoline also has value beyond fuels with an octane 
of 96-98, olefin content of 25 to 40 wt%, and 35 to 50 wt% aromatics.  
 
With a controlled short contact time, high C/O and plug flow reaction system, HS-FCC is 
well adapted to be highly selective for both light and residue feed conversion to 
petrochemicals. Throughout the program equipment evaluation, inspection and reliability 
data were gathered to guide further development and scale-up to a fully commercial scale 
of at least 30,000 BPD. In parallel to this work, CFD simulation of the Down Flow Reactor 
(DFR) and separator hydrodynamics are being combined with a kinetic model to analyze 
the results, validate the kinetic models, and enable accurate predictions at commercial 
scale for future feeds and reactor configurations. 
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Figure 8: Combined kinetic and hydrodynamic modeling assists design and scale up 

 
 
7. Bottom to Chemical 
The HS-FCC process produces a large amount of light olefins and gasoline which contains aromatics as well, 
from bottom streams in refining, and serves as a key process to integrate refining with petrochemical shown 

in Figure 97. Total yields of propylene, butene and aromatics from HS-FCC exceed 50 vol% and is higher than 

the ones of RFCC and Naphtha Cracker shown in Figure10 7. 
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Figure 9: HS-FCC to integrate Refining and Petrochemical 

 
 
8. Go for Propylene 
 
HS-FCC technologies have been completed as results of systematic process research, 
catalyst development, pilot work, 30 BPD demonstration unit testing, and semi-
commercial operation and testing at the 3,000 BPD scale. These successful results and the 
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modeling tools developed for further scale up make the technology ready to install 
commercial units to maximize light olefins and BTX products.  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 10: C3/C4/BTX yields comparison 

 
 
A large scaled 76,000 BPD HS-FCC unit is now under construction in Korea, and scheduled 
to start-up in 2018. The unit will become a new runner to open the window between 
refining and petrochemical through residue streams. 
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Paper No. 3 

A Case Study of FCC Reactor Using Kinetic Modeling 
 

Qi Xu, Ali Jawad, Musaed Ghrami, Abdennour Bourane 
Saudi Aramco, Dhahran, Saudi Arabia 31311 
 

Fluid Catalytic Cracking (FCC) technology, as one of the most important process technologies used 
in petroleum refineries since the last century, converts heavier feedstocks, usually vacuum gas oil 
or heavy residue, into more valuable products, such as gasoline, LPG and olefins. A typical FCC unit 
consists of a riser or downer reactor section, a catalyst stripper section and a catalyst regeneration 
section. In the FCC reactor, the feedstock comes into contact with the surface of catalyst where the 
long-chain molecules of the high-boiling hydrocarbons are converted to shorter molecules through 
endothermic cracking reactions. The amount of energy required for this conversion is normally 
provided by the heat of combustion, which results from burning coke in the regenerator section. 
Heat is also needed to vaporize the feed in the inlet to the FCC unit. Hence, the heat balance on an 
FCC unit determines the basic interaction between the key variables of this unit. Understanding 
this heat balance helps to better understand the FCC process and to take decisions on how to 
improve the operation of real FCC unit.  

The main objective of this work is to study the heat balance for a typical FCC unit. First, a 
simulation model was set up in Aspen HYSYS employing a twenty-one lumps reaction network 
system. This model is calibrated using experimental data and used for the case study. Then, the 
impact of the reactor temperature on key variables including conversion, catalyst to oil ratio, coke 
yield, delta coke yield, regenerator air volume flow, and propylene yield is investigated. In the end, 
the FCC heat balance principles are used to help explain the trends observed in this study. This 
study also examines how the residence time affects the produce yields.  

Modeling results show that the value of reactor temperature has big impact on the catalytic 
process in the FCC reactor. As the temperature in the reactor goes up, so does the requirement for 
heat input to meet the demand for heat of vaporization and heat of reaction. Because the solid 
catalyst serves as carrier for the heat to move from the regenerator to the reactor, it follows 
naturally that the rate of circulation for catalyst increases, leading to an uptrend in catalyst to oil 
ratio, as shown in Figure 1A. Subsequently, the cracking reaction rate is enhanced by both the 
elevated temperature in reactor and the boosted availability of catalyst, causing the total 
conversion propylene yield to go up, as shown in Figure 1B. As a result of the promoted cracking 
reactions, the coke yield is increased as well. The delta coke on the catalyst, on the other hand, is 
decreased. The air flow rate in the regenerator trends higher to provide the necessary oxygen for 
the combustion of coke, to provide the required heat.   

The effects of residence time of the feed in the reactor has also been scrutinized. When the 
residence time is extended, it is observed that the conversion increases with decreased production 
of heavy components, as shown in Figure 2. This is accompanied by increased coke yield and light 
gas production. Interestingly enough, within the setup in this particular simulation model, the 
gasoline yield experiences a maximum value in the middle, with the yield going up first and then 
down as residence time increases.  

In conclusion, the reactor section of a typical FCC unit was successfully simulated using an FCC 
reactor model in Aspen HYSYS. The model was validated and employed successfully to investigate 
the behavior of the FCC system in response to variations in reactor temperature and residence 
time. The impact of the reactor temperature on key variables were explained using the FCC 
operation and heat balance principles. The yield slates were analyzed at different residence time in 
the reactor. This study will help to improve the operation of the existing FCC unit and enhance 
future reactor design. 
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Figure 1. Variation of key variables with reactor temperature. 

 

 

Figure 2. Yield distribution with different residence time. 
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Paper No. 4 

Degradation of heavy-duty coating applied to inner bottom plates of oil 

storage tanks and its evaluation method based on electrical impedance 

analysis  
 
Shinji Okazaki, Koya Tokutake*, Haruki Nishi*, Daisuke Ito, Naoya Kasai Kazuyoshi 
Sekine, Yokohama National University, National Research Institute of Fire and Disaster* 

Inner bottom plates of crude oil storage tanks are generally exposed to mixtures of 

corrosive drain water and sludge. In order to isolate the steel plates from aggressive 

environments, high-performance anticorrosion coatings such as a vinyl ester resin organic 

coating containing glass flakes have been recently utilized. However, the barrier property 

gradually deteriorates in a long in-service period. In this study, the degradation processes 

were investigated using acceleration test which imposed the temperature gradient along 

the thickness direction on coating samples. The glass flake exhibited a good blistering 

resistive performance and a thick coating system of about 1 mm thickness did not show 

any sign of blistering in our experimental condition. However, black rust was detected at 

the interface between coating and steel substrate even in the case of thick coating system. 

For tracing degradation process in more detail, electrical impedance measurement was 

adopted and the field data were acquired from actual oil storage tanks. It was found that 

the impedance behaviors of degraded coating was well explained by using electric 

equivalent model including CPEs (Constant Phase Elements). The data of extracted CPEs 

were then analyzed by using extreme value statistics as a tool for diagnosis of heavy-duty 

coatings. 
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Paper No. 5 

Applications of process and kinetic models to optimize the 
operation of Hydrocracker  
 
Rashid M. Ansari 
PhD (Curtin), MEngSc (Adelaide), MPH (Qld), MClinEpi (Newcastle) 
Engineering Specialist – Refining development, R&DC  

Abstract 

Objectives: The main objective of applications of process and kinetic models in developing the 
Real-Time Optimization (RTO) strategies for hydrocracking process was to help refinery operation 
to maximize contribution of the plant to the business profit, providing best in class performance, 
optimizing the plant operation, enhancing safety and reliability. 

