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Abstract

Slurry phase hydroconversion is a developing technology with the potential to completely upgrade
Vacuum Residues (VR). In this work we use data from a continuous pilot plant with recycle to test
and extend an existing distributed lumped kinetic model. The new data includes results from 134
steady state experiments with a Heavy Iran VR, including some at very high conversion, and allows
sediment production rates to be quantified as well as sulphur removal in the form of H,S. The purpose
of the work is to study the impact of the deep conversion reaction conditions and feedstock on the
reaction kinetics. The model uses nineteen distributed lumps to represent the heavy hydrocarbons
undergoing hydroconversion and hydrodesulphurisation with VR defined as the boiling range >
525°C. Reaction rates are based on molar concentrations. Hydrogen consumption and sediment

production are taken into account in the model, as well as vapour liquid mass transfer resistances
and vapour-liquid equilibrium. Parameter estimation has been carried out and the model
provides a good fit with the experimental data. The modelling exercise found that, at very
high conversions, thermal reactions give way to a cascade of catalytic reactions. The model

gave a moderate fit for hydrogen consumption rates, which are strongly dependent on
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feedstock. Accumulation of sediment at high conversions was identified and well represented
and the description of hydrodesulfurisation rates as proportional to cracking rates was

validated.

Keywords: kinetic modeling; slurry phase hydroconversion; distributed lumped model,

vacuum residue; continuous reactor; recycle

1. Introduction

As part of the energy transition, oil product demand is shifting towards the lighter cuts
required for petrochemical feedstocks, aviation and shipping [1]. This challenge is amplified
by the fact that crude sources are becoming heavier [2]. Slurry phase hydroconversion
processes have the potential to help bridge the gap by upgrading very heavy residues, with
high asphaltenes and impurities content, to near total conversion [3].

Vacuum Residue (VR) is the heaviest crude oil distillation product and includes everything
with an atmospheric boiling point above 525 °C. This material has high viscosity and low
hydrogen to carbon ratio. There are two main VR upgrading routes: carbon rejection and
hydrogen addition [4]. Carbon rejection processes are the simplest and least expensive
option, as no catalyst or H> supply is needed, but higher conversions are achieved with
hydrogen addition methods. These processes have the benefit of avoiding coke production
but are traditionally dependent on supported catalysts. With very heavy residues, this leads to
high reactor pressure drop, fouling and feed diffusion and mass transfer problems [4]. Slurry
phase hydroconversion adopts unsupported dispersed catalysts, sometimes formed in-situ, to
overcome these difficulties [5]. It is an active area of research with numerous recent studies
on catalyst improvements and innovations [6-9].

Several reviews [4,5,10,11] follow the recent evolution in slurry phase VR hydroconversion

technologies, the most well-known of which are listed in Table 1. Operating conditions are



above 400°C and 100 bar with reported conversions of at least 90%. The historical Veba-
Combi-Cracking (VCC) process, along with the Eni Slurry Technology (EST) process, is a
licensed technology [12,13]. Slurry processes can be classified into two groups by catalyst
type: low cost / high concentration (Ex: Fe based) or high cost / low concentration (Ex: Mo
based). Of those in Table 1 only VCC falls into the first category.

A refinery scale slurry phase reactor is similar to a bubble column and contains dispersed
catalyst suspended in the liquid phase with co- or counter-current gas flow [16]. The
molecular complexity of VR means that its components comprise a wide range of activities
and, to achieve deep conversion, the processes tend to include a strategy to increase
concentration and residence time of the most refractory compounds. Coming back to the
processes listed in Table 1, the VCC process valorises unreacted residue through combustion
or coking [14] and the Chevron LC-Slurry process concentrates refractory components
through sequential multi-stage reactors and an inter-stage separator. Recycle of unconverted
residue is an option with the added benefit of conserving active catalyst within the reactor
system [12,15], but a potential drawback is the accumulation of large agglomerated catalyst
crystallites [15]. The UOP Uniflex process is reported both with and without a Heavy
Vacuum Gas Oil (HVGO) recycle [10,15]. The PVDSA intevep HDH plus process has an
optional recycle stream, reported to increase conversion from 91 to 97%. Headwaters
Technology Innovation HCAT/(HC)3 and the EST processes both recycle unconverted

residue back to the reactor [10,12].



