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Abstract: The use of hydrocracked and straight-run vacuum residues in the production of road
pavement bitumen requires a good understanding of how the viscosity and softening point can be
modeled and controlled. Scientific reports on modeling of these rheological properties for hydroc-
racked and straight-run vacuum residues are scarce. For that reason, 30 straight-run vacuum residues
and 33 hydrocracked vacuum residues obtained in a conversion range of 55–93% were investigated,
and the characterization data were employed for modeling purposes. An intercriteria analysis was
applied to investigate the statistically meaningful relations between the studied vacuum residue
properties. It revealed that the straight-run and hydrocracked vacuum residues were completely
different, and therefore their viscosity and softening point should be separately modeled. Through
the use of nonlinear regression by applying CAS Maple and NLPSolve with the modified Newton
iterative method and the vacuum residue bulk properties the viscosity and softening point were
modeled. It was found that the straight-run vacuum residue viscosity was best modeled from the
molecular weight and specific gravity, whereas the softening point was found to be best modeled from
the molecular weight and C7-asphaltene content. The hydrocracked vacuum residue viscosity and
softening point were modeled from a single property: the Conradson carbon content. The vacuum
residue viscosity models developed in this work were found to allow prediction of the asphaltene
content from the molecular weight and specific gravity with an average absolute relative error of
20.9%, which was lower of that of the model of Samie and Mortaheb (Fuel. 2021, 305, 121609)—32.6%.

Keywords: vacuum residue; hydrocracked vacuum residue; intercriteria analysis; empirical modeling;
asphaltenes; viscosity; softening point

1. Introduction

The vacuum residue (VR) is the part of petroleum that is the most difficult to process
and analyze. The inclination of some compounds to aggregate and precipitate is the most
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challenging process characteristic of vacuum residues. The aggregation and sedimentation
are associated with a shorter process unit cycle length and unplanned shutdowns with
huge loss of profit opportunity for oil refining [1–3]. The lower fluidity and volatility
make vacuum residues difficult to analyze. For that reason, sometimes strange values
for a VR’s physicochemical properties are reported [4,5]. The proper preparation of a
VR sample before analyzing is important to reduce the probability of misinterpretation
of the obtained results [5,6]. For example, the most complex compounds of a VR—the
asphaltenes—were believed to consist predominantly of molecules with one polycyclic
aromatic hydrocarbon (PAH) unit per molecule, with roughly 7 rings having a structure
“like your hand” (palm), which has a small number of aliphatic chains (fingers) [7]. The
“like your hand” model is also called the “island” or “continental” model [7]. Matching
the ubiquitous asphaltene spectral data with molecular orbital calculations showed that
asphaltene ring systems predominantly consist of 4–10 rings. PAHs with 6–8 rings are the
most predominant in petroleum asphaltenes [7,8]. The research group of Mullins, based on
time-resolved fluorescence depolarization (TRFD) studies, refuted the “archipelago” for
the bulk of asphaltene [7]. They concluded that asphaltenes are polydisperse, and as such
there will be some fraction of asphaltene molecules containing two fused rings, and a much
smaller asphaltene fraction containing three fused rings [8]. Chacón-Patiño et al. [9–11],
however, revealed that by a preliminary fractionation of the asphaltene sample before
analyzing it by positive-ion atmospheric pressure photoionization, Fourier-transform ion
cyclotron resonance mass spectrometry, and infrared multiphoton dissociation, the island
and archipelago motifs coexist in petroleum asphaltenes. Moreover, they demonstrated that
mass spectrometry analysis of asphaltenic samples is biased toward the preferential ioniza-
tion/detection of island structural motifs, and that this bias explains the overwhelming
mass spectral support of the island model. They showed that the asphaltene structure is a
continuum of island and archipelago motifs, and hypothesized that the dominant structure
(island or archipelago) depends upon the asphaltene sample. These findings based on spec-
tral techniques, which were registered after a preliminary step of asphaltene fractionation,
disproved the belief adopted by many researchers also using spectral techniques [12–16]
that the asphaltene structure is “like your hand” (island model). The molecular weight
of the VR and its constituents is important information when researching the optimal
conditions to process a particular VR. Despite the criticized vapor pressure osmometry
(VPO) method to measure asphaltene’s molecular weight, Wiehe showed that when a
strong polar solvent is used and the temperature of measurement is sufficiently high, no
dependence of the asphaltene’s molecular weight on the asphaltene concentration was
observed [17]. This can be considered as an indicator that the molecular weight measured
by VPO and high polarity solvent at temperature of 130 ◦C asphaltene should be that of
the asphaltene monomer molecular weight [17]. Regardless of the internecine scientific
wars [7,18] over the molecular weight of the asphaltenes, one thing is clear: as a whole,
the VR constituents (SARA fractions) have diverse molecular weights depending on the
petroleum’s origin. This is well exemplified by the data in Table 1, which was extracted
from the literature sources [19–23].

Table 1. Variation in molecular weights of VR and its SARA fractions reported in [19–23].

Vacuum Residue and Its
SARA Fractions

Minimal Molecular Weight,
g/mol

Maximal Molecular Weight,
g/mol

Whole vacuum residue
581 2500
Russia (Akbarzadeh et al., 2005 [19]) Arab. Heavy (Schucker, 1983 [20])

Saturates
361 900
Russia (Akbarzadeh et al., 2005 [19]) Arab. Heavy (Schucker, 1983 [20])

Aromatics
450 1080
Russia (Akbarzadeh et al., 2005 [19]) Daqing (Liang et al., 2000 [21])
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Table 1. Cont.

Vacuum Residue and Its
SARA Fractions

Minimal Molecular Weight,
g/mol

Maximal Molecular Weight,
g/mol

Resins
775 1900
Columbian VR2 (León et al., 2008 [22]) Arab. Heavy (Schucker, 1983 [19])

Asphaltenes 750 [7]
4190 ± 630
Athabasca (Sheremata et al. [23])

The molecular weight of petroleum and its fractions was shown in several developed
correlations that depended on average boiling point, or T50%, and specific gravity (SG),
or density [24–27]. Therefore, the T50% of the VR, along with the VR’s SG, can be used to
estimate the VR molecular weight. Moreover, the T50% and SG were shown in our recent
studies [28,29] to be the most informative properties of heavy oils that correlated with
aromatic carbon and hydrogen contents, saturate contents, polynuclear aromatic content,
and viscosity of vacuum gas oils. Therefore, one may expect that the same VR characteristics
can be used to correlate with the other important VR physicochemical properties that
give information about the chemical nature of the vacuum residue. Unfortunately, the
determination of the VR’s T50% can be problematic when high-temperature simulated
distillation (HTSD) is used, due to the inability of the entire amount of the VR sample to
evaporate and enter the gas chromatographic column [30,31]. In this work, we employed
HTSD to measure the distillation characteristics of diverse vacuum residues, and the
continuous boiling point distribution model of Riazi [32] was applied to atmospheric
residue distillation data to estimate the VR’s T50%. Then, we used this information to
calculate the VR’s molecular weight and to model the VR’s rheological properties: viscosity
and softening point. We also employed intercriteria analysis (ICrA) to evaluate the presence
of statistically meaningful relations between the different physicochemical properties of
30 straight-run VRs originating from extra light to extra heavy petroleum from all over
the world. Additionally, the relations between the different physicochemical properties
of 33 hydrocracked unconverted vacuum residues (H-Oil VTBs) obtained at conversions
between 58% and 93% were examined by ICrA, and the extent of similarities between the
H-Oil VTBs and the SRVRs were defined by ICrA.

