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Abstract 

This work aims at building an accurate and robust heavy vacuum gas oil (HVGO) hydrocracking kinetic 

model based on the continuum theory of lumping. Data used in modeling are generated in a dual 

hydrotreating-hydrocracking pilot plant whose configuration mimics the commercial reactor train. 

Distillation curves of the paraffinic, naphthenic and aromatic compounds as well as that of total sulfur 

are incorporated in order to improve the accuracy and range of validity of the model. Sets of data are 

used both for parameter estimation and prediction of the other sets. The model results with regard to 

conversion, product yields and properties are found to be in good agreement with the experimental 

results. The kinetic model, together with a to-scale reactor model, can be utilized for conducting process 

studies in the commercial unit.  
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It has well been perceived that rigorous reactor models 

undertake a major role in dealing with the complexities 

involved in chemical processes. They are useful in 

predicting the feedstock conversion, yields and qualities of 

products, utilities consumption, process anomalies, and can 

thereby be employed for design, optimization and control 

of reactor circuits (Basak et al., 2004; Chen et al., 2015). 

Moreover, with a verified kinetic model, it is possible to 

screen catalysts from different vendors, test the outcome of 

tailored reactor bed configurations, and hence avoid 

expensive pilot plant testing during every turnaround 

period. 

 

In oil refining, hydroprocessing has emerged as the 

dominant group of technologies used to meet stringent 

environmental regulations and profitability challenges. 

Removal of aromatic and sulfur compounds as well as 

maximization of high-profitable middle distillates has 

placed hydrodesulfurization and hydrocracking units at the 

heart of any high-conversion refinery. During refinery 

hydroprocessing that takes place catalytically at elevated 

pressures in the presence of high-purity hydrogen, the 

following phenomena occur (Basak et al., 2004): 

 Removal of heteroatoms such as sulfur and 

nitrogen compounds and saturation of olefins and 

aromatics via hydrogenation 

 Cracking of heavy molecules to smaller ones 

essentially for fuels and lubes production  

 

Many different classes of compounds exist in the 

hydroprocessing feed streams (e.g. sulfur and nitrogen 

containing molecules, paraffins, naphthenes, mono- and 



  
 

poly-aromatics, etc.) which undergo different reactions. 

Moreover, because of the severe exothermic nature of 

these reactions, the magnitude and location of temperature 

excursions and hotspots as affected by changing feed 

composition should precisely be calculated. Therefore, 

accurate and robust modeling of hydroprocessing reactors 

needs to incorporate the chemistry of the underlying 

process via a proper kinetic lumping scheme.  

 

This work involves the development of a detailed 

hydrocracking kinetic lumping model using an extensive 

set of data obtained from a hydrotreating-hydrocracking 

pilot plant which has been configured to mimic the 

commercial plant. The continuous modeling framework is 

first established using pilot plant data published by Bennett 

and Bourne (1972), which is then implemented for 

generating the kinetics that pertains to the multicatalyst 

configuration in the commercial unit. The testing program 

adopted spans a wide LHSV and temperature range which 

extends the predictive capability and the validity interval 

of the model. Moreover, by returning to the base condition 

after each severity increase, the catalysts are tested for the 

degree of deactivation.   

Experimental 

The hydrotreating-hydrocracking tests have been 

conducted on the pilot plant detailed in the work by 

Chandak et al. (2015) in the 385-440°C and 0.6 – 1.0 

temperature and LHSV ranges, respectively. The 

configuration involves 4 parallel, downflow fixed-bed 

reactors in which three hydrotreating and two 

hydrocracking catalysts have been loaded in accordance 

with the commercial loading sequence and quantities. The 

first reactor consists solely of the hydrotreating catalysts. 

The second and third reactors have been loaded with 

hydrocracking catalyst A, while the fourth reactor with 

hydrocracking catalyst B. The ratio between the amounts 

of A and B is exactly the same as that in the commercial 

unit. All the reactors are operated isothermally. The feed is 

analyzed for the bulk properties such as density, kinematic 

viscosity, total sulfur and nitrogen. Sulfur curve as well as 

the paraffins, naphthenes and aromatics (PNA) curves are 

constructed along the true boiling point (TBP) of the feed. 

Intermediate sampling between each reactor for 

conversion, density and sulfur has allowed the progress of 

hydrocracking, and also accumulation of significant data to 

be used in the model. 

Model Description and Results 

The continuous lumping approach (Laxminarasimhan 

et al., 1996) forms the basis of the model in which the 

reactive mixture is classified into continuous boiling 

mixtures of paraffinic (P), naphthenic (N) and aromatic (A) 

compounds. The kinetic scheme adopted is similar to those 

used by Basak et al. (2004) and Becker et al. (2016). A 

total of 12 parameters are estimated using data from 16 

sets of experiments. 

The model is tested with pilot plant data reported in 

the literature (Bennett and Bourne, 1972). The model 

parameters are tuned to fit the data obtained at the 

residence time of 2.5 h using the parameter estimation 

feature of gPROMS ModelBuilder®. The model then is 

used to predict the product distribution at other residence 

times. When the model predictions are seen to be accurate 

enough (Table 1), it is chosen as the fundamental for the 

more detailed one that incorporates structural (PNA) 

information of the feed. The improved model results with 

regard to conversion, product yields and properties are 

found to be in good agreement with the in-house 

experimental results.  

 

Table 1. Comparison of model predictions with 

experiments (Bennett and Bourne, 1972) 

 

Conclusions 

A continuous lumping model has been developed for 

hydrocracking on commercial catalysts. Model parameters 

have been estimated using data from in-house experiments. 

The model performed reliably, and can be utilized for 

conducting process studies in the commercial unit. 
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