Table 1. VR Slurry phase hydroconversion upgrading processes

Process name Reactor conditions Conversion | Type of process
Temperature | Pressure
°C) (bar)
Veba-Combi-Cracker 440-485 220-250 | >90 Once-through with 5
(VCO) wt% iron based catalyst
[12,14] [13].
UOP Uniflex 450-460 160-180 | 97 Once-through or recycle
(CANMET)
[13,15]
Eni Slurry Technology 410-450 150 95-99 Recycle
(EST)
[12]
PVDSA-Intevep HDH 430-460 170-210 | 92 Optional recycle
plus increases conversion to
[12,15] 97%
Chevron LC-Slurry 400-440 100-200 | 97 Sequential multi-stage
[13,15] reactors with inter-stage
separator and possible
recycle
Headwaters Technology | 430-450 140 95 Recycle
Innovation HCAT/(HC)3
[10,13,15]




Laboratory and pilot scale studies of continuous VR slurry phase deep hydroconversion are
rare [3]. Continuous reactors have been used with VR to test slurry phase hydroconversion
catalysts [17-19], alternative catalyst systems [20,21] and catalytic steam cracking [22-24].
Jansen et al. performed slurry phase hydroconversion experiments with an atmospheric
residue in a continuous micro-pilot with recycle and simulated the results [25,26] and Alvarez
et al. extended this to VR for a range of operating temperatures, residence times and recycle
ratios [27]. The impact of the recycle stream has been simulated with batch and semi-batch
reactors by returning some [28] or all [29,30] of the reaction products to the reactor and
reprocessing them several times. Also, hydroconversion products have been combined with
fresh feed and then reprocessed [31-33]. Bellussi et al. [34] describe a pilot scale 7.5 L
ebullated bed slurry reactor with a continuous recycle and fractionation system. In general, as
residue is recycled, it becomes more refractory to processing. The molecular weight,
hydrogen content and reactivity of the residue are reduced and the aromaticity increases.
Asphaltenes content degrades in two stages. Firstly, branches detach, resulting in very stable
polyaromatic hydrocarbons with high boiling points. Then, under sufficiently severe
operating conditions these, more resistant, components break down [32] and complete
conversion of the residue is possible [28].

Quitian and Ancheyta discuss kinetic models for slurry phase hydrocracking of residue
feedstocks [35] and Al-Attas et al. list some models proposed in the literature [11]. There are
few kinetic models for slurry phase hydroconversion [27,36,37] but many for hydrocracking,
with good reviews by Acheyta [38] and Thybaut and Marin [39]. Strategies to represent
reaction components range from simple traditional lumping, through microkinetics to
complex molecular reconstruction with the level of detail dependent on the available data and

time for computation. Single-Event MicroKinetics (SEMK) models for hydrocracking build



large kinetic networks up from the elementary reaction steps and control the number of
parameters by relumping rate coefficients for similar steps or species [39]. Molecular-level
kinetic models, such as those developed by Klein’s research group, liken residue to a cross-
linked polymer with cores, inter-core linkages and side chains. Reaction rates are determined
from probability density functions of these structural attributes [40-42]. Rueda-Velasquez
and Gray [43] and Oliveira et al. [44] developed similar methods and molecular-level kinetic
models have also been applied to other refinery processes with good results [45,46]. These
models have intensive analysis requirements. For example, Chen et al. [46] used data from
six types of analysis method: density, number average molecular weight, Conrandson carbon
residue, elemental, mass spectrometry and simulated distillation.

At the other end of the spectrum are traditional lumped models, with five or six pseudo-
components. These are useful for catalyst screening and process optimization [39] or testing
new reactor models [47]. Reaction rate parameters are estimated for each lump and,
generally, valid for one feedstock and set of operating conditions [39]. It is difficult to extend
traditional lumped models because every additional lump requires an accompanying set of
parameters. Another limitation is that the heaviest lump has no upper boiling point limit and
includes a very wide range of different components, so that it cannot be assumed to have
constant physical properties. To overcome this, the lump can be represented as a series of
pseudo-components [36,48]. Distributed and continuous lumped models, such as those of
Stangeland [49] and Laxaminarasimhan et al. [50], were developed to add detail whilst
containing the number of parameters. In particular, Stangeland’s model [49], which combines
22 distributed lumps, four parameters, a cracking rate function and product distribution, has
been extended to include the effect of H» partial pressure on reaction rates [S1] and has

proven useful to represent hydrocracking kinetics in industrial scale reactors [52—54].