Irvin Wiehe’s thought deserves mentioning here: “Petroleum is so complex with a
high degree of uncertainty that no concept is definite.” [33]. An example of the uncertainty
of VR asphaltene molecular weight measurement was discussed above. Another example
of an incorrect report on the measured density of VR can be found in our earlier research [5].
In order to avoid the incorrect measurement of the VR densities, the investigated VRs
were diluted with toluene at concentrations from 0.01 to 0.06 kg/L. The density of the
VRs were calculated using a mixing rule as explained in [34,35]. The accuracy of the
VR viscosity measurement is another uncertainty. The accuracy and repeatability of VR
viscosity measurements are affected by the selection of viscometers and the experimental
procedures followed by different operators [4,36]. A study published by Miller et al. [4]
indicated that heavy oil viscosities measured by different viscometers, or by the same
type of viscometer but measured in different laboratories following different operating
procedures, were found to be quite different. The inconsistency of the measured viscosities
makes data interpretation very difficult. Moreover, Samie and Mortaheb [37] developed
correlations to predict VR SARA composition from the VR properties: density, Conradson
carbon content, and viscosity, and an incorrect viscosity measurement will lead to an
incorrect SARA analysis prediction. In order to avoid inconsistency in the measured
viscosities of the distinct studied VRs, a dilution with 30% fluid catalytic cracking (FCC)
heavy cycle oil (HCO) was applied. This method, as shown in the research of Samie and
Mortaheb [37], can provide a reliable basis for VR property modeling.

Petroleum refining seeks a suitable application of secondary unconverted vacuum
residues. Such an application can be the use of the secondary unconverted vacuum residues
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as feed components for road asphalt production [38,39]. Due to a lack of knowledge of their
rheological property variations with conversion level alterations and the degree of similarity
or dissimilarity with the rheological properties of the straight-run vacuum residues from
different origins, the involvement of the secondary vacuum residues in the process of
road asphalt production is still limited. The modeling of the rheological properties of
the primary and the secondary vacuum residues can help increase the share of low-value
secondary residues in the road pavement bitumen by proper blending of hydrocracked
vacuum residues with the suitable straight-run vacuum residues in the optimum ratio from
an economical and technological point of view.

To the best of our knowledge, no reports have appeared in the literature that mod-
eled the viscosity and softening point of primary and secondary (hydrocracked) vacuum
residues, the properties of which vary in a wide range. To fill this gap, an attempt was
made in this study to define the characteristics of the SRVRs and the hydrocracked vacuum
residues that have statistically meaningful relations as evaluated by the use of intercriteria
analysis, which can be used for viscosity and softening-point modeling. An evaluation of
the extent of similarities between the primary and secondary vacuum residual oils based
on the application of an intercriteria analysis was also performed in this research to define
the most appropriate approach to modeling the viscosity and softening point. Among
the defined statistically meaningful relations between the vacuum residue bulk properties
with viscosity and softening point employed to model the rheological properties, the VR
bulk characteristics that most accurately predicted both viscosity and softening point were
distinguished. The aim of the current study was to discuss the obtained results and define
the most suitable models to predict the viscosity and softening point that can be used in the
process of optimization of feed composition that contains straight-run and hydrocracked
vacuum residual oils for production of road asphalt

2. Materials and Methods

The studied 30 straight-run vacuum residues (SRVRs) were obtained by TBP distil-
lation of crude oils and atmospheric residual oils (AROs) in the research laboratory of
LUKOIL Neftohim Burgas (LNB). The atmospheric part of the TBP distillation was per-
formed in accordance with ASTM D 2892, while the vacuum part of the TBP distillation
was carried out in accordance with ASTM D 5236. The SRVRs were the fractions of the
crudes that boiled above 540 ◦C. The hydrocracked vacuum residual oils, also named
H-Oil vacuum tower bottoms (VTBs), were obtained from the LNB H-Oil vacuum residue
hydrocracking during processing of the SRVRs. The methods used to measure the vacuum
residues’ properties are explained in our recent work [40]. Densities of the vacuum residual
oils were measured indirectly from the densities of a series of solutions of asphaltenes and
vacuum residues in toluene at different concentrations, as described in [40]. Solutions of
vacuum residues in toluene at concentrations up to a vacuum residue mass fraction of 6%
were prepared. Properties of crudes and the SRVRs obtained therefrom are presented in
Table 2. Table 3 summarizes the properties of the 33 H-Oil VTB products under study. The
data for the vacuum residue densities reported in Tables 2 and 3 were obtained by dilution
with toluene. The repeatability of the density measurement by dilution with toluene was
0.0035 g/cm3 for the vacuum residual oils.
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Table 2. Physicochemical properties of SRVRs and of the crude oils from which they originated.

Crude Origin Crude d 15
◦C, g/cm3

Crude
Sulfur, %

>540 ◦C,
wt.%

VR
SG

VR
Concarbon,

wt.%

VR Sulfur,
% Sat., wt.% Aro, wt.% Res, wt.% C7-Asp,

wt.%
C5-Asp,

wt.%
Kin. Vis.,
mm2/s *

Soft.
Point, ◦C IBP 10% 30% 50% 70% 90% 95% FBP MW ARI

Urals 0.877 1.53 25.2 0.997 17.5 3.0 25.6 52.5 7.8 14.1 17.6 220.9 40.1 540 559 602 657 735 884 961 1130 808 4.0
Arab Med. 0.872 2.48 25.2 1.031 20.7 5.4 11.8 68.3 5.3 14.6 25.5 338.3 44.7 538 560 608 670 758 927 1016 1217 840 5.2

Arab Heavy 0.889 2.91 32.0 1.040 23.6 5.8 12.4 61.9 4.4 21.3 32.9 374.6 51.2 538 565 628 709 827 1060 1186 1486 953 5.9
Val’Dagri 0.832 1.97 14.6 1.052 21.4 6.0 11.7 73.5 6.4 8.5 19.5 219.3 43.7 538 554 593 643 715 857 931 1086 764 5.5
Basrah L 0.878 2.85 28.3 1.052 23.8 5.9 12.3 64.8 4.9 18.0 27.7 368.9 50.3 539 562 616 684 782 969 1069 1297 877 6.0
Basrah H 0.905 3.86 33.8 1.071 28.9 7.1 12.3 54.1 5.8 27.7 37.0 731.9 68.6 539 567 632 715 836 1072 1200 1504 968 6.9
Kirkuk 0.873 2.65 24.6 1.054 25.2 5.9 15.2 55.4 5.0 24.3 33.1 514.1 58.1 539 561 611 676 769 950 1046 1264 853 5.9

Iranian H 0.882 2.27 28.1 1.050 23.9 5.2 17.0 52.6 5.0 25.4 36.2 528.6 61.9 540 561 609 668 751 908 989 1171 832 5.7
KEB 0.876 2.64 27.7 1.037 23.3 5.7 15.0 64.2 4.2 16.6 25.7 392.3 47.8 540 561 608 667 749 901 980 1157 830 5.3

El Bouri 0.891 1.76 26.2 1.050 25.5 3.3 12.0 57.9 12.6 17.5 27.3 303.0 45.0 538 558 605 666 756 931 1024 1231 827 5.7
Kazakh H 0.858 0.81 23.7 0.990 17.1 1.7 33.0 50.2 5.7 11.1 17.8 117.1 27.8 539 552 583 621 677 780 832 934 718 3.7