Methods: The process and kinetic models were developed and incorporated in real-time 
optimization framework and successfully implemented on hydrocracking process to enhance the 
yield of high value products. The dynamic model of the process was developed using plant 
identification techniques and integrated with real-time optimization applications. Finally, a closed-
loop quality control system was established to keep the product specifications on targets.   

Results: The applications of process and kinetic models within the framework of Real-Time 
Optimization helped to optimize key process operating variables by shifting the unit margin 
towards the optimum and operations were better placed to challenge targets and operating 
conditions, driving the plant toward a more profitable operating regime, bringing the higher 
benefits. The application of process and kinetic models resulted in improving the yield of diesel 
and gasoline and increasing the feed rate subject to unit constraints and catalyst run length. In 
addition, the use of process and kinetic models together with data reconciliation system adjusted 
the reactors bed inlet temperature to maintain a desired WABT and protected against constraints 
such as hydrogen quench and delta temperature limits and improved the catalyst life by 
maintaining the specified reactor bed temperature profile.  

Conclusion: The applications of process and kinetic models within the framework of real-time 
optimization brought substantial benefits to the refinery. Of particular mention are the benefits in 
improvement of the basic data for planning, improvement in process understanding and 
monitoring, providing economic focus on unit operation, allowing the use of process and kinetic 
models for off-line and on-line studies, active constraint tracking and pushing and also the 
monitoring of heat exchangers fouling and compressor efficiency in real-time. It is envisaged that 
these applications will be extended to other processing units to optimize the overall operation of 
the refinery.    

Key words: Real-time optimization; model-predictive control; Hydrocracker; refinery processes; 
economic objective function  

 

Introduction 

The combination of process and kinetic models are well known to improve the performance in 
real-time operation of the processing units. These models were developed and incorporated in 
real-time optimization framework and successfully implemented on hydrocracking process to 
enhance the yield of high value products. The Real-Time Optimization (RTO) is the process of 
finding the set of conditions required to obtain the best economic result for a given condition, a 
method of determining a set of operating targets for the online control system to achieve the 
maximum profit possible within constraints and practical limits of the process equipment while 
keeping all the products at specifications [1, 2, 3]. RTO systems are a combined set of techniques 
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and algorithms that continuously evaluate process operating conditions and implement business-
focused decisions to improve process performance [4, 5]. 

The two-step approach, a model-based technique, is the most common (and possibly the only) 
static real-time optimization strategy available in commercial RTO systems [6, 7, 8]. Its name 
derives from the procedure employed for determining the set of decision variables, where plant 
information is used to update model parameters based on the best fitting of measurements in the 
first step, and afterwards, the updated model is used to calculate the set of decision variable values 
that are assumed to lead the process to its best economic performance. RTO systems are widely 
used in the petroleum refineries as part of modern day control systems [9, 10], but may also be 
found in other sectors of the industry [11]. 

The advantages of RTO are attributed to the use of a priori information in the form of a process 
model, and model-based techniques may present superior performance among others. In general, 
the more accurate the model is, the better will be the RTO system performance [12, 13]. Therefore, 
RTO applications are typically based on rigorous steady-state models of processes. It has long been 
shown that manipulation of model parameters to fit available process measurements does not 
necessarily guarantee the construction of an adequate model for process optimization [14, 15].  

This article aimed at presenting the implementation techniques and performance evaluation of 
RTO systems on a hydrocracking unit on a model case refinery in the Middle East. The aim is to 
highlight some features of RTO systems incorporating the process and kinetic models that have 
brought higher benefits to the refinery, by maximizing the economic objective functions and 
enhancing the yield of diesel and gasoline products.  

 

RTO System Integration  

The basic instrumentation and control layer is established for the plant by installing the 
Distributed Control System (DCS) so that all the specifications of the units are met and operation is 
stabilized and run safely and smoothly. The next step is to implement advanced process control 
technologies on the plant. That control layer takes care of process constraints, interactions and 
future consequences of the current actions in the operation of the process units. 

This control layer is called model predictive control and inferential models, which form a closed 
loop quality control system on the unit. The next control layer is the Real-time optimization which 
provides global view and incorporate different aspects and interrelations among processes in a 
model to compute operational decisions that optimize process efficiency and economy.  

Figure 1 shows various layers of automation integrating with Real-Time Optimization. The 
Refinery LP model will set the target for the optimizer, which will use the steady state and kinetic 
models to provide the optimized set points for Multivariable controller (MVC), to implement with 
the processing units, using the Distributed Control System (DCS) as a platform. The inferential 
models interfacing with MVC form a closed-loop quality control system.  

http://www.mdpi.com/2227-9717/4/4/44/htm#B18-processes-04-00044
http://www.mdpi.com/2227-9717/4/4/44/htm#B19-processes-04-00044
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  Figure 1: Real-Time Optimization System Integration  

 

Integration of Inferential Models  

The inferential models or Robust Quality Estimator (RQE) uses selected measurements (such as 
feed rate, temperature, pressure, etc.) to predict the real value of a critical product property or 
complex process variable, that cannot be measured online or, is measured infrequently with 
potential large time delay. In a typical application, RQE provides a continuous real-time calculated 
value for closed loop control. It can cope with nonlinear systems, varying gains and uncertain 
process dynamics. This unique feature makes the model-predictive controller robust to varying 
process conditions and nonlinearities.      

Figure 2 gives a simplified example of the systematic approach to construct the naphtha FBP 
inferential model with process variables, such as pressure-compensated temperature, pressure of 
the column and reflux ratios. The model is updated using laboratory results. A system of inferential 
model update is shown in the lower section of Figure 2, providing laboratory result as a basis to 
update the predicted values and a first-order filter to compensate for the noise in the flow 
measurements. The average deviation from the laboratory results is only 2 C, and considering the 
repeatability of   4 C in Naphtha FBP laboratory results, this prediction can be considered very 
accurate.   
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Figure 2 System of inferential model and its development procedure 

 

Process Description  

The Hydrocracker Unit (HCU) of the model case refinery has maximum feed capacity of 27,500 – 
28,500 barrel per stream day. The HCU consists of three major sections: Reactor Section, 
Debutanizer, and Main Column. The Hydrocracker Unit operation objective is to maintain the feed 
flow at the required rate, while maximizing the gasoline or diesel yield, subject to the products 
qualities of the main fractionator. The key focus of RTO implementation was to provide a 
combination of operating conditions, which will support an increase in each reactor temperature 
and maximize the economic objective function to enhance the yield of gasoline or diesel products. 
Therefore, raising the first stage (DHC) reactor temperature will enhance the diesel yield, while 
raising the second stage (HC) reactor temperature will increase the gasoline yield.  

Current Operating Strategy 

The current HCU operating strategy at model case refinery can be summarized as follows: 

 Maximize the unit throughput, whilst respecting unit constraints and required catalyst run 
length. 

 Adjust the stage 1 or stage 2 reactor severities, to meet the requirements of two main modes, 
maximum naphtha or maximum diesel. 

 Optimize the circulating refluxes in the product fractionator, to reduce energy costs. 

The average unit stream time is 92% (including the effects of catalyst run length), which is 
equivalent to 336 days per year. 