Browning et al. [36] previously developed a distributed lump kinetic model for slurry phase
VR hydroconversion with vapour liquid mass transfer resistances and equilibrium taken into
account. This was validated against results from experiments performed in a laboratory scale
semi-batch reactor and was a stepping stone towards a model which could include the very
high conversions achieved with a recycle stream. The experimental results used in this work
come from a continuous hydroconversion slurry pilot operating in recycle mode. Conditions
are more severe than could be generated in the previously used laboratory scale semi-batch
reactor and are close to those found in a refinery scale slurry phase hydroconversion reactor.
Furthermore, the scale of the pilot plant allowed analysis of the small quantity of sediment
found in the product stream. The objective of this work is to improve the model of Browning
et al. [36] by extending it to include Hydrodesulfurisation (HDS) as an integral part of the
model, as opposed to its previous representation as a side reaction, and also extending the
model to the pilot operating conditions and quantifying the sediment production rate.
Parameter estimation is carried out and the results are discussed and compared to the
experimental data from the hydroconversion slurry pilot. The benefits of a kinetic model
validated for refinery conditions will be greater ability to predict plant outputs and to simulate

and optimise real operating conditions.

2. Material and methods
2.1. Experimental set-up
Slurry phase hydroconversion experiments were performed in a pilot with 2 x 2.2
continuous reactors and a downstream separation and recycle section. Figure 1 gives
a simplified flow diagram of the equipment. Operation is possible with one or two
reactors online and in once-through or recycle mode. Campaigns of experiments

were carried out where the first set of operating conditions were always in once-



through mode and recycle rates could be specified from the second experiment to the
end of the campaign. The separation section includes a high pressure separator and a
stripper operating at atmospheric pressure. Gases and condensate streams pass
through a scrubber and low pressure separator before analysis. Liquids are collected
in a reservoir before recycle back to the reactors. The feedstock was an Iran Heavy
VR with 42 wt % sulphur content and density of 1053 kg.m™ at 15°C and
atmospheric pressure. This was mixed with a catalyst precursor and H> at 150 bar
upstream of the reactor. Operating temperatures ranged from 420 to 452°C with feed
flow rates from 0.27 kg.h! to 1.23 kg.h™! in once through mode. Recycle rates are up
to 3.2 times the feed mass flow rate. Outlet gases were analysed online by gas
chromatography. All condensate and residue liquid products were analysed by High
Temperature Simulated Distillation (HTSD) using an Agilent series 6890
chromatography column and according to the standard ASTM guideline D7169 [55].
Sediment quantities were measured by precipitation in tetrahydrofurane and the
amount of H> consumed was determined by analysis of the reaction products. In
once-through mode, density measurement was by pycnometer and steady state was
confirmed by processing until the same result was obtained for two successive
samples. For recycle operation, the residue density and outlet flow rate were
measured by a Coriolis meter which allowed steady state operation to be verified.

Mass balance data was accurate to + 5%.
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Figure 1. Simplified Process Flow Diagram of slurry phase hydroconversion pilot plant.

2.2. Experimental results
134 experiments were carried out in 12 campaigns in both once-through and recycle mode

and with one and two reactors in operation as listed in Table 2.

Table 2. Campaigns performed with hydroconversion pilot plant.

Campaign Number of reactors Sediment Operating mode
number in operation measurement Experiment 1 Subsequent experiments
1-3 1 N Once-through Once-through
4 1 N Once-through Recycle
5 2 N Once-through Recycle
6 2 N Once-through Recycle
7-12 2 Y Once-through Recycle




Temperature (°C)

Figure 2 gives HTSD results for the feedstock and typical liquid products at 49% and 94%
conversion. HTSD allows analysis of heavy oils up to an atmospheric equivalent boiling
point of 749°C [56]. The composition above this was estimated by the extrapolation
method described in Riazi [57]. This uses Eq. (1) to complete the HTSD data for the
whole boiling range, with the boiling point and initial boiling points, T}, and T} in Kelvin,
A and B constant and x, the distilled fraction. The composition of the residue and
condensate liquid products is similar for both conversions shown. However, at 49%
conversion, 81% of the liquid product is residue whereas at 94% conversion this drops to

12% with 88% recovered as condensate.
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Figure 2. Typical HTSD results at (a) 49% (b) 94% conversion. Feedstock, residue and condensate

represented by solid, dashed and dotted lines respectively.