CPC 0.805 0.63 9.3 0.981 16.0 2.10 44.6 40.8 10.3 3.4 11.0 65.0 25.2 538 554 590 637 706 838 906 1047 757 3.5
LSCO 0.854 0.57 18.7 0.993 14.0 1.58 25.0 61.1 6.1 7.8 15.5 149.1 28.9 540 554 588 631 692 806 865 984 741 3.8
Prinos 0.875 3.71 20.3 1.108 32.8 9.14 12.6 50.6 6.8 30.0 38.8 550 69.2 538 555 595 645 718 858 930 1085 760 6.8
SGC 0.883 2.26 30.1 1.050 22.9 5.09 15.0 55.9 7.3 21.8 28.4 451 58.4 540 564 619 689 789 981 1084 1319 891 5.9
Oryx 0.9156 4.209 37.4 1.089 29.4 8.01 13.3 50.1 5.7 30.9 39.6 714.0 84.8 537 571 653 764 931 1277 1473 1964 1130 8.3

Okwuibome 0.868 0.20 6.9 0.975 12.9 0.50 31.7 56.0 10.5 1.7 8.2 60.0 23.3 540 549 571 601 643 721 758 818 671 3.2
Boscan 1.002 5.50 63.1 1.078 27.8 6.00 15.1 44.5 5.3 35.2 41.0 1003.0 115.0 542 588 689 812 982 1295 1459 1841 1330 8.7

RasGharib 0.926 3.44 40.2 1.059 25.1 5.60 14.7 49.7 9.6 26.0 34.9 610.0 75.8 540 567 628 706 814 1020 1128 1383 940 6.4
Varandey 0.850 0.63 14.9 0.990 15.1 1.70 33.5 47.6 11.3 7.6 13.5 103.0 43.8 539 552 582 621 677 783 837 942 717 3.7
Albania 1.001 5.64 48.2 1.094 31.4 8.70 10.0 52.9 6.3 37.7 49.7 680.0 92.2 540 572 645 732 850 1061 1166 1388 1017 7.9

Tempa Rossa 0.940 5.35 37.6 1.120 34.3 9.3 2.2 48.4 12.6 36.8 46.8 759.5 100.0 540 568 630 708 816 1021 1129 1383 931 8.2
Forties 0.817 0.68 11.9 0.990 14.8 2.5 28.7 60.3 3.8 7.2 9.8 140.0 28.9 541 557 594 643 716 858 932 1081 772 3.8

Rhemoura 0.865 0.75 20.2 1.041 23.7 1.8 19.7 49.8 7.3 23.2 31.3 255 51.1 538 555 593 642 713 846 916 1063 766 5.2
Cheleken 0.847 0.40 16.6 0.974 12.3 1.2 34.2 51.8 8.2 5.8 12.5 81 35.7 541 556 589 632 694 810 869 989 745 3.2

Arab Light 0.858 1.89 22.9 1.029 18.7 4.9 15.9 64.7 7.3 12.1 18.8 192 32.3 540 558 597 647 716 843 908 1049 778 4.9
Azeri Light 0.848 0.20 14.8 0.967 9.5 0.5 40.2 50.1 8.4 1.4 5.4 77 30.2 539 553 585 627 686 799 856 971 731 3.0

Aseng 0.874 0.26 13.8 0.984 14.2 0.6 32.7 48.5 15.2 3.7 10.0 77 28.0 541 549 569 595 630 694 723 776 658 3.4
Buzachi 0.907 1.57 32.7 1.007 16.0 3.1 25.0 67.4 5.8 1.8 6.1 207 38.0 542 562 610 672 761 934 1025 1227 848 4.4

KBT 0.876 2.91 25.8 1.067 26.9 6.4 12.3 53.6 9.2 24.9 32.4 400 62.4 540 560 607 665 749 907 990 1174 821 6.2

* Note: the kinematic viscosity shown in Table 1 concerned the kinematic viscosity of the 70% SRVR/30% FCC HCO blend.

.
Table 3. Physicochemical properties of hydrocracked vacuum residues (H-Oil VTBs).

No.
H-Oil
Conv.,
wt.%

H-Oil
VTB SG

H-Oil
VTB
CCR

Sat.,
wt.%

Aro,
wt.%

Res,
wt.%

C7-Asp,
wt.%

C5-Asp,
wt.%

Kin.
Vis.,

mm2/s

Soft.
Point,
◦C

IBP 10% 30% 50% 70% 90% 95% FBP MW ARI

1 75 1.006 21.8 26.4 53.7 9.7 10.1 21.0 90.7 37.8 541 551 573 598 629 679 702 744 663 4.0
2 69 1.011 22.6 25.6 56.4 11.2 6.8 26.4 106.7 38.4 541 552 574 599 631 680 703 744 666 4.1
3 70 1.021 23.4 23.8 48.9 11.9 15.4 26.0 112.8 37.5 541 551 573 597 628 677 700 741 661 4.4
4 75 1.021 24.1 23.9 48.8 12.8 14.5 27.0 103.1 38.1 541 551 574 599 631 683 706 750 665 4.4
5 65 1.025 23.6 23.3 51.2 9.4 16.1 23.6 103.7 41.3 539 550 572 597 629 681 704 749 661 4.4
6 64 1.015 22.1 24.8 49.0 10.9 15.3 24.9 117.2 37.9 539 550 572 596 628 677 700 742 660 4.2
7 59 1.002 19.1 27.4 48.6 13.2 10.8 25.5 89.2 27.6 540 551 574 600 631 682 704 748 668 3.9
8 68 1.026 23.6 23.1 48.7 11.8 16.4 26.0 116.4 41.0 539 550 572 598 631 684 708 753 662 4.5
9 73 1.036 24.0 21.7 49.9 13.9 14.5 28.5 114.7 36.0 540 550 572 597 629 681 705 748 659 4.7
10 67 1.029 23.1 22.6 47.5 15.2 14.7 28.6 103.3 38.5 540 552 577 604 638 691 715 763 676 4.6
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Table 3. Cont.

