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A detailed distributed lumped kinetic model for slurry phase Vacuum Residue hydroconversion process (boiling range 525+°C) has been constructed. Simulated distillation and Gel Permeation Chromatography analysis results were combined to estimate feedstock and product compositions over the whole boiling range. The model uses 21 distributed lumps to represent the hydrocarbons, takes hydrogen consumption into account and calculates reaction rates using molar concentrations. Vapour liquid mass transfer resistances and vapour-liquid equilibrium are also accounted for. The resulting model represents the evolution of the reaction mixture physical properties well and provides a good fit with the experimental data. From estimated parameters, it is deduced that thermally activated and catalytic reactions in cascade occur simultaneously and also that material boiling above 750°C is converted in a different manner to lighter material.

Introduction

Oil demand is predicted to rise until 2040, particularly for use as petrochemical feedstocks and transportation fuels for trucks, aviation and shipping [1]. At the same time, an increasing proportion of the World's oil resources are in the form of unconventional and heavy crudes [START_REF] Shah | A review of novel techniques for heavy oil and bitumen extraction and upgrading[END_REF]. These contain a large fraction of residue which must be upgraded to lighter cuts to fit the demand profile. Vacuum Residue (VR), is the heaviest outlet stream from crude oil distillation. With a boiling range of 525+°C and high molecular weight, this material has high viscosity and low hydrogen to carbon ratio [START_REF] Sahu | A review of recent advances in catalytic hydrocracking of heavy residues[END_REF].

The earliest VR upgrading processes were via coking or visbreaking where carbon is rejected [START_REF] Castañeda | Combined process schemes for upgrading of heavy petroleum[END_REF]. Hydrogen addition processes are more recent and are an extension of hydrocracking technologies which use heterogeneous bifunctional catalysts to simultaneously promote hydrogenation and cracking of feedstocks, such as gas oils [START_REF] Weitkamp | Catalytic Hydrocracking-Mechanisms and Versatility of the Process[END_REF]. The low diffusivity and hydrogen content of VR cause mass transfer and coking problems with traditional hydrocracking catalysts [START_REF] Speight | New approaches to hydroprocessing[END_REF][START_REF] Cordero-Lanzac | Characterization and controlled combustion of carbonaceous deactivating species deposited on an activated carbon-based catalyst[END_REF]. Slurry phase hydroconversion processes are becoming more important because they overcome this by relying on thermal cracking and using finely dispersed non-supported hydrogenation catalyst precursors, sometimes formed in-situ [START_REF] Zhang | A Review of Slurry-Phase Hydrocracking Heavy Oil Technology[END_REF] and operating in bubble columns. Calderon and Ancheyta [START_REF] Calderón | Modeling of Slurry-Phase Reactors for Hydrocracking of Heavy Oils[END_REF] reviewed the current literature on slurry phase reactor modelling for heavy oil hydrocracking. The equipment is typically a slurry bubble column reactor operated between 410-460°C and 100-200 bar, where the catalyst is in suspension and hydrogen is bubbled through the mixture in co-or countercurrent flow.

Quitian and Ancheyta [START_REF] Quitian | Experimental Methods for Developing Kinetic Models for Hydrocracking Reactions with Slurry-Phase Catalyst Using Batch Reactors[END_REF] recently considered kinetic models developed with residue feedstocks and slurry phase catalysts in batch reactors. For hydroconversion, it is usual to construct a traditional lumped model with a small number of lumps based on the feedstock and liquid products. In 1997, Carbonell and Guirardello [START_REF] Carbonell | Modelling of a slurry bubble column reactor applied to the hydroconversion of heavy oils[END_REF] constructed a slurry bubble column reactor model applied to hydroconversion of heavy oils. They used the seven lump kinetic model developed by Mosby et al. [START_REF] Mosby | Process characterization of expanded-bed reactors in series[END_REF] and recent lumping strategies for hydroconversion are similar [START_REF] Nguyen | Hydroconversion of an atmospheric residue with a dispersed catalyst in a batch reactor: Kinetic modeling including vapor-liquid equilibrium[END_REF][START_REF] Asaee | A new approach to estimate parameters of a lumped kinetic model for hydroconversion of heavy residue[END_REF][START_REF] Calderón | Modeling of CSTR and SPR small-scale isothermal reactors for heavy oil hydrocracking and hydrotreating[END_REF]. In this method, rate constants are estimated for each reaction and the number of lumps is limited by how many significant parameters can be estimated [START_REF] Alhumaidan | Hydrocracking of atmospheric residue feedstock in hydrotreating processes[END_REF][START_REF] Till | Identification and Observability of Lumped Kinetic Models for Vacuum Gas Oil Hydrocracking[END_REF]. A wide range of calculated activation energies can be found in the literature. In general, the values are quite high, consistent with thermal reaction, particularly for the heaviest material [START_REF] Quitian | Experimental Methods for Developing Kinetic Models for Hydrocracking Reactions with Slurry-Phase Catalyst Using Batch Reactors[END_REF][START_REF] Carbonell | Modelling of a slurry bubble column reactor applied to the hydroconversion of heavy oils[END_REF][START_REF] Nguyen | Hydroconversion of an atmospheric residue with a dispersed catalyst in a batch reactor: Kinetic modeling including vapor-liquid equilibrium[END_REF][START_REF] Asaee | A new approach to estimate parameters of a lumped kinetic model for hydroconversion of heavy residue[END_REF]. One drawback of traditional lumped models is that they fail to fully exploit the data which is generally in the form of distillation curves. Another downside of traditional lumped models is that the heaviest lump has no upper boiling point and covers an enormous range of components with different physical properties. The main difficulty this presents is in physical property estimation. For example, to gain sufficient detail to model viscosity conversion for thermal cracking of heavy oils, Rueda-Velasquez and Gray [START_REF] Rueda-Velásquez | A viscosity-conversion model for thermal cracking of heavy oils[END_REF] extrapolated simulated distillation data and divided the result into multiple lumps.