Online closed-loop optimization Steps  

The following is a simplified description of the steps of operations involved in online closed-loop 
optimizations: the data reconciliation; rating case, base case; constraint calculation; optimization 
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case and implementation. Figure 3 shows these steps starting from steady-state detection to 
implementation – downloading the targets to the control system.  

Steady-state Detection (SSD) 

The steady-state detection has a great influence on RTO performance but is not discussed in 
details in the RTO literature. An important element of RTO systems refers to the mechanism that 
triggers the process optimization. Traditionally, it is based on the stationarity of measured process 
data and is accomplished by the SSD module. In the current RTO application, the “statistical 
method” of steady state detection was implemented.  

 

Data Reconcilliation 

Data reconcilliation involves mass and heat balances around each and every piece of equipment in 
the unit which is fully consistent with the overall balances [16]. The benefits include consistency 
and accuracy of yield calculations and targeted instrument maintenance. When data present 
significant uncertainty, data reconciliation is the first step to be applied in a model-based approach 
to process optimization. The target is to estimate consistent values of all plant variables from 
available online measurements based on a process model. Soderstrom et al. [17] highlighted that if 
measurement errors resulting from poor instrument calibration are not considered, the data 
reconciliation step or subsequent parameter estimation step will not provide meaningful answers.  

   

Figure 3 Online closed loop optimization steps 

 

The combination of RTO and regulatory control can be considered similar to cascade control 
system as shown in figure 4. The outer RTO loop will operate more slowly than the inner loop, and 
a poor design of this interaction results in poor performance. The dynamic controller handles the 
transformation between the steady-state model used in RTO and the actual dynamic operation of 
the process. If RTO model and dynamic model have very different gains, the resulting combination 
can perform poorly. As in cascade control, the inner loop should be faster than the outer loop; 
otherwise poor closed-loop performance may be resulted [18]. 
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      Figure 4 A block diagram representing RTO and regulatory feedback system  

In the rating case, the rating of the equipment is identified and in the base case, the economic 
objective function is introduced and measurement offsets are calculated. The benefits of these 
steps include online calculations of unit margin and additional targeted instrumentation 
maintenance.  

The constraint calculations include equipment constraint, control constraints, process constraints 
and economic constraints. The benefits of this step include active constraint tracking and focused 
debottlenecking. In the optimization step, the effect of multiple independents is observed on an 
economic objective function to achieve the maximum profit and finally, the targets of optimized 
solutions are downloaded in the implementation step.  

Results  

In relation to the benefits of RTO implementation on model case refinery in the Middle East, it was 
observed that benefits obtained mainly from reactors WABT independent variables. The WABT set 
points were implemented at each run and reached by the multivariable control applications. The 
feeds were limited by the constraints but contributed at the profit. The main fractionator was the 
most constraining factor, mainly in the LDO and HDO sections. The benefits were achieved without 
compromising run length and have been obtained by maintaining the Weighted Average Bed 
Temperature (WABT) and varying the operating conditions to improve product values. 

 

It was one of the findings from RTO simulation data that by decreasing the Indirect Recycle Flow 
(IDR) from 50 m3/hr to 48 m3/hr, substantial benefits can be achieved through higher unit 
margins, and these economic gains are maximum when HDO rundown flow is unconstrained.  

The hydrocracker has the capability of running at a lower 48m3/hr IDR flow on a sustainable basis 
and the  economic benefits for such a permanent move is expected to be significant based on RTO 
simulations data. This shift can be achieved with existing RTO constraints, including weekly 
maximum WABTs, reactor peak temperatures, and acceptable catalyst deactivation rates. 

RTO Benefit Analysis  

The data used in this benefit analysis covers the RTO operation starting from March 2008 to June 
2008. The data is collected from RTO online software called “Pro-Clarity.” This data is based on 
optimized solutions, which take into account all the following four RTO benefit incentives given 
below, and quantifies the benefits based on every solution provided by RTO.  
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1. Improve the yield of high value products by maximizing the economic objective function to 
maximize diesel or gasoline on Hydrocracker. 

2. Increase the federate subject to unit constraints and catalyst run length. 

3. Adjust the bed inlet temperature to maintain a desired WABT and protects against 
constraints such as hydrogen quench and delta Temp limits. 

4. Improve catalyst life by maintaining the reactor bed temperature profile.  

RTO benefits based on the economic data obtained from Pro-clarity and by using statistical 
analysis was calculated by taking mean value of benefits for the 3-month run.  Considering the 
international trends of RTO applications and utilization factor of 0.75, the net benefits of RTO 
applications are significant. 

Discussion  

The development and implementation of RTO system on hydrocracking unit was an outcome of 
great team work, collaboration of industrial and vendor’s teams over the past couple of years, and 
has brought substantial benefits to operations, specifically and overall to the refinery. It has 
increased the production of high value products, such as diesel and gasoline, by maximizing the 
economic objective functions by using Real-Time Optimization techniques. The RTO system 
implemented on the hydrocracker has improved overall performance of the unit and its efficiency, 
which was a significant step forward to further integrate other advanced control applications in 
the refinery.  

It was also observed during implementation phase that the reliable instrumentation is the key to 
success of RTO. This includes the necessary support infrastructure, to ensure that any instrument 
faults identified during design and commissioning are quickly and effectively dealt with. It is 
important to have frequent and reliable inferential models (RQEs) and analyzers, and equally 
important is that these quality indicators continue to perform effectively.  

For the optimizer, a full coverage of the modelling scope by multivariable control applications 
(that is dynamic modelling) is a prerequisite for a stable operation and implementable 
independents.   Information about the actual line-up and equipment used in the plant should be 
available for a proper mode representation. In case the documentation is not available, the 
optimizer focal point will have to spend a considerable amount of extra time in the field to sort the 
required information. Finally, the dedication and commitment of all the team members and 
management was one of the main critical factors for the success of this important project. 

Conclusion 

The real-time optimization of the hydrocracker was implemented successfully and brought 
substantial benefits to hydrocracker operation. RTO set point implementation demonstrated that 
siginificant financial benefits would have been easily achieved, especially with the high margin on 
that unit. The main benefits of RTO implementation were achieved from the reactors Weighted 
Average Bed Temperature (WABT) independents. These set points were implemented at each run 
and were reached by MVC. The feeds were limited by the constraints but contributed at the overall 
profit.  

It is also envisaged that implementing Real-Time Optimization application on CO2 emission 
reduction and other processing units would bring higher benefits to the refinery. Since the 
applications of multivariable control are already in place on the key processing units of the refinery, 
the implementation of RTO will help to drive the plant operation toward the optimum operation, by 
maximizing the economic objective functions on these processing units.  
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Paper No. 6 

Effect of acid medium and initial Si/Al ratio on the synthesis of 
mesoporous materials with enhanced acidity and 
hydrothermal stability 

 
Lianhui Ding, Hanaa Habboubi, Essam Sayed 
Research and Development Center, Saudi Aramco   

 

1. Introduction  

Hydrocracking is one of the most important heavy oil conversion processes in modern 
refineries and petrochemicals plants. Hydrocracking catalysts play a critical role in 
determining the product slates and properties, and thus the economics.  Zeolites are the 
key cracking component of the hydrocracking catalysts, and determine the catalyst 
reaction performances. The pore sizes of zeolite Y and beta, widely used in preparing 
hydrocracking catalysts, are around 0.74nm, and too small for the large molecules in heavy 
oils to diffuse in and out of the internal surface where the active sites are located.  To 
improve the mass transfer of the large molecules in heavy oils, and avoid secondary 
cracking, the mesoporous material with mesopores (2-50nm) and improved hydrothermal 
stability was studied. The effect of the acid medium and initial gel Si/Al on the properties 
of SBA-15 were studied.  