No.
H-Oil
Conv.,
wt.%

H-Oil
VTB SG

H-Oil
VTB
CCR

Sat.,
wt.%

Aro,
wt.%

Res,
wt.%

C7-Asp,
wt.%

C5-Asp,
wt.%

Kin.
Vis.,

mm2/s

Soft.
Point,
◦C

IBP 10% 30% 50% 70% 90% 95% FBP MW ARI

11 61.3 1.009 22.5 25.9 43.1 12.8 18.2 28.9 89.6 40.7 539 553 581 610 645 700 724 774 691 4.1
12 62.0 1.016 22.5 24.6 48.8 15.9 10.7 27.7 106.6 37.4 541 553 579 609 645 703 730 783 687 4.3
13 55.3 0.9860 17.9 31.1 43.3 9.8 15.7 24.5 78.4 26.7 541 552 575 601 633 684 706 749 671 3.5
14 72.3 1.027 24.7 22.9 48.7 10.7 17.7 27.4 89.6 39.4 541 554 580 609 643 699 724 773 686 4.6
15 67.4 1.020 23.3 23.9 51.2 8.5 16.4 25.4 96.5 33.5 540 551 574 599 631 682 704 748 665 4.3
16 65.8 1.013 22.4 25.2 49.9 14.7 10.2 26.3 90.2 33.5 539 550 573 598 630 679 702 744 664 4.2
17 64.9 1.018 23.3 24.3 48.7 11.5 15.4 24.4 74.2 28.0 540 551 575 601 634 684 707 751 670 4.3
18 72.5 1.034 25.5 22.0 50.7 10.2 17.2 25.8 107 40.85 541 551 574 599 632 686 710 756 664 4.7
19 75.3 1.042 25.5 21.0 49.8 10.7 18.5 28.5 111.7 44.6 541 551 573 598 632 688 713 761 662 4.8
20 81.2 1.056 28.2 19.6 54.2 6.2 20.0 23.1 113.9 50.9 539 549 570 594 626 678 701 744 651 5.1
21 71.6 1.030 24.4 22.5 50.8 5.4 21.3 26.0 109.9 55.8 540 550 570 594 624 673 694 734 653 4.5
22 74.3 1.059 28.8 19.3 52.0 5.9 22.8 27.5 147.0 56.3 541 550 571 595 627 678 702 744 653 5.2
23 71.7 1.036 25.7 21.6 52.4 4.5 21.4 24.2 119.7 44.7 541 551 573 599 634 691 718 767 664 4.7
24 75.7 1.050 27.6 20.1 51.8 15.2 12.9 29.8 135.7 51.1 541 551 572 596 628 679 702 744 656 5.0
25 67.0 1.009 22.2 25.9 50.8 8.7 14.6 21.9 95.5 37.8 540 551 573 598 630 680 702 745 664 4.1
26 68.9 1.022 22.4 23.6 51.8 8.2 16.4 24.0 97.0 38.5 539 550 572 598 630 683 706 751 663 4.4
27 87.5 1.148 45.6 4.0 6.3 22.7 67.0 91.0 397.8 116.0 540 552 577 605 640 694 719 768 656 6.9
28 90.1 1.103 38 16.6 39.1 12.9 31.4 44.1 266.5 76 540 549 569 593 624 675 698 737 640 6.0
29 93.2 1.094 35.0 17.0 34.9 16.1 32.0 47.1 202.8 72.8 541 550 569 591 622 671 693 729 638 5.8
30 93.1 1.125 43.7 15.8 24.1 13.4 46.7 53.9 385.8 77.8 541 550 569 591 621 671 693 729 632 6.3
31 93 1.098 33.9 16.8 36.8 10.9 35.5 45.4 203.6 63.5 539 547 567 590 620 668 690 728 634 5.9
32 83.9 1.136 38.95 15.5 40.4 13.4 30.7 42.9 232.3 75.9 540 550 570 594 625 676 698 737 635 6.6
33 83.6 1.122 38.26 15.8 45.0 11.9 27.3 38.6 341.9 74.2 541 549 567 589 617 664 685 718 627 6
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Saturate, aromatic, resin, and asphaltene (SARA) analysis of the studied vacuum
residual oils was performed in accordance with the procedure described in [41]. The content
of C5- and C7-asphaltenes was measured in accordance with the procedure described in [42].

Viscosity of the blends of studied 63 vacuum residues with fluid catalytic cracking
heavy cycle oil at a ratio of 70% VR/30% FCC HCO was measured according to ASTM
D1665 (Engler specific viscosity of tar products) at 80 ◦C. The properties of the FCC HCO
were as follows: density at 15 ◦C = 1.000 g/cm3; high-temperature simulated distillation
(HTSD), ASTM D7169): (evaporate, % = boiling point, ◦C) IBP = 241 ◦C; 10 wt.% = 272 ◦C;
30 wt.% = 297 ◦C; 50 wt.% = 316 ◦C; 70 wt.% = 337 ◦C; 90 wt.% = 367 ◦C; 95 wt.% = 382 ◦C;
FBP = 431 ◦C, kin. viscosity at 80 ◦C = 3.25 mm2/s.

Conversion of the Engler specific viscosity in kinematic viscosity was performed as
follows [43]:

Kin. vis. = 7.41Engler speci f ic viscosity (1)

where Kin. vis. = kinematic viscosity, mm2/s; and Engler specific viscosity = Engler specific
viscosity, ◦E.

The softening points (ring and ball) of the SRVRs and the H-Oil VTBs were measured
according to BDS (Bulgarian standard) EN 1427 [44].

The distillation characteristics of the SRVRs were estimated on the basis of the dis-
tillation characteristics of the atmospheric residues and the use of Riazi’s boiling point
distribution model, as shown in Equation (2):

Ti − T0

T0
=

[
A
B

ln
(

1
1− xi

)] 1
B

(2)

where Ti is absolute boiling point (Tb), in K; xi is the cumulative weight fraction; T0 is the
boiling point at xi = 0; and A and B are boiling point distribution model parameters. During
the estimation, T0 was the fitting parameter that provided the best agreement between
measured boiling points and those estimated by Equation (2).

The distillation characteristics of the VRs were extrapolated using the obtained three
parameters of Equation (2): A, B, and T0. Table S1 presents the data from the ASTM D
5236 physical vacuum distillation of the atmospheric residues of the studied 30 crude
oils. It also contains data on the values of the Riazi’s distribution model parameters A
and B; T0; and the average absolute deviation in boiling point prediction of the measured
evaporates. Table S2 contains data for the high-temperature simulated distillation (HTSD,
ASTM D 7169) of some of the SRVRs. The H-Oil VTBs’ distillation characteristics were
determined by application of the Riazi’s boiling point distribution model to the HTSD
of H-Oil atmospheric tower bottoms (ATBs). The HTSD characteristics of the 33 H-Oil
ATBs are presented in Table S3. The physical vacuum distillation standard ASTM D 5236
was applied twice to two H-Oil ATB samples. Unfortunately, due to blocking of impulse
lines of the ASTM D 5236 distillation apparatus with waxes, the apparatus controlling unit
frequently experienced operational issues. For that reason, the measurement of the H-Oil
ATB distillation characteristics by physical vacuum distillation was practically impossible.
The results of the two H-Oil ATB samples analyzed using ASTM D 5236, along with
application of Riazi’s boiling point distillation to these distillation characteristic results,
are summarized in Table S4. Table S4 also presents a comparison between the distillation
characteristics of the two H-Oil VTBs extrapolated by Riazi’s distribution model applied to
the data of the physical vacuum distillation (ASTM D 5236) and of the gas chromatographic
HTSD (ASTM D 7169).

The VR molecular weight was estimated by the use of the correlation developed by
Linan et al. for heavy oils [27], and is shown as Equation (3):

Mw = 284.75[exp(0.00322(ABP + 273.15))][exp(−2.52SG)]× (ABP + 273.15)0.083SG2.44 (3)
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where Mw = molecular weight of the vacuum residue, g/mol; ABP = average boiling
point, ABP = (T10%+T30%+T50%+T70%+T90%)

5 %; T30%, T50%, T70%, and T90% are the
temperatures of the evaporate at 10, 30, 50, 70, and 90% respectively, in K; and SG = specific
gravity.

The molecular weight of the studied SRVRs was estimated on the basis of the ABP
obtained from the Riazi’s boiling point distribution model applied to the data of the physical
distillation (ASTM D 5236) of the atmospheric residue and extrapolated for the SRVRs. Due
to observed cokelike material deposition in the gas chromatographic column inlet during
vacuum residue HTSD analysis and the reported column cracking described in [30,31], we
decided not to use the HTSD data for calculation of the SRVRs’ molecular weight.

The aromatic ring index (ARI), developed by Abutaqiya et al. [45,46], is an indicator of
the number of condensed aromatic rings in the molecular structure of the vacuum residues,
and is estimated by Equations (4) and (5):

ARI = f (MW, FRI) =
2[MW

FRI
–(3.5149MW + 73.1858]

(3.5074MW − 91.972− (3.5149MW + 73.1858)
(4)

where MW = molecular weight of the vacuum residues, in g/mol; and FRI = function of
refractive index.