3. Model Construction

Figure 3 gives the flow diagram used to simulate the slurry phase hydroconversion pilot
plant. Physical properties are calculated at the temperatures shown. The reactors were
represented as two CSTRs (CSTR 1 and CSTR 2) with the following assumptions:

* Isothermal operation

* All reactions occur in the liquid phase,

* Mass transfer between liquid and vapour phases,

* Perfect mixing in the reactor liquid and vapour phases,

* The vapour phase is considered an ideal gas and the liquid as an ideal solution

The rest of the system was represented using simple standard units. The choice to use a
splitter and plug flow reactors was for simplicity and because it was adapted to the data
available. The real pilot plant separation system between the reactors and the reservoir
comprised a stripper and several other pieces of equipment, operating at different
temperatures and pressures (see Figure 1). No equilibrium data was available but the outlet
residue, gas and condensate stream compositions were measured. Since the overall
experimental separation was known, we used this data to estimate the split for each lump over

a range of operating conditions.

Having estimated the overall split we added the two plug flow reactors to take account of the
volumes in the system. PFR 1 represents the delay due to the separation system residence
time and PFR?2 that of the recycle pipeline.

The reservoir was modelled as a continuous stirred tank.
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Figure 3. Flow diagram for slurry phase hydroconversion pilot plant simulation.

3.1 Reactor model

Overall and component mole balances were calculated for the liquid and vapour phases
according to Eq.s (2) to (6), where the subscripts in and out relate to the reactor inlet and outlet
streams. Concentrations, C, are in mol.m™, Volumes, V, in m?, volumetric flowrates, Q, in
m3.s! and vapour liquid mass transfer rates, F,,, are in mol.s™. Finally reaction rates, r, are in
mol.s.m™ and Vj,,,;; is the molar volume of the lump, i , in m*.mol ™. L and g refer to liquid
and gas phases and i and 7 indicate individual lumps and total quantity.

Component liquid phase:

av, dct )

ct = CiL,iang,in - CiLQllZout T VLT + Fex

— 4V, —
bodt dt
Overall liquid phase:

av, dCr 3)
CT dt VL dt CT mQV in CTQV out + VLrT + FexT

Component gas phase:

dcy @
g
Cig d_ + V 9 dt lmQV in Cngg,out - Fex,i

Overall liquid and gas phases:

av, dck av, acy
+vV —L 49944y T
T T ige Yorge gy
= CTngg,in - CYg Qg,out + C%,iang,in - C# Qll7,out + Vyrr

L

(&)



Reactor liquid volume is calculated using the molar volumes and based on the assumption that the liquid is an ideal

solution:

dct
dv, % Vmol,i d_tl ©

— =,
dt t (1 - Z Vmol,iCiL)

The reactor liquid volumes are controlled by overflow into the outlet pipe and the gas volume
fraction, &g, is related to the volumetric gas flow rate, Qﬁ ,inm3.s, through the reactor by an
in-house correlation in the form of Eq. (7) with a and b constant. Vapour liquid mass transfer
rates, Fyy;, in mol.s™, are found from Eq. (8) with Cfand C}* , in mol.m?, the liquid
concentrations in the reactor and at equilibrium. V; ,in m?, is the liquid volume and k;a, in s°

!, the vapour liquid mass transfer coefficient.

b
&g = a.(Qy) @

Fex,i = VLkla(CiL* - ClL) ()

3.2 Kinetic model

The kinetic model is based on our previous work [36]. True boiling points were used to
define traditional lumps as GAS (7 < 36°C), NAPH (36°C < T, < 160°C), DIST (160°C < T
< 350°C), VGO (350°C < Tp < 525°C) and RES (525°C +). The VGO and RES lumps were
then subdivided into distributed lumps of boiling range 35°C: VGO; with i = 1 to 5, LRES;
with i = 6 to 11 and HRES; with i = 12 to 16. The Heavy Iran VR feedstock is composed of
distributed lumps VGO4 to HRES16. LRESi and HRESi are considered separately based on
our observations of their disappearance rates. Note also that the cut point between LRESi and
HRESi is 735°C which is very close to the maximum boiling point for HTSD. So, LRESi
quantities are measured whereas HRESi are mostly estimated using the Riazi method [57].
Figure 4 gives the feedstock mass distribution after lumping as well as typical pilot plant

liquid products in once-through and recycle mode without extrapolation of the HTSD analysis



results. ~ To incorporate HDS into the distributed lumped model a second similar set of

reduced sulphur distributed lumps with the same boiling ranges was also defined:

VGO_low_Si, LRES_low_Si and HRES_low_Si.
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Figure 4. Distributed lump mass fractions for (a) feedstock and typical liquid products in (b) once-through

and (c) recycle modes.

Molar masses and volumes are required for each component, including the distributed lumps,
and these were estimated using ProSimPlus 3.3 [36]. To calculate the molar masses and
volumes of the reduced sulphur lumps it was assumed that the sulphur mass distribution is
uniform across the feedstock and that the atomic sulphur volume is additive with the volume

of the sulphur free distributed lump. Figure 5 gives the results for all the lumps.
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Figure 5. Calculated molar masses and molar volumes of hydrocarbon lumps with and without sulphur

content.
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Figure 6. H2S production against residue conversion results from semi-batch reactor [36].

Figure 6 compares H>S production against residue conversion for slurry phase
hydroconversion in a semi-batch reactor [36]. The relation appears almost linear and this is
used later in the development of the kinetic model. The reaction scheme, shown in Figure 7,
is based on our previous work [36]. It comprises five sets of hydrocracking reactions, where
each step is considered individually, and incorporates HDS. The reactions are listed in Eq.s
(10) to (19). The cracking reactions all consume H> and produce lighter gas oil products.
Reactions 1 to 4 are thermally activated and reaction 5 is a catalytic cascade. HDS releases
sulphur in the form of H>S and transfers material from the sulphur-containing, distributed
lumps used to represent the feedstock to the reduced-sulphur lumps. Both the sulphur
containing and sulphur reduced lumps undergo the same hydrocracking reactions. The
parameter, vg, is introduced to represent the fraction of sulphur content removed from the sulphur
containing lumps. Their products, VGO_low_S;, LRES_low_S;and HRES_low_S;, contain the residual
sulphur.

Product stoichiometric coefficients, 12 for VGO and DIST from reaction 1 and 2 are
estimated for the heaviest reacting lump. The lighter distributed lumps produce less VGO and
DIST proportionally to their reacting lump molar mass. GAS and NAPH stoichiometric

coefficients are calculated to complete the mass balance. Reactions 3 and 4 compete to



convert HRESi distributed lumps respectively into DIST and sediment with no secondary
products. Reaction 5 is a cascade through LRES;, VGO; and DIST. Reaction 1 VGO product
repartition coefficient, f;, gives a linear distribution since there are up to 5 potential products.
B is calculated by Eqn. (9) for lumps, i, VGOi to VGOy receiving reaction 1 product where
Nvco 1s the number of VGO product lumps and « is the estimated parameter. So, if o =0

the product is equally distributed between the VGO lumps.
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Figure 7. Reaction scheme showing all reaction sets .

Reaction 1: (10)
LRES; + n,H; > vy, BVGO; + vy, GAS
with i from 6 to 11 and j from 1 to 5
VGO; + n,H; > vy, BVGO; + vy, GAS (112)
with i from 2to 5 and j from 1 to 4

VGO, + nH; = vy, DIST + vy, GAS (12)
Reaction 2:
LRES; + n,H, > v, DIST + v,, ,, NAPH (13)
VGO; + n,H, > v, DIST + v,,,,, NAPH (14)
Reaction 3: (15)
HRES; + 1,H, > v3 DIST
Reaction 4: (16)
HRES; - vy, Sediment
Reaction 5: (17)
LRES; + 1,H, - vs,LRES;
with i from 7to 11 and j from 6 to 8
LRES, + 1,H; = v5,VGOs (18)
VGO; + n,H, > v5,VGO;_4
with i from2to 5
VGO, + n,H; = v, DIST
HDS reaction: (19)

VGO_S; +vsH, = VGO_low_S; + vsH,S

RES_S; + v¢H, = RES _low_S; + vsH,S
with i from 4 to 16



Temperature dependent cracking rates, 7;.;, in mol.m™.s™', are given by Eq.s (20) to (22) with
thermal reactions 1 to 4 represented by Eq. (20) and catalytic reaction 5 by Eq. (21). The
symbols, k,, and, k,, represent the reaction rate constant at the reference and reaction
temperatures respectively. Ea, ,inJ .mol’!, is the activation energy, R the ideal gas constant

and T the temperature in Kelvin.