Distributed and continuous lumped models, such as those of Stangeland [START_REF] Stangeland | A Kinetic Model for the Prediction of Hydrocracker Yields[END_REF] and Laxaminarasimhan et al. [START_REF] Laxminarasimhan | Continuous lumping model for simulation of hydrocracking[END_REF] respectively were developed to overcome this problem for hydrocracking kinetics. Stangeland's model based on three parameters to describe cracking reactions forms the basis of other kinetic works [START_REF] Mohanty | Modeling of a hydrocracking reactor[END_REF][START_REF] Pacheco | Hydrocracking: an improved kinetic model and reactor modeling[END_REF][START_REF] Li | Kinetic mechanism research of an industrial hydrocracker based on strict calculation of stoichiometric coefficients[END_REF][START_REF] Li | Estimation parameters of hydrocracking model with NSGA-ii (Nondominated Sorting Genetic Algorithm) by using discrete kinetic lumping model[END_REF][START_REF] Harode | Axial dispersion modeling of industrial hydrocracking unit and its multiobjective optimization[END_REF][START_REF] Martinez-Grimaldo | Prediction of Sulfur Content, API Gravity, and Viscosity Using a Continuous Mixture Kinetic Model for Maya Crude Oil Hydrocracking in a Slurry-Phase Reactor[END_REF]. Although the catalyst and feed effects on model parameters were discussed, Stangeland [START_REF] Stangeland | A Kinetic Model for the Prediction of Hydrocracker Yields[END_REF] did not mention the details of parameter estimation and reactor modelling. Mohanty et al. [START_REF] Mohanty | Modeling of a hydrocracking reactor[END_REF] provided a detailed description of thermodynamic properties for the modelling of a hydrocracking reactor using Stangeland's model. Pacheco et al. [START_REF] Pacheco | Hydrocracking: an improved kinetic model and reactor modeling[END_REF] improved the model by introducing two new parameters and hydrogen consumption into the mass balance closure. Similarly, Li et al. [START_REF] Li | Kinetic mechanism research of an industrial hydrocracker based on strict calculation of stoichiometric coefficients[END_REF] developed a method to estimate the reaction stoichiometry based on the carbon balance calculation. Later, Li and Cai [START_REF] Li | Estimation parameters of hydrocracking model with NSGA-ii (Nondominated Sorting Genetic Algorithm) by using discrete kinetic lumping model[END_REF] improved the parameter estimation using a Non-dominated Sorting Genetic Algorithm (NSGA-ii). Recently, this algorithm was also used with Stangeland's model by Harode and Ramteke [START_REF] Harode | Axial dispersion modeling of industrial hydrocracking unit and its multiobjective optimization[END_REF] to optimize the production of middle distillates in a two-stage industrial hydrocracker. The works mentioned above were carried out using data from industrial units for VGO hydrocracking. As slurry hydroconversion is still a technology in development, no distributed kinetic models have been reported in the literature. Most of the kinetic models for the slurry hydroconversion of vacuum residues are based on traditional [START_REF] Quitian | Experimental Methods for Developing Kinetic Models for Hydrocracking Reactions with Slurry-Phase Catalyst Using Batch Reactors[END_REF][START_REF] Nguyen | Hydroconversion of an atmospheric residue with a dispersed catalyst in a batch reactor: Kinetic modeling including vapor-liquid equilibrium[END_REF] and continuous [START_REF] Martinez-Grimaldo | Prediction of Sulfur Content, API Gravity, and Viscosity Using a Continuous Mixture Kinetic Model for Maya Crude Oil Hydrocracking in a Slurry-Phase Reactor[END_REF] lumping approaches.