2. Experimental 

In-situ crystallization to form mesoporous materials was performed under different acid 
medium (0, 0.07, 0.5, 2.0, 5.0M HCl solution), and different Si/Al ratio (5-50). Triblock 
copolymer Pluranic P123 was used as structure directing agent, water as solvent, 
tetraethyl orthosilicate (TEOS) as silica source, and aluminum sulfate as aluminum source.  

The mesoporous materials synthesized were characterized with BET, NH3-TPD, TEM, 27Al 
and 28 Si NMR, and ICP. 

3. Results and Discussion 

 The effect of acid concentration and initial gel Si/Al ratio on surface areas, pore volumes, 
and pore sizes of the finial products is summarized in the table below. The results 
illustrated that the pore volume is decreased and the surface area increased with increased 
acid concentration. The surface area and pore volume are almost unchanged when the 
Si/Al molar ratio of the initial gel changed from 5 to 50.  
 
 
HCl concentration, M Acid free 0.5 

Initial Si/Al gel molar ratio 5 20 50 5 20 50 

BET surface area, m2/g 575 600 544 879 887 920 

Pore volume, ml/g 1.2 1.23 1.24 1.04 0.97 0.98 

Average pore size, nm 8.38 8.18 8.78 5.34 5.03 6.37 
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The pore size and wall thickness are shown in the Figure below. The result is well in 
agreement with BET results. The wall thickness dramatically decreased with the HCl 
concentration, and then level off when HCl concentration was higher than 0.5M. 
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27Al NMR results clearly indicated that a considerable amount of tetrahedral Al existed 
when the SBA-15 was synthesized at low acid or acid-free environment. 
 
The results of the effect of HCl concentration and initial Si/Al ratio on final product Si/Al 
molar ratio showed that the acidity (from 0 to 0.5M HCl) had no significant effect on final 
product Si/Al ratio. 
 
4. Conclusions 

The acid free and weak acid environment favored the enhancement of acidity, and the 
formation of larger mesoporous (higher pore volume, pore size, and surface areas). 

A considerable amount of Al was in tetrahedral Al state, which help the further conversion 
to the zeolite wall.  

The effect of the original gel Si/Al ratio on textural properties and acidity is not significant. 

The Si/Al molar ratios are all above 50 when the initial Si/Al ratios changed from 5 to 50. 
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Paper No. 7 

Kinetics of simultaneous HDS of DBT and 4-MDBT/4,6-DMDBT over 

CoMoP/γ-Al2O3 catalysts 
 
Syed Ahmed Ali1,  Mohammad M. Hossain2  
1Center of Research Excellence in Petroleum Refining and Petrochemicals, 
2Department of Chemical Engineering, KFUPM, Dhahran 31261, Saudi Arabia 

 

A series of CoMo/γ-Al2O3 catalysts were prepared with an addition of 0.0, 0.5, 1.0 or 1.5% 

phosphorus pentaoxide to investigate the influence of phosphorus addition on the 

simultaneous hydrodesulfurization (HDS) of refractory sulfur compounds.  Two sets of 

HDS experiments were carried out using sulfur bearing model compounds: (i) DBT 

(dibenzothiophene) with 4-MDBT (4-methyl dibenzothiophene) and (ii) DBT 

(dibenzothiophene) with 4,6-DMDBT (4,6-dimethyl dibenzothiophene).  The Langmuir-

Hinshelwood mechanism based kinetics model was developed from the experimental 

conversion and product distribution data for simultaneous HDS of the two sulfur 

compounds via direct desulfurization (DDS) and hydrogenation (HYD) routes.  The kinetic 

model fits the experimental data quite adequately for all the species.  The HDS rate for DBT 

was found to be approximately 2 and 7 times higher than that estimated for 4-MDBT and 

4,6-DMDBT, respectively.  Enhancement of HDS rate by P addition was observed up to 0.1 

g/g (1.0 wt%) P2O5 while higher amount of P is not advantageous.  A marginal preference 

towards HYD pathway was observed for the HDS of 4,6-DMDBT while DDS route was 

predominant during the HDS of DBT and 4-MDBT.  The trends in values of the rate 

constants estimated by the Langmuir-Hinshelwood kinetic model compared well with 

pseudo-first rate constants. 
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Paper No. 8  

Development of a Super-critical Water Cracking Process for Pipeline 

Transportation of Extra Heavy Crude Oil 
 

Takayoshi Fujimoto, Hisato Aoyama, Tomoki Kayukawa 
JGC, Japan 

One of the big issues for the development of extra heavy crude oil, such as Canadian oil 

sand bitumen, is the difficulty in transportation from the wellhead to the refinery because 

of its high density and viscosity. Conventionally, a dilution method which dilutes extra 

heavy oil with a diluent or a full-upgrading method, typically a combination of thermal 

cracking and catalytic processing, is applied to improve the density and viscosity to a level 

that will permit transport through pipelines. However, these conventional approaches 

cannot be applied for all cases for reasons related to the availability of a diluent source or 

from the economic point of view. 

Partial upgrading is a new approach to produce pipeline transportable crude through the 

use of a simpler process configuration than the full-upgrading method.  

JGC’s Supercritical Water Cracking (SCWC) process is a partial upgrading process. A 5 bpd 

pilot facility has been successfully operated with Canadian oil sand bitumen.  

In this study, an outline of the SCWC process is introduced together with information 

regarding its performance and a description of the characteristics of the products. The 

results of an economic evaluation are also shown to compare the SCWC process with the 

conventional methods. 
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Paper No. 9 
 

Hydrodynamics and solids mixing in fluidized beds with 
inclined-hole distributors 
 
Alhussain Bakhurji, Xiaotao Bi, John R. Grace 
Department of Chemical and Biological Engineering, 
University of British Columbia, Vancouver, Canada V6T1Z3 

 

Fluidization is a process in which solid particles are suspended in a fluid-like form subject 
to several forces acting on them. These forces include gravity, buoyancy, and drag. 

Particles are grouped according to their mean particle size and density in a classification 
proposed by Geldart (1973) who classified these particles into four different groups (A, B, 
C and D) for particle densities of typical particles under room temperatures and pressure. 
Group A (Aeratable) has an average particle size of  30-100 microns. Group B (Bubbling) 
has an average particle size of  100-1000 microns; whereas, Group C (Cohesive) has an 
average particle size of less than  30 microns and Group D (Spoutable) has an average 
particle size of more than  1000 microns. 

Fluidized bed reactors can have many configurations, depending on the process being 
applied. There is the circulating fluidized bed reactor in which solids mixing is improved 
by circulating the solids back to the bottom of the reactor after passing through a riser. 
Such processes usually operate at high superficial gas velocity in the fast fluidization flow 
regime. It is also considered to be a type of reactor with good fluid-to-particle heat and 

mass transfer. 