Tyi = Vrik,C" withr=1to4 (20)

rm- = vr,ikTCl'CHz withr=5 (21)

Ea,

22
RT (22)

In(k,) = In(ko,) —

Catalytic cascade reaction 35 is first order with respect to the concentration of the distributed
lump and H;. Thermal reactions 3 and 4 are also first order with respect to the distributed
lump concentrations. For thermal reactions 1 and 2, reaction orders, n, are calculated as
shown in Eq. (23), where i corresponds to the distributed lump number for VGO; to LRES;;.
A reactivity parameter, f, is incorporated into the pre-exponential reaction constant as shown
in Eq. (24). This gives a distribution of reaction rates increasing with boiling point as
observed in the literature [58].

n=nyi+n, (23)

kO,r,i = kO,reXp(f- i) 24



The HDS reaction rate is coupled to the hydroconversion rate as shown in Eq.s (25) and (26).
Based on Figure 6, the relationship between hydroconversion and H»S is approximately linear
and it is assumed that this can be extrapolated to all the distributed lumps and to the
continuous reactor operating conditions.

i=1to5 Ci = Cyvcosi + Cveo_iow.s, (25)

i=6to019 Ci = Cres.si + Cres_iow.s,

r=1,5 _ Cyeosi (26)
THDSri = T T
i=1to5 i
CRrEs_si
r=1t> TupSri = — i Tri
. Ci
1=6to 19

Finally, the H> consumption rate depends on reaction type with one general consumption rate
parameter, 11, for thermal reactions (r = 1 to 4) and another, 1,, for the cascade reaction, (r =
5).
3.3. Parameter estimation

Table 3 lists the 19 estimated parameters for the slurry phase hydroconversion kinetic model
with recycle. The VGO product repartition parameter applies only to reaction set 1 and
stoichiometric coefficients are only for reactions 1 and 2. Parameter estimation was carried
out against the 1324 data points from the 74 experiments comprising the six later campaigns
numbered, 7 to 12, because these include measurement of the produced sediment quantities
and H> consumed. Campaigns 7 to 12 were all performed in recycle mode with both reactors
in operation. The temperature range covered is 420 — 435°C. The data points are the total
outlet mass flow rates of all the measured components, the NAPH and DIST boiling ranges
and the distributed lumps. The sediment, H> and H>S data was weighted to compensate for
low mass flow rates. MATLAB non-linear least squares solver function, Isqnonlin, was used

with the trust-region-reflective algorithm which minimises an objective function based on an



input vector of differences between the measured and calculated data. Parameter

significance levels and confidence limits were determined from Eq.s (27) to (29) [59]. J is the
Jacobian matrix and se(bp) is the standard error found for each parameter. SSE, ns and p are
the sum of the errors squared and the numbers of data points and parameters respectively. b,

is the parameter value, t,,s is the observed student t-value and a;/2 is the significance level.

Table 3. Parameters estimated for slurry phase hydroconversion kinetic model with recycle.

Reactions

Reaction specific parameters:

|—
1\®)

3

[+
|

Pre-exponential constants (mol'.m*)™! .s' | In(k7) | In(k2) | In(k3) | In(ks) | In(ks)*

Activation energies (kJ.mol ™) Eai Eaz Eaz Eas Eas
Stoichiometric coefficients (-) 2 vy

VGO product repartition (-) a

H> consumption rate parameter (catalytic M2

reaction) (-)

General parameters:

Reaction order (-) ni nz
Reactivity parameter (-) f
H> consumption rate parameter (thermal M1

reaction) (-)

Sulphur fraction removed (-) VHDS

*(mol'.m?)" .s!