Hydroconversion rate equations can be calculated based on mass [START_REF] Carbonell | Modelling of a slurry bubble column reactor applied to the hydroconversion of heavy oils[END_REF][START_REF] Asaee | A new approach to estimate parameters of a lumped kinetic model for hydroconversion of heavy residue[END_REF] or molar [START_REF] Nguyen | Hydroconversion of an atmospheric residue with a dispersed catalyst in a batch reactor: Kinetic modeling including vapor-liquid equilibrium[END_REF][START_REF] Jansen | Simulation of Petroleum Residue Hydroconversion in a Continuous Pilot Unit Using Batch Reactor Experiments and a Cold Mock-Up[END_REF] concentrations. For hydrocracking, more kinetic models have been tested and mass concentrations are most commonly used with traditional lumped models [START_REF] Ancheyta | Kinetic modeling of hydrocracking of heavy oil fractions: A review[END_REF]. The benefit of molar concentrations is to provide a more intrinsic kinetic model, independent of reactor type, and, indeed, these are used where possible. An example is in single event kinetics models which build up from the reactions taking place between individual molecules [START_REF] Martens | Kinetics for hydrocracking based on structural classes: Model development and application[END_REF][START_REF] Kumar | Mechanistic Kinetic Modeling of the Hydrocracking of Complex Feedstocks, such as Vacuum Gas Oils[END_REF]. An alternative method to generating lumps from distillation curves is molecular reconstruction. In recent years, molecular-level kinetic models have been developed in order to introduce a better description of chemical species and reactions for the cracking of vacuum residues [START_REF] Horton | Molecule-based modeling of heavy oil[END_REF][32][START_REF] Horton | Molecular-Level Kinetic Modeling of Resid Pyrolysis[END_REF][START_REF] Rueda-Velázquez | Monte Carlo Simulation of Asphaltenes and Products from Thermal Cracking[END_REF][START_REF] Oliveira | Simulating vacuum residue hydroconversion by means of Monte-Carlo techniques[END_REF]. Klein research group (KRG) proposed a method based on attribute groups (cores, intercore linkages, and side chains) using the bond-electron matrix to define chemical species and probability density functions (PDFs) to determinate chemical composition [START_REF] Horton | Molecule-based modeling of heavy oil[END_REF][32]. Horton et al. [START_REF] Horton | Molecular-Level Kinetic Modeling of Resid Pyrolysis[END_REF] have developed a kinetic model which calculates reaction rates directly from attributes, and not molecular concentrations, significantly reducing the number of mass balance equations to be solved. Rueda-Velasquez and Gray [START_REF] Rueda-Velázquez | Monte Carlo Simulation of Asphaltenes and Products from Thermal Cracking[END_REF] and Oliveira et al. [START_REF] Oliveira | Simulating vacuum residue hydroconversion by means of Monte-Carlo techniques[END_REF] developed similar methods using PDFs and Monte Carlo procedures to describe chemical species, following KRG's works in the 1990's [START_REF] Savage | Asphaltene reaction pathways -V. Chemical and mathematical modeling[END_REF][START_REF] Neurock | Monte Carlo simulation of complex reaction systems: Molecular structure and reactivity in modelling heavy oils[END_REF][START_REF] Neurock | Molecular representation of complex hydrocarbon feedstocks through efficient characterization and stochastic algorithms[END_REF]. This kind of model has also been implemented in other refining processes. Recently, Nguyen et al. [START_REF] Nguyen | Development of a Structure-Based Lumping Kinetic Model for Light Gas Oil Hydrodesulfurization[END_REF] used the Kinetic Modeler's Toolbox (KMT) [START_REF] Wei | Computer aided kinetic modeling with KMT and KME[END_REF] along the same principles to develop kinetic model for light gas oil hydrodesulphurization.

Although molecular-level kinetic models are more sophisticated and robust than distributed lumped models, their development requires great efforts in terms of analytical techniques, which is, in some cases, a limiting aspect. High

Temperature Simulated Distillation (HTSD) and Gel Permeation Chromatography (GPC) are two of the easiest analytical techniques to implement for the characterization of petroleum residues. The HTDS is quantitative but 750°C+ residue information is not available and GPC

is not quantitative but all information is available. These techniques can be combined to develop a detailed distributed lumped kinetic by solving two classic difficulties: i) the acquisition of 750°C+ residue information where HTSD data is not available and ii) the estimation of the residue molar mass which evolves as high molecular weight products are consumed with processing.