FRI =
n2

D20 − 1
n2

D20 + 2
(5)

where nD20 = refractive index at 20 ◦C.
The refractive index of the studied vacuum residues was estimated by the correlation

developed by Stratiev et al. [47], and is shown as Equation (6):

RI = 0.702091d15 − 0.00011T50 + 0.91493 (6)

The following statistical parameters were employed to evaluate the different models
of the primary and secondary vacuum residues’ softening points and viscosities [48]:

Relative error (E) : E =

(
υexp − υcalc

υexp

)
× 100 (7)

AARE =
1
n

n

∑
i=1

∣∣vexp − vcalc
∣∣

vexp
× 100 (8)

Standard error (SE) : SE =

(
∑
(
(υexp − υcalc)

2

n

)) 1
2

, (9)

Relative standard error (RSE) : RSE =
SE

mean of the sample
× 100, (10)

Sum of square errors (SSE) : SSE = ∑
1

υ2
exp

(υexp − υcalc)
2 (11)

Residual (R) : R = υexp − υcalc, (12)

Relative error (RE) : RE =

(
∑
(

vexp − vcalc

vexp

))
× 100. (13)

The Akaike information criterion (AIC) and Bayesian information criterion (BIC)
were found to be capable of estimating the relative quality of a statistical method, and
thus are able to provide the means for model selection [48,49] when several models are
available. The estimations of AIC and BIC for the methods developed in this study are
summarized below.

Akaike and Bayesian Information Criteria:
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Consider the obtained errors {ε1, . . . , εn} as independent random samples from a
density function f(εi|θ), and supposing normal distribution of errors:

f(x|θ) = f(x|{µ,σ} ) = 1
σ
√

2π
exp

(
−1

2

(
x− µ
σ

)2
)

. (14)

Then, by the definition of the likelihood function:

L(θ) = ∏n
i=1 f(εi|θ) = ∏n

i=1
1

σ
√

2π
exp

(
−1

2

(
εi − µ
σ

)2
)

. (15)

The function L has a maximum if:

µ = µ̂ =
1
n ∑n

i=1 εi and σ2 = σ̂2 =
1
n ∑n

i=1(εi − µ̂)2. (16)

The Akaike information criterion (AIC) determines the relative information value of
the model using the maximum likelihood value ln

(
L
(
θ̂
))

, θ̂ = {µ̂, σ̂}, and the number of
parameters:

AIC = 2× [number of parameters]− 2× ln
(
L
(
θ̂
))

.

The Bayesian information criterion is defined by:

BIC = [number of parameters]× ln([number of data points])− 2× ln
(
L
(
θ̂
))

. (17)

3. Results
3.1. Relations of the Vacuum Residue Properties to Viscosity and Softening Point

Table 4 summarizes the range of variation in the properties of the straight-run vacuum
residual oils and the hydrocracked vacuum residual oils (H-Oil VTBs) under study. The range
of variation was obtained by statistical analysis of the data in the Supplementary Material.

Table 4. Range of variation in SRVR and H-Oil VTB properties.

SRVR H-Oil VTB
Min. Max Min. Max

SG 0.967 1.120 0.986 1.148
Conradson carbon content, wt.% 9.5 34.3 17.9 45.6
Saturates, wt.% 2.2 44.6 4.0 31.1
Aromatics, wt.% 40.8 73.5 6.3 56.4
Resins, wt.% 3.8 15.2 4.5 22.7
C7-asphaltenes, wt.% 1.4 37.7 6.8 67.0
C5-asphaltenes, wt.% 5.4 49.7 21.0 91.0
Molecular weight, g/mol 658 1330 627 691
Kin. viscosity of the blends of
70% VR/30% FCCHCO, mm2/s 60 1003 74 398

Softening point, ◦C 23.3 115 27 116
Aromatic ring index 3.0 8.7 3.5 6.9

It was evident from these data that the range of variation in the physicochemical
properties of the studied SRVROs and H-Oil VTBs was rather wide. Therefore, the data
could be considered representative enough for the purpose of the investigation of the
vacuum residue properties’ relations. It was also observed in the data in Table 3 that
the molecular weight of the SRVRs estimated by Equation (3) and using the average
boiling point extrapolated by Riazi’s distribution model was within the range of variation
in molecular weights reported in Table 1. It was also within the range of variation in
vacuum residue molecular weights (variation between 677 and 1265 g/mol) reported by
van den Berg et al. [50] and determined by vapor pressure osmometry (VPO) for 11 crude



Energies 2022, 15, 1755 10 of 25

oils comprising extra light to heavy crude oils. Therefore, one may conclude that the
procedure applied in this work for determination of vacuum residue molecular weight
by the use of Equation (3) and Riazi’s boiling point distribution model applied to the
atmospheric residue distillation data presented consistent values. The data in Table 3 also
showed that the molecular weights of the H-Oil VTBs varied in a narrow range, around
660 g/mol, which was much lower than the molecular weight of the typical LNB H-Oil VR
hydrocracker Urals vacuum residue feed, about 800 g/mol. This was also consistent with
the molecular weight reduction during VR hydrocracking, a result of the cracking of the
aliphatic moieties of the VR feed components, leading to a hydrocracked vacuum residue
with a lower molecular weight [51].

Intercriteria analysis (ICrA) was employed to determine statistically significant re-
lations between the different properties of the primary and secondary vacuum residues.
More information concerning the application of ICrA can be found in our recent stud-
ies [28,29]. ICrA defines the relations between the studied criteria (parameters) in terms
of intuitionistic fuzzy pairs 〈µ, ν〉 [28,29]. Depending on the values of µ, ν seen in a pair,
positive consonance, negative consonance, and dissonance between any pair of criteria
(parameters) can be defined. Values of µ = 0.75–1.00 and ν = 0.00–0.25 denote a statistically
meaningful positive relation, where the strong positive consonance is exhibited at values
of µ = 0.95–1.00, ν = 0.00–0.05; and the weak positive consonance is exhibited at values
of µ = 0.75–0.85, ν = 0.15–0.25. The values of negative consonance with µ = 0.00–0.25
and ν = 0.75–1.05 represent a statistically meaningful negative relation, where the strong
negative consonance exhibits values of µ = 0.00–0.05, ν = 0.95–1.00; and the weak negative
consonance exhibits values of µ = 0.15–0.25, ν = 0.15–0.25. All other cases are characterized
as dissonance [28,29].

Tables 5 and 6 present the statistically meaningful relations quantified by the µ- and
υ-values for the ICrA of the evaluated SRVRs.

Table 5. The µ-values for the ICrA evaluation of relations between properties of the studied SRVRs.