In the configuration of an annular fluidized bed, particles are fluidized between concentric 
outer and inner columns. This type of reactor can combine the benefits of conventional 

fluidized beds (long residence time) and the circulating fluidized bed (good heat and mass 
transfer) (Collin et al., 2009). 

Another interesting type of fluidized beds is the swirling fluidized bed, where the fluidizing 
gas is introduced at an inclined angle at the distributor so that there is a tangential 
component, and the gas swirls inside the fluidization zone. The gas flow can then be 
divided into two components, a vertical component that is responsible for supporting the 
particles weight-minus-buoyancy, and a horizontal component that induces swirling 
motion (Sreenivasan et al., 2002). Such reactors typically have a central cone or cylinder 

that limits the utilization of volume inside the reactor. It is like the annular fluidized bed 
except for the distributor design in which there can be inclined holes or an annular spiral 
distributor or any other type with an angle other than 90 to the horizontal axis. Some 
applications of swirling fluidized beds include drying and combustion processes using 
Geldart type D particles (Mohideen et al., 2012).  

In a swirling fluidized bed, the bed height is an important factor in determining the bed 
behavior. A shallow bed usually swirls as a single mass; whereas, a deep bed behaves 
differently. As the bed height increases, two layers of fluidization occur; a bottom layer that 
is swirling and a top layer that is bubbling (Kaewklum et al., 2009). 
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A swirling fluidized bed has some advantages over conventional fluidized beds in which 
there is no swirl. In a swirling bed, due to the inclined angle of gas injection, the process 
can operate at higher superficial velocity with less elutriation compared to a conventional 
bed. This is due to the gas injection angle that reduces the vertical component of the gas 
flow compared to a conventional fluidized bed in which all entering gas flows vertically. 
The centrifugal force also pushes particles to the outer wall of the column, where the 
upward gas velocity is lower (Sreenivasan et al., 2002). A disadvantage of the swirling bed 
is that with increasing air velocity, the swirling affects the particle movement where the 
particles migrate from the center to the outer wall. This may create an empty space 
adjacent to the inner wall of the column in which gas bypassing can occur. 

An application that could benefit from the swirling fluidized bed is the decoupled 
adsorption-reduction selective catalytic reduction (SCR) process for Nitrogen Oxides 

(NOx). In this process, the flue gas enters the reactor in one region, while the reductant gas 
enters in an adjacent region in such a way that catalyst particles flow tangentially from an 
area of adsorption to an area of reduction. An issue found in this application (Yang, 2009) 
is that the reactor performance was limited by the catalyst adsorption capacity since the 
overall NOx conversion increased with decreasing gas velocity in the annulus. Therefore, to 
improve the catalyst performance, a low gas velocity in the region for adsorption 
(increasing the catalyst residence time) could be used (Yang, 2009). 

Most previous research on swirling fluidized bed reactors did not use Group A/B particles 
that are common in catalytic reaction applications. This research on swirling fluidized beds 
with Group A/B particles focused on investigating the impact of introducing gas flow at an 
angle at the distributor on the overall residence time and mixing of the particles in the 
reactor. Specifically, how would changing the inclination angle of orifices in the distributor 

affect the pressure drop across the distributor and over the bed, the minimum fluidization 
velocity, the tangential and vertical mixing of particles and bed expansion? 

Three distributors were designed and fabricated, all with the same specifications with the 

exception of the orifice inclination angle. The angles were vertical (90), 45 and 30. Two 
bed materials were used, glass beads and phosphorescent particles, belonging to Groups A 
and B in the Geldart classification. Two studies were conducted, a hydrodynamic study and 
a solids mixing study. In the hydrodynamic study, the effects of orifice inclination angle and 
static bed height were investigated. In the solids mixing study, the axial solids mixing was 
investigated for the 90-hole distributor using phosphorescent tracer particles and by 
estimating the bed turnover time and dense-phase downward velocity. In addition, 
tangential solids mixing was studied for all three distributors using the phosphorescent 
tracer particles to measure the residence time distribution to estimate the tangential 

dispersion coefficient and the tangential particle velocity using the dispersion model. It 
was found that for a given superficial velocity, the distributor pressure drop was lower for 
the 45-hole and 30-hole distributors than the 90-hole distributor.  

The magnitude was around 10% less than for the 90-hole distributor at the same 
superficial gas velocity. Bed pressure drop was lowest for the 90-hole distributor; 
whereas, there was no clear difference between the 45-hole and 30-hole distributors in 
terms of bed pressure drop. Bed pressure drop fluctuations were highest for the 90-hole 
distributor, indicating larger bubbles. In a shallow bed, bed expansion was highest for the 
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90-hole distributor followed by the 45-hole and then the 30-hole distributor. However, 
in a deep bed, bed expansion was virtually the same for all three distributors. The 
minimum fluidization velocity was highest for the 30-hole distributor followed by the 45-
hole and then the 90-hole distributor. Static bed height had an impact on the minimum 
fluidization velocity for the inclined-holes distributors. With regards to solids mixing, the 
turnover time for the 90-hole distributor could be estimated based on the bubbling bed 
model equations. It was concluded that probes and ports in this study interfered with the 
solids mixing by reducing the dense phase downward velocity by around 40%. The 
tangential particle velocity increased with increasing radius in the annulus. The velocity 
was higher near the outer wall of the column and lower near the inner wall and it was 
highest for the 30-hole distributor. Finally, both inclined-holes distributors (30 and 45 
holes) resulted in greater tangential mixing than the 90-hole distributor. 
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Paper No. 10 

Zeolite-based Catalyst Performance for Catalytic Reforming 

 
Mohammad Al Rebh, Ali Al-Shareef 
Saudi Aramco R&DC 

Catalytic reforming is one of the most important refining processes that boosts the octane 

for gasoline, produces aromatics including BTX, and supplies hydrogen to hydrotreating 

processes. A number of reactions take place during reforming including dehydrogenation, 

isomerization, dehydrocyclization, and cracking that require both metallic and acidic sites 

on a catalyst. The typical commercial catalysts are alumina-based with platinum as the 

active metal with acidic sites maintained by continuous injection of chlorinated chemical 

with the feed. The objective of this work is to test a zeolite-based catalyst for catalytic 

reforming and compare its results with a typical commercial catalyst.  

The zeolite-based catalyst was developed in-house for different application with an active 

metal that can theoretically 

perform as a catalytic 

reforming catalyst. The test 

was carried out in one of 

Saudi Aramco’s Research and 

Development Center (R&DC) 

facility’s pilot plants under 

various testing conditions to 

check for the catalyst stability 

and rate of deactivation, the 

effect of hydrogen to 

hydrocarbon ratio, pressure, 

and liquid space velocity. The 

range of conditions was chosen based on typical industrial reforming conditions. Results 

showed excellent reforming activity in terms of RON and aromatic content for the fresh 

catalyst as seen in Figure 1.  

Each condition was maintained for at least three days during which a daily mass balance 

was performed and the product collected was analyzed. For reference, an industrial facility 

operating a continuous catalytic reformer (CCR) at an average bed temperature (WABT) of 

Figure 1. Fresh zeolite-based catalyst performance at 

510 °C 
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500°C produces reformate with a RON of 97. To compare the performance using the same 

pilot plant, the results were compared with a commercial catalyst tested in the same pilot 

plant and at similar conditions. The commercial catalyst test started at 490°C, 500°C, and 

then 510°C, with very little signs of deactivation; whereas, the zeolite-based was tested 

directly at 510°C. The two catalysts had similar initial activity at 510°C; but, the zeolite-

based catalyst showed much quicker deactivation than the commercial catalyst, as seen in 

Figure 2.  