The objective of this work is to construct a kinetic model for slurry phase hydroconversion which can account for the evolution of the residue molar mass and volume as the reaction progresses. A more detailed description of the physical properties is a step towards better understanding the reactivity and effect of aging on the material to be upgraded. In this article, we present an 18 parameter kinetic model with distributed lumps covering the entire VR boiling range and including four cracking reactions. This is followed by a discussion of the results and comparison with experimental data.

Material and methods

Experimental set-up

Hydroconversion reactions were performed in a laboratory scale (500 mL) semi-batch stirred tank reactor with reflux, condenser and online outlet stream gas phase analysis. Figure 1 gives the equipment set up. The feedstock was a Safaniya VR with 5.6 wt % sulphur content and density of 1058 kg.m -3 at 15°C and atmospheric pressure. This was mixed with a catalyst precursor and H2 at 150 bar upstream of the reactor. Four operating temperatures, which are reported relative to a reference temperature, Tref, span a range of 30°C. For each temperature, hydroconversion reactions were carried out with 7 different reaction times (defined as t0=0 h to t6=6 h), including one which was stopped immediately after the heating period to give the initial composition for the kinetic model. In total, 28 experiments were performed in the campaign which forms the basis for kinetic modelling. Results were also available for a second, separate set of 30 hydroconversion experiments carried out with the same feedstock, under the same operating conditions and using an almost identical reactor set-up. The only difference being that the second reactor was smaller (250 mL) and did not include the liquid reflux stream. For each experiment, gas, H2 and H2S molar flow rates were measured by a Brooks instrument Quantim Series Coriolis Flow Meter and analyzed by a SRA Instrument R3000 series micro-GC using two modules PoraPLOTU (8 m x 0.32 mm ID) and OV1 (8 m x 0.15 mm ID). At the end of the reaction time, after cooling, the reactor and condenser liquids were combined for analysis. High Temperature Simulated Distillation (HTSD) analysis was carried out using an Agilent series 6890 chromatography column based on ASTM guideline D7169 [START_REF]ASTM D7169-16[END_REF]. Gel Permeation Chromatography (GPC) was performed using an Agilent 1200 series system. Mass balance data was accurate to ± 3% with a very small, non-quantifiable amount of sediment observed on discharging the reactor. 

Experimental results and HTSD extrapolation

HTSD and online outlet gas analysis results for 28 experiments, covering a range of durations up to 6 h and at four different operating temperatures were used as the basis for kinetic model construction. HTSD and GPC analysis are available for the feedstock and for a second separate set of hydroconversion experiments. Figure 2 shows typical HTSD results for the feedstock and liquid products at high and low conversion along with the molar mass distributions (MMD) found by GPC. HTSD involves applying a linear temperature gradient to the sample to generate vapour which is analysed by GC on a nonpolar column. Results are calibrated using boiling points of normal alkanes and are quantitative. ASTM guidelines for simulated distillation methods allow analysis of heavy oils up to an atmospheric equivalent boiling point of 750°C [START_REF] Vickers | Higher-Temperature Simulated Distillation with DB-HT Sim Dis Columns: Application, Hydrocarbon Processing[END_REF]. GPC gives a MMD based on separation of components according to their hydrodynamic volume. The sample is passed through a column filled with macroporous polymer gel. More pores are accessible to smaller molecules so these are more strongly retarded. This method is often used with polymers and the MMD is found by calibration with polystyrene. The result is not quantitative but does allow the composition of the entire sample to be analysed. Extrapolation by the method described in Riazi [START_REF] Riazi | Characterization and properties of petroleum fractions[END_REF], which uses Eq. ( 1), can be used to complete the HTSD data for the whole boiling range.

- = 1 1 - (1) 
Since GPC data was available for the entire boiling range we established the relation given in Eq. ( 2) to calculate the missing part of the HTSD curves. For this, we assumed the intensity measurement on the y-axis of the GPC curves was an extensive property and therefore, proportional to mass. The GPC data was integrated, normalised and interpolated to put it into the same form as the HTSD curves with M the molar mass at each Tb data point. The parameters a, b and d were estimated from Tb and M for the boiling range to 750°C and then used to extrapolate the HTSD curves.
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(2) Figure 3 shows that the two extrapolation methods give identical results. This is therefore a strong validation of the use of GPC analysis to extrapolate the missing part of the HTSD curve. Global and component mass balances were constructed over the reactor liquid and vapour phases and for the condenser based on the following assumptions:

• Isothermal operation

• All reactions occurring in the liquid phase,

• Mass transfer limitation taken into account only between liquid and vapour phases ,