SSE (™)) Dpp @7

(ng —p)

se(bp) =

C_ b (28)
obs — se(bp)

b, + se(b,)t(ng — p; ar/2) (29)

4. Results and Discussion

Table 4 gives the estimated parameters and corresponding 95% confidence limits. The
reaction constants are in the form of their natural logs at the reference temperature In(ko,,).
All the parameters are significant to 95% except for 7,, the stoichiometric coefficient for H»
consumption applied to reaction set 5, the catalytic cascade. The activation energy confidence
limits are quite wide for reactions 4 and 5, perhaps because the temperature range of the data
selected for parameter estimation is quite narrow and also, catalytic reaction 5 is not very
temperature sensitive. It is interesting to compare the new parameter values with those from
our previous work at lower conversions with a Safaniya VR in a semi-batch reactor [36]. The
value of the VGO product repartition parameter, a, is unchanged and indicates that reaction 1
produces 2.13 times more VGO; than VGOs. The estimated reaction 1 and 2 order
parameters, n; and n2, correspond to reaction orders decreasing from 3.60 to 2.45 as the
distributed lumps, VGO through RESs get heavier. This agrees with our previous work [36]
and is coherent with the increased value of the reactivity parameter, f, to 1.22 from 0.845 and
the idea that lighter distributed lumps become more heterogeneous by receiving more
hydroconversion products with a wide range of structures. The estimated activation energies

at deep hydroconversion for reactions 1 to 3 are all high relative to our previous results at



moderate conversions, respectively 289, 334 and 306 kJ .mol’! for the same reactions in a
semi-batch reactor [36]. Finally, the stoichiometric coefficient for reaction 1 is unchanged,
but that of reaction 2 has adjusted to account for the inclusion of reaction 4, HRES to
sediment.

Figure 8 (a) shows the experimental conversions for all the experiments compared against
those calculated with the estimated parameters. There is a good fit for the experiments used
to estimate the parameters, campaigns 7 to 12. Campaigns 1 to 3 were performed with a
single reactor in once-through mode. The recycle was introduced from campaign 4 and the
second reactor from campaign 5. The first experiment of each campaign was performed in
once-through mode at these experiments stand out because of their low conversion rates. The
results validate the estimated parameters but the conversion is consistently underestimated for
the pilot in once-through mode. It is well known that the small amount of residue remaining at
the very high conversions obtained in recycle mode is less reactive than that found in VR
feedstock. The rate equations for reaction sets 1 and 2 are designed to take this into account
by inclusion of a reaction order distribution but reactions 3, 4 and 5 are all first order. Figure
8 (b) and (c) compare the calculated and experimental yields for VGO, GAS and NAPH and
DIST. Figure 9 (a) gives the calculated reaction rates for all the campaigns. It shows that at
very high conversions it is the catalytic cascade reaction which dominates. Unlike reaction
sets 1 and 2, the catalytic cascade is a first order reaction and therefore does not take any
heterogeneity within the distributed lumps into account. So this could be the cause of the
discrepancy observed between the measured and calculated conversions in once-through
mode. This result corresponds well with the knowledge that it is the catalytic slurry phase
hydroconversion processes that achieve very high conversions; once all the material that can
be consumed by the thermal reactions is gone, catalytic reactions continue to erode the

remaining refractory molecules. Figure 9 (b) and (c) show the calculated concentrations.



Table 4. Estimated parameter values for slurry phase hydroconversion kinetic model with recycle

Reaction specific parameters

Reaction In(ko) Ea % o N,
(mol''.m*™! st (kJ.mol") -) ©) )
1 -28.4+0.5 410+ 13 5.07£0.09 0.036 £0.012
2 -293+0.5 376 £13 4.37 £0.46
3 -8.43 +£0.09 366 £5
4 -12.6 £0.5 299 + 29
5 -16.70 £ 0.04* 79 £ 10 04+0.7

*(mol'.m?)" .s!