Furthermore, the quick deactivation in the zeolite-based catalyst is likely due to a 

relatively higher degree of cracking and coking reactions than the commercial catalyst 

since zeolites typically induce a high rate of cracking in hydrocarbons at elevated 

temperatures. Due to this quick deactivation, full and accurate interpretation of the effect 

of change of parameters, such as pressure or liquid space velocity, was not indicative for 

the catalyst performance. Therefore, comparison will be limited at the initial condition 

when the catalyst was fresh.  

Table 1 shows different yields comparison between the first mass balances taken at 510°C 

for both catalysts, where 

both yielded 97 RON value. 

Although there are some 

errors in the gas products’ 

yields for the commercial 

catalyst due to the 93% mass 

recovery, the feed 

composition and analysis are 

still comparable. In addition, 

the gas yields in Table 1 

support the conclusion that 

more cracking reactions are 

taking place on the zeolite-

based catalyst.  

The results indicate that there is a promise of having a zeolite-based reforming catalyst but 

requires further investigation to adjust its acidic activity and rate of deactivation. Even 

more, the fresh zeolite-based catalyst performance suggests the catalyst ability to perform 

Figure 2. Comparison in RON value for zeolite-based 

catalyst and Alumina-based catalyst at 510 °C 
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as a reforming catalyst if it can be regenerated continuously, such as in a continuous 

catalyst recycle reforming process like CCR, where the catalyst is always regenerated. 

Table 1. Comparison in yield values for the first mass balance of the two catalysts at 510 °C 

 Zeolite-based Alumina-based 

Calculated RON 97.1 97.4 

Aromatic content (wt%) 68.3 68.3 

Olefins (wt%) 4.3 2.4 

H2 Yield, wt% 0.55 0.65 

Recovery wt% (Mass 
balance) 

100% 93% 

C5+ liquid yield, wt% 74.7 77.5 

C3+C4 yield, wt% 18.6 9.2 

C1+C2 yield, wt% 6.2 4.6 

 

In conclusion, the zeolite-based catalyst could be beneficial in reforming heavier-cut 

naphtha and might not require chloride addition to sustain its activity due to its higher 

cracking capability. The initial finding of this experiment encourages subsequent 

investigation of zeolite-based reforming catalysis.  
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Paper No. 11 (Keynote) 

Petrochemicals – Technical and Economic Challenges for This Century 
 
Patrick C Whitchurch 
Honeywell UOP, Des Plaines IL, USA 

By the middle of this century, world population is expected to be more than 9 Billion 

people. Worldwide energy demand will have increased by more than 35%, with gas 

growing to become over 25% of the world’s energy consumption.  There will be continued 

strain on fresh water resources as well as pressure on CO2 emissions. Along with these 

mega-trends, the rising middle classes of High Growth Regions will drive demand increases 

for Polypropylene, Polyethylene and PET to more than 150% of demand that is seen in 

2017.  Cost-advantaged feedstocks will continue to dominate the technologies used for 

these petrochemical building blocks.  

Over this time, Chemical Engineers will be increasingly challenged to discover and develop 

technologies that provide the highest return on capital, the lowest consumption of energy 

per ton of product, and the most efficient use of available feeds, while meeting increasingly 

stringent environmental standards. This presentation gives an overview of these mega-

trends and discusses some significant advances in petrochemical technologies that help 

meet these worldwide needs. 
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Paper No. 12 

Catalytic copolymerization of CO2 and diols using CeO2 and 2-

cyanopyridine 

 
Keiichi Tomishige 
 Tohoku University, Japan  

Direct and catalytic polymerization of CO2 and diols to polycarbonate is a promising 

technology as a simple and environmental-benign method. Generally, the synthesis of 

organic carbonates from alcohols and CO2 needs selective catalysts and effective 

dehydrating agents because of the serious equilibrium limitation. One of the conventional 

synthesis methods of organic carbonates is the reaction of alcohols with phosgene. 

However, the problems of this phosgene method are the usage of poisonous phosgene and 

large amount of salt byproduct for the neutralization. Therefore the impact of the present 

work is related to the substitute of phosgene with CO2. There are no reports on the direct 

catalytic polymerization of CO2 and diols, and the present work is the first example using 

CeO2 catalyst and 2-cyanopyridine promotor, providing the alternating cooligomers in high 

diol-based yield (up to 99%) and selectivity (up to >99%). This combination of CeO2 and 2-

cyanopyridine is also effective to various diols including linear C4-C10 α,ω-diols to give 

high yields of the corresponding cooligomers, which cannot be synthesized by 

conventional methods such as copolymerization of CO2 and cyclic ethers and ring-opening 

polymerization of cyclic carbonates. 
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Paper No. 13 

Toluene methylation to produce para-Xylene using ZSM-5 catalysts 

Arudra Palani, KFUPM-RI; Ali Jahel, Honeywell UOP 
 

Para-Xylene (PX) is an industrially important raw material employed in the large scale production 

of terephthalic acid (TPA) and its derivatives used to produce thermoplastic polyesters [1-4]. The 

global paraxylene market was valued at 34.74 billion (USD) in 2015 and it is projected to reach 

about 66.93 billion (USD) by 2022. Typically, p-xylene is produced in a petroleum refinery via 

catalytic reforming of naphtha, toluene disproportionation (TDP) and transalkylation of higher 

aromatics [5-6]. However, the concentration of p-xylene in xylenes produced by these processes is 

low, which requires high energy cost separation process [7]. To avoid separation process, selective 

production of p-xylene has more attention and challenging one. Alkylation of toluene with 

methanol is a promising and competitive pathway for highly selective production of p-xylene [8]. 

ZSM-5 zeolites have been well recognized as shape selective catalyst. The shape selectivity arises 

due to the straight and zigzag channels with estimated pore size opening of 0.55-0.57 nm [9]. 

These channels produce p-xylene preferentially as it diffuses faster than the other two isomers. 

However, the non-selective acid sites situated on the surface, allow p-xylene to isomerize leading 

to the thermodynamic equilibrium [10]. To enhance para-selectivity for toluene alkylation with 

methanol, various methods have been developed to modify the ZSM-5 catalysts. 

In our present study, large crystal high silica MFI (Si/Al molar ratio 2000) catalyst was synthesized 

using fluoride method. About 2 grams of catalyst was mixed with 6 grams of SiC and the combined 

material was loaded in a 19 mm (0.75 inch) ID stainless steel tubular reactor. Before catalytic run, 

the catalyst was activated in a hydrogen stream at 500°C for 1 hour, and then a mixture of the feed 

(toluene and methanol) and hydrogen was passed through the catalyst bed. The total reactor 

effluent vapor composition was analyzed through an on-line GC using an FID (Innovax column) as 

well as TCD (GS Q column). Figure 1.shows the catalytic activity of MFI-2000 tested at a reactor 

pressure of 10 Barg (145 psig) up to 22 hours on stream. At 500°C, the toluene conversion was 

about 20% with Px/X = 67 and total xylenes yield of 14.9%. MFI-2000 catalyst showed stable 

activity with higher para-xylene selectivity with lower benzene to xylene ratio. These clearly 

indicate that MFI-2000 was a suitable candidate for the selective production of para-xylene. 
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Figure 1. Catalytic activity of large silica MFI-2000 at a reactor pressure of 10 Barg (145 psig), 

WHSV=2; H2: HC= 4. 
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Paper No. 14 

Metathesis of 2-pentene over Mo and W Supported Mesoporous 

Molecular Sieves 

 
 M. Naseem Akhtar 
Center for Refining & Petrochemicals, KFUPM-RI, Dhahran 

 

Molybdenum and tungsten oxides were supported on silica, MCM-22, MCM-41 and SBA-15. 