• Ideal liquid mixing,

• Perfect mixing in the condenser and reactor liquid and vapour phases,

• The vapour phase is considered an ideal gas,

• No liquid hold up in the condenser Equilibrium constants were estimated using ProSimPlus software version 3.3 and used to perform flash calculations for reaction conditions. A simple partition coefficient based on these equilibrium constants was used to calculate the liquid reflux for the hydrocarbons returning from the condenser to the reactor. A plug flow regime was used to calculate the measurement delay caused by the tubing between the condenser outlet and the online gas analysis. The reactor model is based on the diagram given in Figure 4 with Pop and Top the reactor operating pressure and temperature and Pc and Tc the conditions in the condenser: 

Reactor model

The material balances are calculated using molar quantities. Eq. ( 3) gives the component balances for the reactor liquid phase. Lumps can be either consumed or produced by reaction and the reaction rates, _ , are calculated using the kinetic model (see Eq.s 26 -28).

Mass transfer between the liquid and vapour phases occurs and the rates, _ , are found from Eq. ( 4), with Ci* the equilibrium concentrations. Finally, liquid enters via the reflux stream and the rates for this, _ !"#$ , are determined using Eq.s (5) to [START_REF] Carbonell | Modelling of a slurry bubble column reactor applied to the hydroconversion of heavy oils[END_REF].

% & %' = _ + _ + _ !"#$ (3) _ = ( " )* -* * ,-& (4) 
Eq.s ( 5), ( 6) and ( 7) are the overall balances for the reactor and the balance for the reactor vapour phase components. In Eq. ( 7) the term _./_0# "1 is zero for all components except 8) is the constraint of fixed reactor volume and Eq.s ( 9) and [START_REF] Quitian | Experimental Methods for Developing Kinetic Models for Hydrocracking Reactions with Slurry-Phase Catalyst Using Batch Reactors[END_REF] give the total volumes of the liquid and vapour phases based on composition and molar volume. These are all combined to give Eq. ( 11) with _ !"#$ the condensed fraction of each component.

Finally, Eq. ( 11) can be substituted into Eq. ( 3) to give the mole balance, Eq. ( 12), with A and B given by Eq.s ( 13) and ( 14) respectively.
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Kinetic model

The kinetic model was applied from t0, the moment the reactor achieved the operating temperature. Some thermal cracking reactions occur beforehand, during reactor heating once the reactor is above 300°C. The vapour phase initial conditions are adjusted to take the small amounts of H2 consumed and H2S and gas produced into account.

True boiling points were used to define traditional hydrocarbon lumps as GAS (Tb < 36°C), NAPH (36°C < Tb < 160°C), DIST (160°C < Tb < 350°C), VGO (350°C < Tb < 525°C) and RES (525°C +). The VGO and RES lumps were then subdivided into 18 boiling ranges of 35°C as follows: VGOi with i = 1 to 5, LRESi with i = 6 to 11 and HRESi with i = 12 to 18.

This fixes an upper boiling limit for the RES at 980°C. physical properties of each pseudocomponent under reaction conditions. This was then used to estimate values for each lump used in the kinetic model. The variation over the operating temperature range of the reactor is slight and is therefore neglected. Figure 6 gives the results for all the lumps.

Figure 6. Calculated molar masses and molar volumes of hydrocarbon lumps

The reaction scheme is constituted by four families of hydrocracking reactions and one set of hydrodesulphurisation (HDS) reactions. For clarity, the reaction scheme is separated into diagrams for thermally activated and catalytic reactions respectively shown in Figure 7 and All reactions consume H2 and the hydroconversion reactions all produce lighter gas oil products. Reactions 1, 2 and 3 are defined as thermally activated. They are shown in Figure 7 and listed in Eq.s [START_REF] Calderón | Modeling of CSTR and SPR small-scale isothermal reactors for heavy oil hydrocracking and hydrotreating[END_REF] to [START_REF] Mohanty | Modeling of a hydrocracking reactor[END_REF].

Reaction 1:

[\]^ → ` a b c -de c + ` fgh d ^ with i from 6 to 11 and j from 1 to 5 and

b c = 1 i 3jk + @ )i 3jk + 1, 2 -mA n (15) (16) 
-de → ` a b c -de c + ` fgh d ^ with i from 2 to 5 and j from 1 to 4 Reaction 2:

[\]^ → `/a qr^ + `/sgtu i vw

-de → `/a qr^ + `/sgtu i vw [START_REF] Laxminarasimhan | Continuous lumping model for simulation of hydrocracking[END_REF] Reaction 3:

w\]^ → `xa qr^ + ^]qr ]i (21) 
They give the same products as traditional lumping models, i.e. VGO, DIST, NAPH and GAS. So, products are mainly much lighter than parent molecules. For reaction sets 1 and 2, the stoichiometric coefficients for the hydrocarbon products, ` a , are estimated for the heaviest lump with the values for the other reacting lumps calculated proportional to their molar mass. The stoichiometric coefficients for the GAS and NAPH are calculated to complete the mass balance. The repartition coefficient for the reaction 1 VGO product, b c , gives a linear distribution, such that the greater the value of the independent parameter, α, the more VGO1 is produced, see Eq. [START_REF] Alhumaidan | Hydrocracking of atmospheric residue feedstock in hydrotreating processes[END_REF] where NVGO is the number of VGO lumps.