Crude
d15

Crude
S VR VR

SG
VR

CCR
VR
S Sat Aro Res C7-

Asp
C5-
Asp VIS SP T50% MW ARI

Crude d15 1.000 0.777 0.903 0.756 0.766 0.708 0.267 0.467 0.453 0.789 0.777 0.768 0.766 0.805 0.800 0.784
Crude S 0.777 1.000 0.828 0.885 0.887 0.922 0.191 0.490 0.359 0.885 0.885 0.874 0.812 0.855 0.846 0.917

VR 0.903 0.828 1.000 0.772 0.763 0.754 0.271 0.508 0.384 0.818 0.807 0.807 0.777 0.878 0.878 0.809
VR SG 0.756 0.885 0.772 1.000 0.924 0.899 0.154 0.476 0.425 0.897 0.881 0.876 0.814 0.789 0.775 0.929

VR CCR 0.766 0.887 0.763 0.924 1.000 0.885 0.195 0.451 0.439 0.901 0.899 0.864 0.805 0.775 0.770 0.894
VR S 0.708 0.922 0.754 0.899 0.885 1.000 0.161 0.520 0.386 0.835 0.832 0.823 0.768 0.812 0.798 0.881
Sat 0.267 0.191 0.271 0.154 0.195 0.161 1.000 0.354 0.554 0.244 0.251 0.246 0.303 0.248 0.258 0.168
Aro 0.467 0.490 0.508 0.476 0.451 0.520 0.354 1.000 0.324 0.414 0.421 0.439 0.368 0.533 0.538 0.469
Res 0.453 0.359 0.384 0.425 0.439 0.386 0.554 0.324 1.000 0.421 0.409 0.398 0.483 0.352 0.349 0.384

C7-asp 0.789 0.885 0.818 0.897 0.901 0.835 0.244 0.414 0.421 1.000 0.966 0.947 0.858 0.802 0.798 0.890
C5-asp 0.777 0.885 0.807 0.881 0.899 0.832 0.251 0.421 0.409 0.966 1.000 0.926 0.851 0.795 0.791 0.885

VIS 0.768 0.874 0.807 0.876 0.864 0.823 0.246 0.439 0.398 0.947 0.926 1.000 0.860 0.828 0.823 0.892
SP 0.766 0.812 0.777 0.814 0.805 0.768 0.303 0.368 0.483 0.858 0.851 0.860 1.000 0.761 0.754 0.830

T50% 0.805 0.855 0.878 0.789 0.775 0.812 0.248 0.533 0.352 0.802 0.795 0.828 0.761 1.000 0.984 0.846
MW 0.800 0.846 0.878 0.775 0.770 0.798 0.258 0.538 0.349 0.798 0.791 0.823 0.754 0.984 1.000 0.832
ARI 0.784 0.917 0.809 0.929 0.894 0.881 0.168 0.469 0.384 0.890 0.885 0.892 0.830 0.846 0.832 1.000

Note: Green color means a statistically meaningful positive relation; red color implies a statistically meaningful
negative relation. The intensity of the color designates the strength of the relation: the higher the color intensity,
the higher the strength of the relation. Yellow color denotes dissonance.
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Table 6. The υ-values for the ICrA evaluation of relations between properties of the studied SRVRs.

Crude
d15

Crude
S VR VR

SG
VR

CCR
VR
S Sat Aro Res C7-

Asp
C5-
Asp VIS SP T50% MW ARI

Crude d15 0.000 0.212 0.090 0.223 0.228 0.278 0.717 0.526 0.524 0.207 0.218 0.228 0.228 0.186 0.195 0.193
Crude S 0.212 0.000 0.163 0.092 0.103 0.067 0.791 0.501 0.616 0.108 0.108 0.120 0.179 0.133 0.147 0.058

VR 0.090 0.163 0.000 0.209 0.232 0.235 0.715 0.487 0.595 0.179 0.191 0.191 0.218 0.115 0.120 0.170
VR SG 15 0.223 0.092 0.209 0.000 0.058 0.081 0.818 0.506 0.540 0.087 0.103 0.108 0.168 0.195 0.209 0.046
VR CCR 0.228 0.103 0.232 0.058 0.000 0.103 0.791 0.545 0.540 0.097 0.099 0.133 0.191 0.218 0.228 0.085

VR S 0.278 0.067 0.235 0.081 0.103 0.000 0.818 0.469 0.586 0.156 0.159 0.168 0.221 0.179 0.193 0.097
Sat 0.717 0.791 0.715 0.818 0.791 0.818 0.000 0.632 0.416 0.745 0.738 0.743 0.683 0.736 0.731 0.802
Aro 0.526 0.501 0.487 0.506 0.545 0.469 0.632 0.000 0.655 0.584 0.577 0.559 0.628 0.460 0.460 0.510
Res 0.524 0.616 0.595 0.540 0.540 0.586 0.416 0.655 0.000 0.561 0.572 0.584 0.497 0.625 0.632 0.579

C7-asp 0.207 0.108 0.179 0.087 0.097 0.156 0.745 0.584 0.561 0.000 0.035 0.053 0.140 0.193 0.202 0.092
C5-asp 0.218 0.108 0.191 0.103 0.099 0.159 0.738 0.577 0.572 0.035 0.000 0.074 0.147 0.200 0.209 0.097

VIS 0.228 0.120 0.191 0.108 0.133 0.168 0.743 0.559 0.584 0.053 0.074 0.000 0.138 0.168 0.177 0.090
SP 0.228 0.179 0.218 0.168 0.191 0.221 0.683 0.628 0.497 0.140 0.147 0.138 0.000 0.232 0.244 0.154

T50% 0.186 0.133 0.115 0.195 0.218 0.179 0.736 0.460 0.625 0.193 0.200 0.168 0.232 0.000 0.012 0.136
MW 0.195 0.147 0.120 0.209 0.228 0.193 0.731 0.460 0.632 0.202 0.209 0.177 0.244 0.012 0.000 0.149
ARI 0.193 0.058 0.170 0.046 0.085 0.097 0.802 0.510 0.579 0.092 0.097 0.090 0.154 0.136 0.149 0.000

Note: Green color means a statistically meaningful positive relation; red color implies a statistically meaningful
negative relation. The intensity of the color designates the strength of the relation: the higher the color intensity,
the higher the strength of the relation. Yellow color denotes dissonance.

It was evident from these data that the viscosities of the SRVRs had statistically
meaningful relations of the crude density and sulfur content with the vacuum residue
content in the crude oil and the vacuum residue properties of density, Conradson carbon
content, asphaltene content, average boiling point, molecular weight, and aromatic ring
index (ARI). Among these, the strongest was the relation with asphaltene content and ARI.
The same SRVR properties had statistically meaningful relations to the softening point, and
the asphaltene content had the strongest relation to the SRVR softening point.

Tables 7 and 8 present the statistically meaningful relations quantified by the µ- and
υ-values for the ICrA of the evaluated H-Oil VTBs.

Table 7. The µ-values for the ICrA evaluation of relations between properties of the studied H-Oil VTBs.

H-Oil
Conv.

VTB
d15

VTB
CCR Sat Aro Res

VTB
C7-
Asp

VTB
C5-
Asp

VTB
VIS SP T50% MW ARI

H-Oil Conv. 1.000 0.839 0.845 0.155 0.441 0.544 0.727 0.712 0.790 0.796 0.231 0.195 0.826
VTB d15 0.839 1.000 0.926 0.002 0.392 0.553 0.803 0.729 0.856 0.858 0.241 0.189 0.966

VTB CCR 0.845 0.926 1.000 0.061 0.394 0.547 0.797 0.733 0.831 0.860 0.267 0.214 0.911
Sat 0.155 0.002 0.061 1.000 0.583 0.434 0.180 0.261 0.136 0.133 0.691 0.786 0.006
Aro 0.441 0.392 0.394 0.583 1.000 0.252 0.311 0.222 0.415 0.403 0.449 0.508 0.367
Res 0.544 0.553 0.547 0.434 0.252 1.000 0.447 0.741 0.566 0.515 0.492 0.472 0.549

VTB C7-asp 0.727 0.803 0.797 0.180 0.311 0.447 1.000 0.674 0.731 0.811 0.313 0.280 0.780
VTB C5-asp 0.712 0.729 0.733 0.261 0.222 0.741 0.674 1.000 0.716 0.716 0.386 0.367 0.727