XRD and N2 adsorption-desorption revealed that architecture and textural character of 

supports were preserved. The catalysts were investigated in transformation of 2-pentene 

at different reaction temperatures. MoO3/MCM-22 exhibited highest conversions with 

isomerization and cracking as major reactions. MoO2(acac)2, MoO3 and WO3 supported 

on MCM-41 and SBA-15 showed metathesis reaction of 2-C5= producing propylene, C4= 

and C6+=  as major products. Catalysts based on MCM-41 exhibited higher activity and 

stability than SBA-15. Addition of ethylene to 2-C5= increased selectivity to propylene due 

to metathesis of ethylene with 2-pentene.  
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Paper No. 15 

Carbon Dioxide Fixations with Homogeneous Catalysis 

Yasushi Tsuji 
Kyoto University 

Carbon dioxide (CO2) is a readily available and renewable chemical feedstock. However, the 

thermodynamic considerations of CO2 limit its widespread use in chemical reactions. We 

have been developing the fixations of CO2 in the presence of a homogeneous catalyst by 

utilizing carbon-carbon bond-forming reactions. A Ni complex catalyzes the carboxylation of 

less reactive aryl chlorides with CO2. Double carboxylation of internal alkynes, in which two 

CO2 molecules are fixed into alkynes, is realized under 1 atm of CO2 in the presence of a Ni 

catalyst combined with a suitable reducing agents such as Mn or Zn powders. When a Cu 

complex is used as a catalyst under CO2 atmosphere, hydrocarboxylation and 

silacarboxylation of alkynes proceed efficiently employing hydrosilanes and silylboranes, 

respectively. 
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Paper No. 16 

Catalyst Development for hydrogenation of CO2 for energy storage 

 

Ali Aljishi1*, Gabriel Veilleux2, Jose Augusto Hernandez Lalinde2, Jan Kopyscinski2, Emad N Al-
Shafei1 
1 Researach and Development Center, Saudi Aramco, Dhahran,  
2 Mcgill Univerisisty, Montreal, Canada 

Renewable energy sources have been developed to provide more sustainable and additional 
environmental way to generate power and to overcome the CO2 emissions due to the 
burning of fossil fuels. However, the utilization of the renewables are challenging since 
they cannot produce electricity on demand compared to the conventional power plants 
which creates a lot of variations on the electric grids and on the load levels. To overcome 
the variation problems, Power-to-Gas technology has been proposed, in which electrical 
energy is converted into chemical energy and stored in the natural gas grid. This 
technology has higher storage capacity and discharge time than technologies currently in 
use such as batteries and pumped hydro storage. 

In Power-to-Gas technology, methanation is the most important and challenging step, in 
which CO2 is reacted with excess of H2 over a catalyst to produce methane.  The main 
overall reactions are the CO2 methanation (eq. 1), the competing reverse water-gas-shift 
reaction (eq. 2), which leads to undesired CO, and the subsequent CO methanation (eq.3). 

 
 (1) 

  
 (2) 

  
 (3) 

Methanation reactions are extremely exothermic as this affect and deactivate the catalyst. 
The current work focusses on developing nickel containing ordered mesoporous alumina 
(OMA) catalysts for CO2 methanation. Ordered mesoporous materials are one of the most 
promising catalysts nowadays due to their unique properties such as high surface area, 
large pore volume, ordered and amorphous structure. The strong interaction between the 
metal oxide and the support lead to high metal dispersion, which results in better catalytic 
activity and stability at high reaction temperatures. Evaporation Induced Self Assembly 
(EISA) technique was used to synthesize a series of ordered mesoporous nickel alumina 
catalysts. Catalyst morphology and activity was significantly influenced by changing 
synthesis parameters such as acid type, nickel loading, calcination temperature as well as 
synthesis method.  
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The absence of acidic media in the synthesis produced a catalyst with macroporous 
structures and low surface area (47 m2 g-1), whereas using a mixture of hydrochloric acid 
and citric acid led to an incomplete formation of mesoporous micelles with a surface area 
of 173 m2 g-1. A complete formation of long cylindrical micelles with a combined surface 
areas up to 260 m2 g-1 and highly dispersed nickel clusters with a size of 3-5 nm was 
achieved via the usage of nitric acid.  

This work investigated the influence of the catalyst synthesis on the catalyst properties 
and reactivity of hydrogenation reaction. Catalysts were characterized using BET, TPR, 
XRD, TEM, and ICP, furthermore, catalytic activity towards CO2 hydrogenation was tested 
through fixed bed reactor at different conditions in order to meet equilibrium 
hydrogenation of CO2. An optimum calcination temperature of 700 °C was determined 
yielding the highest CO2 conversion and CH4 selectivity. This catalyst showed a stable 
performance and did not display any sign of deactivation during 150 h time-of-stream.   
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Paper No. 17 

Size-Controlled Synthesis of Gold Nanoparticles on Fibrous Silica 
Nanospheres (KCC-1) and their activity in the oxidation of CO  
 
Ziyauddin S. Qureshi 
Center of Research Excellence in Petroleum Refining and Petrochemicals, KFUPM, Dhahra, 
Email: zqureshi@kfupm.edu.sa  

Size and shape controlled synthesis of highly dispersed nanoparticles remains a major 

challenge in the research on nanoparticles even after the development of several methods 

for their preparation. By tuning the size and shape of a nanoparticle, the intrinsic 

properties of the nanoparticle can be controlled leading tremendous potential applications 

in different fields of science and technology. We describe a facile route for the synthesis of 

gold nanoparticles (Au NPs) of different average size (ranging from 1-2 nm for Au/KCC-1-

NH2-a1 to 11-13 nm for Au/KCC-1-NH2-b1) on to the fibrous silica nanospheres (KCC-1) 

either by immobilizing pre-made Au NPs on Au/KCC-1-NH2 or by grafting HAuCl4 on 

Au/KCC-1-NH2 followed by reduction. The size and the location of the Au NPs on the 

support were found to depend on the preparation method. The KCC-1-supported Au NPs 

were thoroughly characterized by using HR-TEM, high-angle annular dark field scanning 

transmission electron microscopy (HAADF-STEM), XRD, X-ray photoelectron spectroscopy, 

UV, and Brunauer-Emmett-Teller surface area measurements and were applied in catalysis 

for the oxidation of CO. The catalytic activity of the Au NPs over KCC-1 is proved to be size 

dependent. 
   

 

 

 

 

 

 

 

 

 

Figure 1. HR-TEM images and size histogram of 

Au/KCC-1-NH2-a1 (a–c), Au/KCC-1-NH2-a2 (d–f), and 

Au/KCC-1-NH2-b1 (g–i). 