In reaction set 3, all HRES lumps are assumed to be converted into DIST and sediment.

However, the sediment quantity is tiny and non-quantifiable and therefore neglected in the calculations. So, in the model, all the converted material becomes DIST and no stoichiometric coefficient is estimated. Reactions 4 and HDS are defined as catalytic and shown in Figure 8 and listed in Eq.s ( 22) to [START_REF] Harode | Axial dispersion modeling of industrial hydrocracking unit and its multiobjective optimization[END_REF]. Reaction 4 is a cascade through the LRES, VGO and DIST with the lighter lumps from LRES7 having a single product. Material generated from the heavier lumps, LRES8 to LRES11, is divided evenly between its products. So, no stoichiometric coefficient or repartition parameter is required. As the available sulphur content data is global, we assume that the HDS reaction consumes sulphur from the RES lump and produces H2S.

Reaction 4:

[\]^ + `.T w / → `Xa [\]^c with i from 7 to 11 and j from 6 to 8 [START_REF] Pacheco | Hydrocracking: an improved kinetic model and reactor modeling[END_REF] [\]^ + `.T w / → `Xa -de } HDS reaction:

\]^_^ + w / → \]^ + w / ^ (25) 
Component disappearance rates are given by Eq.s ( 26) to [START_REF] Ancheyta | Kinetic modeling of hydrocracking of heavy oil fractions: A review[END_REF]. The Arrhenius equation is written using natural logs because we estimate the Y( , Z values to reduce correlation between the parameters (see section 3.3).

• , = € , ( * F with r = 1, 2, and 3

• , = € , ( * F * . T with r= 4 and HDS ( 27)
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Reactions 4 and HDS are first order with respect to H2 concentration. Reaction set 4 is also first order with respect to hydrocarbons whilst the HDS reaction order is 4 for the sulphur concentration. The H2 consumption rate is assumed linearly dependent on only reaction temperature and global reaction rate. It requires two parameters as shown in Eq. ( 29), where

η1 applies to •'ƒ. `.T = " + " / . Y -! Z (29) 
For the lumps undergoing reactions 1 and 2, a linear function is used to represent the reaction orders as shown in Eq. [START_REF] Kumar | Mechanistic Kinetic Modeling of the Hydrocracking of Complex Feedstocks, such as Vacuum Gas Oils[END_REF], where i corresponds to the lumps VGO1 to LRES11

n = n ‡ + n / (30) 
( , , = ( , exp )ƒ. ‡,

Finally, as shown in Eq. ( 31) a parameter is incorporated into the pre-exponential reaction constant to provide a reactivity distribution for lumps, i, VGO1 to LRES11 undergoing reactions 1 and 2. This reactivity parameter, f, compensates the effect of the reaction order distribution on lump reaction rates and allows them to increase with boiling point as observed in the literature [START_REF] Weitkamp | The Influence of Chain Length in Hydrocracking and Hydroisomerization of n -Alkanes[END_REF].

Parameter estimation

There are 18 parameters estimated for a total of 1440 data points using the MATLAB nonlinear least squares solver function, lsqnonlin, with the trust-region-reflective algorithm. This minimises an objective function based on an input vector of differences between the measured and calculated data. The parameters are listed in Table 1. There are no stoichiometric coefficients estimated for reaction sets 3, 4 or HDS and the VGO product repartition parameter applies only to reaction set 1. The data points are from the online GC mass flow rate analysis for the outlet gas stream and the HTSD analysis, lumped according to the method described in section 3. Parameter significance levels and confidence limits are determined from the standard calculation method assuming that errors in the data are normally distributed and bearing in mind the nonlinearity of this model. The lsqnonlin Jacobian output matrix, J, is used to find the standard error, -'Y Z, from Eq.s (32) to [START_REF] Horton | Molecular-Level Kinetic Modeling of Resid Pyrolysis[END_REF] with SSE, n and p the sum of the errors squared and the numbers of data points and parameters respectively. The standard error is then input to Eq. ( 34) to find an observed value of t and hence the statistical significance of each parameter. Eq. ( 35) is used to calculate the confidence limits.

w = -˜- (32) 
-'Y Z = ™ ^^] )w ˜, ) -š, (33) 
t 0 = -'Y Z (34) oe -'Y Zt) -š; n ž /2, (35) 