VTB VIS 0.790 0.856 0.831 0.136 0.415 0.566 0.731 0.716 1.000 0.833 0.201 0.163 0.833
SP 0.796 0.858 0.860 0.133 0.403 0.515 0.811 0.716 0.833 1.000 0.256 0.216 0.835

T50% 0.231 0.241 0.267 0.691 0.449 0.492 0.313 0.386 0.201 0.256 1.000 0.890 0.244
MW 0.195 0.189 0.214 0.786 0.508 0.472 0.280 0.367 0.163 0.216 0.890 1.000 0.193
ARI 0.826 0.966 0.911 0.006 0.367 0.549 0.780 0.727 0.833 0.835 0.244 0.193 1.000

Note: Green color means a statistically meaningful positive relation; red color implies a statistically meaningful
negative relation. The intensity of the color designates the strength of the relation: the higher the color intensity,
the higher the strength of the relation. Yellow color denotes dissonance.
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Table 8. The υ-values for the ICrA evaluation of relations between properties of the studied H-Oil VTBs.

H-Oil
Conv.

VTB
d15

VTB
CCR Sat Aro Res

VTB
C7-
Asp

VTB
C5-
Asp

VTB
VIS SP T50% MW ARI

H-Oil Conv. 0.000 0.152 0.142 0.835 0.540 0.441 0.260 0.277 0.205 0.195 0.699 0.778 0.135
VTB d15 0.152 0.000 0.059 0.991 0.587 0.430 0.182 0.258 0.136 0.131 0.688 0.782 0.004

VTB CCR 0.142 0.059 0.000 0.924 0.581 0.432 0.184 0.250 0.157 0.125 0.661 0.754 0.047
Sat 0.835 0.991 0.924 0.000 0.396 0.549 0.805 0.725 0.856 0.856 0.241 0.189 0.956
Aro 0.540 0.587 0.581 0.396 0.000 0.722 0.665 0.756 0.568 0.576 0.470 0.455 0.581
Res 0.441 0.430 0.432 0.549 0.722 0.000 0.532 0.241 0.421 0.468 0.430 0.494 0.403

VTB C7-asp 0.260 0.182 0.184 0.805 0.665 0.532 0.000 0.309 0.258 0.174 0.616 0.688 0.174
VTB C5-asp 0.277 0.258 0.250 0.725 0.756 0.241 0.309 0.000 0.275 0.271 0.540 0.602 0.233

VTB VIS 0.205 0.136 0.157 0.856 0.568 0.421 0.258 0.275 0.000 0.159 0.731 0.813 0.129
SP 0.195 0.131 0.125 0.856 0.576 0.468 0.174 0.271 0.159 0.000 0.676 0.756 0.123

T50% 0.699 0.688 0.661 0.241 0.470 0.430 0.616 0.540 0.731 0.676 0.000 0.044 0.661
MW 0.778 0.782 0.754 0.189 0.455 0.494 0.688 0.602 0.813 0.756 0.044 0.000 0.756
ARI 0.135 0.004 0.047 0.956 0.581 0.403 0.174 0.233 0.129 0.123 0.661 0.756 0.000

Note: Green color means a statistically meaningful positive relation; red color implies a statistically meaningful
negative relation. The intensity of the color designates the strength of the relation: the higher the color intensity,
the higher the strength of the relation. Yellow color denotes dissonance.

These data showed that the H-Oil VTBs had statistically meaningful relations to the
H-Oil conversion, and the H-Oil VTB properties of density, Conradson carbon content,
saturate content, softening point, average boiling point, molecular weight, and ARI. The
strongest were the relations with the density and saturate content. While the relation
with density was positive, that with the saturate content was negative. Unlike the SRVRs,
the H-Oil VTBs’ viscosities increased with the decrease in molecular weight, which was
evident from the negative consonances shown in Table 7. The reason for this difference
between the SRVRs and H-Oil VTBs concerning viscosity can be explained by the fact
that during increasing H-Oil conversion, the H-Oil VTB molecular weight decreased, and
simultaneously its aromaticity, expressed by density, and Conradson carbon content were
augmented, which in turn led to increasing the H-Oil VTBs’ viscosities. The same H-Oil
VTB properties had statistically meaningful relations with the H-Oil VTB softening point.
The strongest was the relation of the H-Oil VTB softening point to the Conradson carbon,
which was positive, and to the saturate content, which was negative.

ICrA allowed us not only to define the statistically meaningful relations between
the properties of the primary and the secondary vacuum residues, but also to quantify
the extent of similarities between the individual vacuum residues. Table 9 presents an
illustration of the extent of the similarities between some of the individual SRVRs, as well as
the complete dissimilarities between the SRVRs and the H-Oil VTBs quantified by the ICrA
parameters of consonance and dissonance. Green color means a statistically meaningful
positive relation; red color implies a statistically meaningful negative relation. The intensity
of the color designates the strength of the relation: the higher the color intensity, the higher
the strength of the relation. Yellow color denotes dissonance.

Table 9. The µ-values of the ICrA evaluation of similarities between the individual SRVRs and
individual H-Oil VTBs.

Urals Arab
Med

Arab
Heavy Val’Dagri Basrah

Light
Basrah
Heavy Kirkuk Iranian

Heavy KEB El Bouri

Urals 1.00 0.73 0.71 0.68 0.71 0.61 0.65 0.65 0.76 0.60
Arab Med 0.73 1.00 0.94 0.82 0.95 0.86 0.80 0.67 0.84 0.76

Arab Heavy 0.71 0.94 1.00 0.78 0.93 0.89 0.76 0.64 0.80 0.78
Val’Dagri 0.68 0.82 0.78 1.00 0.82 0.77 0.79 0.71 0.78 0.78

Basrah Light 0.71 0.95 0.93 0.82 1.00 0.86 0.82 0.69 0.85 0.80
Basrah Heavy 0.61 0.86 0.89 0.77 0.86 1.00 0.86 0.73 0.79 0.74

Kirkuk 0.65 0.80 0.76 0.79 0.82 0.86 1.00 0.85 0.85 0.69
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Table 9. Cont.

Urals Arab
Med

Arab
Heavy Val’Dagri Basrah

Light
Basrah
Heavy Kirkuk Iranian

Heavy KEB El Bouri

Iranian Heavy 0.65 0.67 0.64 0.71 0.69 0.73 0.85 1.00 0.80 0.56
KEB 0.76 0.84 0.80 0.78 0.85 0.79 0.85 0.80 1.00 0.67

El Bouri 0.60 0.76 0.78 0.78 0.80 0.74 0.69 0.56 0.67 1.00
CPC 0.86 0.69 0.65 0.66 0.65 0.54 0.56 0.54 0.69 0.69

LSCO 0.94 0.75 0.73 0.70 0.73 0.62 0.65 0.67 0.78 0.63
Prinos 0.42 0.59 0.63 0.69 0.61 0.74 0.73 0.74 0.59 0.59
SGC 0.75 0.84 0.80 0.71 0.84 0.86 0.90 0.84 0.89 0.64

Boscan 0.48 0.56 0.57 0.41 0.55 0.55 0.52 0.50 0.56 0.35
RasGharib 0.66 0.78 0.78 0.69 0.78 0.84 0.84 0.82 0.81 0.60
Varandey 0.83 0.61 0.59 0.63 0.59 0.51 0.54 0.61 0.63 0.61