General parameters

n: -0.115%0.040
nz  3717£0.198
£ 1220%0.143
n 5.992+1.287

VHDS 0.859 +0.039
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Figure 10 shows the yields parity plot for GAS, NAPH and DIST and the overall VGO and
residue lumps. The yields fit well except for the VGO which is slightly overestimated. At
deep conversion, the VGO product is more reactive than the model predicts. This is probably
due to ageing and, as for the discrepancy in the once-through mode conversions, could be a

consequence of representing reaction 5 as first order.
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Figure 11 shows the experimental and calculated H> consumption against conversion. The
very simple H, consumption model with only two parameters, one representing H> uptake by
the thermal reactions and the other by the catalytic cascade has resulted in a much narrower
variance than for the measured data. The parameters give a good idea of the average H»
stoichiometric coefficient across all the reactions but more detail is needed to observe the
mechanisms at play. Also, the H> consumption rate is much lower than in our previous work
with a Safaniya VR [36]. H> consumption depends on the molecular structures undergoing
hydroconversion, whereas our distributed lumps are defined by true boiling point only. If we
compare the two VRs, the Iran Heavy has lower total hydrogen content than the Safaniya,
more aromatics and less resins, with reported atomic H/C ratios of 1.44 [60] and 1.5 [61]
respectively. So, the Safaniya does not seem to lack hydrogen. However, Saturates,
Aromatics, Resins and Asphaltenes (SARA) analysis results from the literature, given in
Table 5, indicate that Safaniya VR is richer in Resins and Asphaltenes and, therefore, it may

be the cracking reactions associated with these species which consume more hydrogen. The



main conclusion that can be drawn is that H> consumption is highly dependent on feedstock
composition. To consider the impact of this on the model, the cascade reaction rate depends
on H> concentration whilst thermal reaction rates are independent of it. However, reactor H»
concentrations are more likely to be controlled by the reactor operating pressure than the
reaction rates. So, the likely outcome of modeling with the reported parameters would be a
misrepresentation of H» requirements, and the best option would be to adjust the H»
consumption parameters for the new feedstock. If the H» partial pressure in the reactor was
reduced, the catalytic cascade reaction rate would decrease and the reaction profile would

shift towards more thermal reactions.

Table 5. SARA fractions of Iran Heavy and Safaniya VRs

Saturates Aromatics | Resins Asphaltenes
Iran Heavy [60] | 12.6 46.7 29.9 10.8
Safaniya [62] 11 39 34 14
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Figure 12 (a) gives the parity plot between the calculated and experimental values for
sediment yield and Figure 12 (b) shows the calculated sediment concentration in the reactors.
The model results are of correct order although there is some scatter. According to our
model, sediment production from heavy residue does not have time to stabilise under recycle
operation and sediment accumulates in the reactors. Figure 13 shows the H>S yield parity plot
with good results in both once-through and recycle modes. This validates the linear approach
to modelling the relation between hydroconversion and HDS.
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5. Conclusions
The distributed lump model of VGO and RES for slurry phase VR hydroconversion has been
extended to include sediment production and give a more physical representation of HDS.
The new version of the model has been tested against deep hydroconversion data from a
continuous pilot plant with recycle. The linear approach to integrating the HDS reaction has
been validated against the experimental data and the sediment production results indicate an
accumulation in the reactor in recycle operating mode. The reaction regime under the deep
hydroconversion conditions found in recycle operating mode shifts away from thermal
reactions and towards the catalytic cascade. This reaction should be the focus in adapting this
kinetic model to represent the full operating range of an industrial slurry phase

hydroconversion unit.
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a,b

AB

Ea

FEX

kia

Nvco

Qv

Ty

Tro

Vmol

Xe

ni, N2

Nomenclature

Parameters for gas volume correlation (-)
Parameters for Riazi extrapolation method [57] (-)
Concentration (mol.m™)

Activation energy (kJ.mol!)

Reactivity parameter (-)

Vapour liquid mass transfer rates (mol.s™)
Reaction rate constant

Vapour —liquid mass transfer coefficient(s™!)
Reaction order (-), reaction order parameter (-)
Number of VGO product lumps

Volumetric flow rate (m>.s™)

Reaction rate (mol.s"'.m™)

Ideal gas constant (kJ.mol"'. K1)

Time (s)

Temperature (K)

Boiling point (°C, K)

Initial boiling point (K)

Volume (m?)

Molar volume (mol.m™)

Distilled fraction (-)

Parameter for repartition coefficient for reaction 1VGO product (-)
Volumetric gas fraction

Repartition coefficient for reaction 1VGO product (-)

H> consumption rate parameters (-), (-)



v Stoichiometric coefficient (-)

Subscripts/superscripts

g Gas phase

i, Lump

L Liquid phase

r Reaction

T total

0 Reference temperature
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