Results and Discussion

Table 2 gives the estimated parameters and corresponding 95% confidence limits. As stated in section 3.2 Kinetic model, the reaction constants are estimated in the form of natural logs, ln(k0). However, the reported values are the logs of the reaction constants at the reference temperature ln(kTref). All the parameters are significant to 95% and the sum of errors squared can be broken down into totals for the hydrocarbons and gases, respectively, as 0.064 g 2 and 1.72 g 2 .s -2 . The confidence limits are acceptable, although quite wide for the catalytic reaction sets; 4 and HDS. Nine of the parameters estimated apply to reaction set 1 and, so, as might be expected, there is some correlation and this is a potential area for model improvement. The product from reaction set 1 is distributed linearly amongst the VGO lumps. The negative estimated value for " / demonstrates that the H2 consumption rate decreases with temperature relative to the sum of the rates for all the reaction sets. In hydroconversion it is the hydrogenation reactions which are catalytic and so this is consistent with a system comprising both catalytic and thermally activated cracking reactions. The calculated activation energies for reactions 1, 2 and 3 are quite high but similar to those found in the literature for lumped models for hydroconversion of heavy residues such as in the work of Nguyen et al. [START_REF] Nguyen | Hydroconversion of an atmospheric residue with a dispersed catalyst in a batch reactor: Kinetic modeling including vapor-liquid equilibrium[END_REF] and Asaee et al. [START_REF] Asaee | A new approach to estimate parameters of a lumped kinetic model for hydroconversion of heavy residue[END_REF]. This can be explained by the fact that our model considers a distributed reaction order. If a first-order reaction is assumed for all the lumps, as in the case of other distributed kinetic models [START_REF] Stangeland | A Kinetic Model for the Prediction of Hydrocracker Yields[END_REF][START_REF] Mohanty | Modeling of a hydrocracking reactor[END_REF][START_REF] Pacheco | Hydrocracking: an improved kinetic model and reactor modeling[END_REF][START_REF] Li | Kinetic mechanism research of an industrial hydrocracker based on strict calculation of stoichiometric coefficients[END_REF][START_REF] Li | Estimation parameters of hydrocracking model with NSGA-ii (Nondominated Sorting Genetic Algorithm) by using discrete kinetic lumping model[END_REF][START_REF] Harode | Axial dispersion modeling of industrial hydrocracking unit and its multiobjective optimization[END_REF][START_REF] Martinez-Grimaldo | Prediction of Sulfur Content, API Gravity, and Viscosity Using a Continuous Mixture Kinetic Model for Maya Crude Oil Hydrocracking in a Slurry-Phase Reactor[END_REF], lower values would be obtained.

The results for n1 and n2 correspond to an order on the hydrocarbon lump for reaction sets 1 and 2 which is 1.5 times greater for VGO1 than for RES6. Also, the value of the VGO product parameter, α, indicates that reaction set 1 produces 1.78 times more VGO1 than VGO5. These two results are in accordance with one another since the lighter the lump, the greater the number of products received and increased reaction order represents more heterogeneity in the reactivity of the lumped species.

Stangeland's model [START_REF] Stangeland | A Kinetic Model for the Prediction of Hydrocracker Yields[END_REF] has applied a first order reaction for a boiling range which vary between 200 to 500°C. The boiling range in this work (100 to 980 °C) is wider than that of Stangeland. The kinetic constants of this work depend on the reaction order and the reactivities can't be compared directly with Stangeland those. Note that one of the wide range of models including only first order reaction has been tested but it was unable to fit our data.

Reaction specific parameters

Reaction ln(kTref) (mol -1 .m 3 ) n-1 .s Figure 11 and Figure 12 give an example of the model outputs for Tref. Figure 11 compares the calculated quantities of the reaction components to the measured data, as well as the mass flow rates of the outlet gases. The mass balance data and mass flow rates are given relative to the initial mass of RES and the incoming H2 mass flow rate respectively. We can observe that, at this temperature, the model fits the initial rapid decay in the RES quantity and the concomitant increases in all the products. The model also reproduces the behaviour of the VGO, which is quite static and only begins to decrease at high conversion whilst the NAPH, GAS and H2S all accumulate slowly. Figure 11 (b) shows that the experimental delay in the outlet gas mass flow reaching the analyser is well represented. Also, that the model computes the sudden release of GAS and H2S at the start of the operation correctly followed by their steady decay. Figure 13, Figure 14 and Figure 15 give parity plots for the results at all the experimental temperatures. Figure 13 gives the parity plot for all the RESi and VGOi lumps and for all 28 experiments including ± 10% lines (here, the parity line represents the same information as the x-axis in Figure 9). Figure 14 shows the detail for the mass balance components and Figure 15 reports the result for the online gas GC data. In general, the parity plots show a good fit between the calculated and measured data. Figure 16 compares the reaction rates at each operating temperature. We can see that reactions 1 and 2 are dominant at low conversion, earlier in the reaction period. They both have high activation energies (see Table 2) which confirms they are thermally activated.