Figure 2. Turn over frequency (TOF S
-1

) for CO 

oxidation over Au/KCC-1-NH2-a1, Au/KCC-1-

NH2-a2 and Au/KCC-1-NH2-b1 after H2 treatment 

at 300 
o
C for one hour.   

mailto:zqureshi@kfupm.edu.sa
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Paper No. 18 

Bifunctional Selective Hydrosilylation of Terminal Alkynes by 

Bis(carbene) Iridium(III) and Rhodium(III) Complexes.  

 

Luis A. Oro 
Departamento de Química Inorgánica, Instituto de Síntesis Química y Catálisis Homogénea, 
Universidad de Zaragoza-CSIC, 50010-Zaragoza, España / CoRE Petroleum Refining & 
Petrochemicals, KFUPM Visiting Chair Professor, Dhahran, 31261 E-Mail: oro@unizar.es  

Transition metal-catalyzed hydrosilylation of terminal alkynes is an efficient and atom 

economic route to vinylsilanes, and the selective formation of (Z)-vinylsilanes, or 

vinylsilanes is of relevant interest.  

In the search for selective catalytic hydrosilylation of terminal alkynes, we have prepared a 

family of chelating bis(carbene) cationic complexes of formulae [M(I)2{κ-C,C,O,O-

bis(NHC)}]BF4 (M= Ir, Rh; bis-NHC = methylenebis(N-2-methoxy- ethyl)imidazole-2-

ylidene) or [Rh(XY)2{κ-C,C,O,O-bis(NHC)}]BF4 (X = CF3CO2, Y = I or CF3CO2). Interestingly, 

[M(I)2{κ-C,C,O,O-bis(NHC)}]BF4 complexes showed to be very effective for the 

hydrosilylation of a range of terminal alkynes, employing different silanes. The reactions 

proceed with excellent yields and selectivities to their corresponding -(Z)-vinylsilanes, 

but only when acetone was used as solvent. In general, the iridium catalyst is significantly 

more active than the rhodium one for the hydrosilylation of aromatic alkynes, whereas the 

trend observed for aliphatic alkynes is the opposite. 

We propose that the specificity of acetone for the success of the hydrosilylation reaction, 

catalyzed by [M(I)2{κ-C,C,O,O-bis(NHC)}]BF4 complexes, is based on Si-O interactions 

between the silane and the acetone solvent, favouring a metal-ligand bifunctional outer-

sphere mechanism. The proposed stepwise outer-sphere mechanism is based on the initial 

heterolytic splitting of the silane molecule by the metal centre in such way that the acetone 

molecule facilitate the transfer of the R3Si+ moiety from the silane to the terminal alkyne by 

means of an oxocarbenium ion, as previously proposed by Park and Brookhart on ketone 

hydrosilylation by an electrophilic η1-silane iridium(III) complex. In the next step the 

resulting oxocarbenium ion ([R3Si–O(CH3)2]+) reacts with the corresponding alkyne to give 

the silylation product ([R3Si–CH=C–R]+), followed by the selective nucleophilic attack of 

the hydrido ligand over [R3Si–CH=C–R]+. The excellent -(Z)-selectivity of the reaction 

could be explained as a consequence of the higher steric interaction resulting from the 

geometry of the approach that leads to -(E)-vinylsilanes. The mechanism proposal 

represents the first example of an outer-sphere mechanism for the hydrosilylation of 

terminal alkynes, in which the acetone acts as a silane shuttle transferring the silyl moiety 

from the silane to the alkyne. 

mailto:oro@unizar.es
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Paper No. 19  

Process Intensification, a promising approach in separating a ternary 
system using distillation to reduce energy consumption  
 
Dafer Al-Shahrani, Jagan Rallapalli  
SABIC R&D, Riyadh  

It is obvious that distillation is employed for more than 90% of process separations in the 

process industries. It has been estimated that about 3% of the world energy consumption 

is utilized for distillation separation only. Though distillation is a pivotal process in process 

industries, it is also an energy intensive. Hence, the need for new optimized distillation 

sequences, tight and thermal integration of distillation columns, and optimized operation 

of distillation in terms reflux rate, boil-up ratio is paramount in the present world scenario.  

Motivated by the large energy requirements for distillation, process intensification 

approach, which is a promising design philosophy that integrates distinct processes or 

minimizes no. of operations and equipment, is chosen to reduce the energy consumption in 

distillation processes. The process Intensification technologies can also reduce capital 

investments, and achieve environmental and safety benefits as well.  

In this study, benzene, toluene, and xylene ternary system is chosen, and a systematic and 

simultaneous optimization of the distillation separation system is performed to get 

minimum energy consumption with less capital cost. The optimization is carried out in 

terms of distillation sequence, process intensification, pressure, temperature & 

composition of the column, no.of stages, and feed tray location. The extent of the energy 

reduction depends on the composition of the feed as well. The study developed an 

optimized distillation separation method using Process Intensification (PI) approach, 

which consumes 15% less energy than that of presently employed conventional distillation 

method for the benzene, toluene, and xylene ternary mixture of equimolar molar 

composition. This new method also requires less capital cost for a green field project. The 

study also advises general heuristics to employ a particular PI distillation sequence for 

separating a ternary mixture system. The methodology employed in the study, can also be 

utilized to optimize four-component mixture systems. 
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Paper No. 20 
 
Thermo-Neutral Reforming of Diesel for Auxiliary Power Unit (APU) 
Application 
 
Aadesh Harale1, Mohammed Albuali1, Ahmed Naimi1, Mohamed Draze1, Sai P. 
Katikaneni1, Shakeel Ahmed2 
1Research & Development Center, Saudi Arabian Oil Company (Saudi Aramco), Dhahran  
2Center for Refining and Petrochemicals, Research Institute, King Fahd University of 
Petroleum & Minerals, Dhahran 

 

There is a significant interest in fuel cell technology applications due to environmental 

legislations for CO2 and other greenhouse gases emissions that demand the use of high 

efficiency energy production systems such as solid oxide fuel cell (SOFC) technology. Fuel 

cells are characterised by high operation efficiency, which results in decreased fuel 

consumption, and low environmental impact. A fuel cell is a device that converts the 

chemical energy of a fuel directly into electricity through electrochemical reactions, with 

significant waste heat making the overall system very efficient. SOFC technology has great 

potential of its application as auxiliary power unit (APU) for heavy duty vehicles during 

idling applications. Diesel based SOFC APU units are expected to be about 15-20% more 

efficient compared to commercially available diesel based APUs resulting in significantly 

lower CO2 footprint and lower emissions of criteria pollutants with almost no noise. 

Thermo-neutral reforming (TNR) of diesel to produce hydrogen-rich syngas can be a viable 

source of fuel for solid oxide fuel cell based auxiliary power unit (APU). The fuel reforming 

process, which is integrated with a SOFC for APU application, plays an important role in 

APU system. The reformate gas consisting mainly of hydrogen, carbon monoxide, water 

and carbon dioxide is generated with diesel fuel reforming. The reformate produced will be 

sent to SOFC stack for electrochemical oxidation operating at temperatures around 800°C. 

However, diesel reforming has major challenges due to its high carbon content, aromatics, 

and sulphur, which play a major role in catalyst deactivation. The presentation will focus 

on ongoing diesel reforming catalyst development research work at Saudi Aramco 

Research and Development Center in collaboration with KKFUPM. 
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