Reaction 3 breaks down heavy residue boiling at 735°C+ into DIST by a first order reaction.

The sediment, formed as secondary product in this reaction was not detected by the analysis but was visible to the eye. Reaction 4 has more impact at higher conversion, later in the reaction period. The low estimated value of its activation energy verifies that this cascade through the VGO and RES cuts, is catalytic. The fact that this reaction can be represented as first order reaction suggests a similar mechanism for all the molecular structures present. 

Conclusions
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 1 Figure 1. Process Flow Diagram of equipment set up

Figure 2 .

 2 Figure 2. Typical experimental results (a) Simulated Distillation curves (b) Molar mass distribution found by Gel Permeation Chromatography. Feedstock, low conversion and high conversion products represented by solid, dashed and dotted lines respectively.
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 3 Figure 3. Extrapolated Simulated Distillation curve for feedstock
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 4 Figure 4. Diagram of reactor model
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 5 gives the mass distribution for the feedstock after lumping. Only three VGO lumps are shown because the feedstock does not contain VGO1 or VGO2. The model has two additional components which take part in reactions: H2 and H2S.
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 5 Figure 5. Mass fraction distribution of the feedstock
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 8 Figure 8. Note that around 40 different kinetic models and reaction schemes were tested and
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 7 Figure 7. Reaction scheme showing thermally activated reaction sets 1, 2 and 3
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 8 Figure 8. Reaction scheme for catalytic reaction set 4 and HDS
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 9 Figure 9 confirms that the residuals are mostly uniform and centered around zero. The data is

Figure 9 .Figure 10 .Figure 10

 91010 Figure 9. Errors for components and lumps after parameter estimation (measured data minus simulated values)
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 121112 Figure 12 compares the measured and calculated masses of the RESi and VGOi lumps for Tref

Mass (g)Figure 13 .

 13 Figure 13. Parity plot for calculated masses of all RESi and VGOi lumps against mass balance data including ± 10% lines.

Figure 14 .Figure 15 .

 1415 Figure 14. Parity plots for calculated masses of components and refinery cuts against mass balance data including ± 10% lines.

Figure 16 .

 16 Figure 16. Calculated reaction rates at different operating temperatures
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  Classical modelsare not yet sufficient to accurately represent the evolution of RES physical properties during hydroconversion. The use of distributed lumps for the VGO and RES cuts allows this variation to be represented and reaction rate equations based on molar concentrations can be used. Without this adaptation correlations are needed to estimate the molar masses and volumes at different conversions. So, this method provides a real step forward in the modelling technique for this type of system. The combination of GPC and simulated distillation analysis results also validated the extrapolation of the heavy fluids composition to the whole VR boiling range. This is required to initialise the distributed lump model and is also of benefit for the parameter estimation as it provides more data. Finally, the proposed model and reaction scheme enabled us to obtain a good fit with the measured data for a reasonable number of parameters.Parameters for HTSD extrapolation (-) Reaction rate (mol.s -1 .m -3 )RIdeal gas constant (kJ.mol -1 .K -1 ) Parameter for repartition coefficient for reaction 1VGO product (-) αt Confidence level for the student's t-distribution (-)βRepartition coefficient for reaction 1VGO product (-)

Table 1 . Parameters for estimation

 1 2 Kinetic model and reported in mass units.

			Reactions				
	Reaction	specific	1	2	3	4	HDS
	parameters:						
	Pre-exponential constants	ln)k1, ln)k2, ln)k3, ln)k4, ln)kHDS,
	Activation energies	Ea1	Ea2	Ea3	Ea4	EaHDS
	Stoichiometric coefficients	€	€ /			
	VGO product repartition	α				
	General parameters:					
	Reaction order		n1 n2			
	Reactivity parameter	f				
	H2	consumption	" " /			
	coefficients						

Table 2 . Estimated parameters with reaction constants adjusted to those for Tref

 2 -1 

			Ea	ν	α
			(kJ.mol -1 )	(-)	(-)
	1	-22.7 ± 0.9	289 ± 4	5.14 ± 0.07 0.028 ± 0.012
	2	-23.5 ± 1.7	334 ± 10	2.65 ± 0.38
	3	-8.36 ± 0.5	306 ± 3	
	4	-16.8 ± 2.6*	76.3 ± 15.3	
	HDS	-36.8 ± 2.0*	147 ± 12	
					*(mol -1 .m 3 ) n .s -1
		General parameters	
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