Albanian crude 0.52 0.70 0.72 0.64 0.71 0.78 0.72 0.70 0.67 0.56
Tempa rossa 0.49 0.60 0.61 0.66 0.63 0.71 0.79 0.81 0.71 0.59

Forties 0.93 0.78 0.76 0.71 0.76 0.67 0.70 0.71 0.81 0.58
H-Oil Conv.75% 0.43 0.28 0.22 0.41 0.29 0.25 0.39 0.48 0.37 0.39

H-Oil Conv.58.5% 0.46 0.29 0.24 0.40 0.30 0.23 0.35 0.44 0.39 0.42
H-Oil Conv.67.5% 0.41 0.23 0.18 0.38 0.25 0.27 0.41 0.49 0.39 0.39
H-Oil Conv.64.9% 0.50 0.33 0.28 0.42 0.35 0.24 0.36 0.43 0.43 0.46
H-Oil Conv.93.2% 0.31 0.24 0.20 0.36 0.25 0.29 0.41 0.48 0.37 0.34
H-Oil Conv.83.6% 0.31 0.25 0.25 0.39 0.30 0.33 0.44 0.50 0.37 0.37

Note: Green color means a statistically meaningful positive relation; red color implies a statistically meaningful
negative relation. The intensity of the color designates the strength of the relation: the higher the color intensity,
the higher the strength of the relation. Yellow color denotes dissonance.

The data in Table 9 indicated a positive consonance between the SRVRs; for example,
Urals had positive consonances of µ = 0.94 with Light Siberian (LSCO) and µ = 0.93 with
Forties, while Arab Medium had a strong positive consonance of µ = 0.95 with Basrah Light.
Dissonance, and very rarely a negative consonance, were observed between the SRVRs;
whereas between all SRVRs and all H-Oil VTBs, only negative consonances were registered.
This implied that the physicochemical nature of the hydrocracked vacuum residues was
substantially different from that of the SRVRs.

We concluded from the results of the ICrA that the SRVR properties of viscosity and
softening point were affected in a different way than the other properties, and therefore
their modeling should be performed separately.

3.2. Modeling Straight-Run Vacuum Residue and Hydrocracked Vacuum Residue Viscosity and
Softening Point

Redelius and Soenen [52] proposed that the viscosity of bitumen and vacuum residue
is determined by interactions between the molecules. Larger molecules, as well as large
polyaromatic systems, result in higher interactions, and thus a higher viscosity [52]. This
can explain why the molecular weight, which accounts for the size of the molecules, and
the specific gravity (density), which accounts for the content of aromatics, [28,42] are the oil
parameters that, along with the modified empirical model of Walther (Equation (18)) [53],
can be used to properly predict oil viscosity. Another indirect estimate of molecular weight
is the boiling point, which is roughly related to the molecular size [52]. Our recent studies
on modeling the viscosities of gas oils [29,54] showed that the modified empirical model
of Walther [53], in which two oil characteristics (average boiling point (ABP) and specific
gravity) and Equation (18) can be used to properly predict oil viscosity:

Vis = eeaABPb .SGc
+d + f (18)

where Vis = kinematic viscosity of gas oil at 80 ◦C, in mm2/s; ABP = average boiling point,
in K; SG = specific gravity; and a, b, c, d, e, and f = empirical coefficients estimated on the
basis of experimental data and the use of the computer algebra system Maple (and the
Global Optimization Toolbox). All computations were performed by the use of CAS Maple
and NLPSolve with the modified Newton iterative method starting from the corresponding
initial condition. The stop criteria was the absolute difference of two consecutive iterations
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being less than or equal to 0.01. More details on the application of the CAS Maple and
NLPSolve with the modified Newton iterative method and the benefit of its usage for oil
viscosity modeling was given in our recent study [54].

The same model as that of Equation (18) was employed to simulate the viscosity of
the blends of 70% SRVR/30% FCC HCO while employing data for 10 blends of 70% SRVR/
30% FCC HCO from our earlier study [55] and 23 blends of 70% SRVR/30% FCC HCO
shown in Table 1. The remaining seven blends of 70% SRVR/30% FCC HCO will be later
used for verification of the models. Model 1 employed the SRVR characteristics of molecular
weight (MW) and specific gravity (SG). Model 2 used the SRVR characteristics of molecular
weight (MW) and C7-asphaltene content. Model 3 applied the SRVR characteristics of ABP
and SG. Another model to predict SRVR viscosity was developed by employing MW and
ARI as input variables and the use of Equation (19):

VIS =
ARIa

(ln(ln(b + MW))− c)d + f , a, b, c, d, f > 0. (19)

Table 10 presents the values of the four estimated model parameters using the proce-
dure described above.

Table 10. Values of the SRVR viscosity model parameters of Models 1–4.

Model
Parameters

Model 1
(Equation (18))

(SRVR VIS)

Model 2
(Equation (18))

(SRVR VIS)

Model 3
(Equation (18))

(SRVR VIS)

Model 4
(Equation (19))

(SRVR VIS)

a −5.00865 −8.05983 −10.99957 2.266
b 0.19482 0.24726 0.23653 3261.12086
c 0.91620 0.25887 0.37364 3.0125
d 3.10347 2.46841 3.99885 1
f −132.76 41.3679 −287.281 −30

Table 11 summarizes the statistical analyses, showing the minimum error (min E),
maximum error (max E), number of positive residuals (#R+) and negative residuals (#R−),
range calculated by the difference between the highest positive residual (HPR) and the
lowest negative residual (LNR), fitting parameters, Akaike information criterion (AIC),
and Bayesian information criterion (BIC), which provided a sound evaluation of the three
SRVR viscosity models. These data indicated that Model 2, which employed Equation (18)
and the SRVR characteristics of MW and C7-asphaltene content, was characterized by the
lowest error, highest coefficient of determination R2, and lowest AIC and BIC. This implied
that Model 2 was the preferred model to simulate the SRVR viscosity.

Table 11. Statistical analysis of the four SRVR viscosity models.

Model 1
(SRVR VIS)

Model 2
(SRVR VIS)

Model 3
(SRVR VIS)

Model 4
(SRVR VIS)

Min E −83.4 −72.1 −82.3 −82.9
Max E 39.2 25.4 37.5 40.6

RE 192.0 −65.3 129.7 8237
SE 82.9 58.1 85.1 80.9

RSE 23.1 16.2 23.8 22.6
SSE 1.5 1.41 1.53 1.72

AARE 15.3 16.2 16.4 18.2
#R+ 18 11 17 11
#R− 11 18 12 18
HPR 227 173.6 230.1 189
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Table 11. Cont.

Model 1
(SRVR VIS)

Model 2
(SRVR VIS)

Model 3
(SRVR VIS)

Model 4
(SRVR VIS)

LNR 101 −87.7 −57.2 −105
R2 0.8929 0.9405 0.9078 0.8922

Slope 0.8768 0.9164 0.7878 0.8758
Intercept 11.8 19.2 38.7 18.5

AIC 8.4 7.0 8.5 15.9
BIC 12.6 11.2 12.7 20.3

The softening point as a physical property of bitumen and vacuum residue, as Redelius
and Soenen explained in their study [52], is also a function of the interactions between
the molecules. Therefore, one may expect that the softening point will depend on the
same vacuum residue properties as viscosity does. Since Equation (18) did not provide a
satisfactory modeling of SRVR softening point, another model equation was employed to
simulate the SRVR softening point. It is shown as Equation (20):

SP = a(
SG(C7asp; CCR)d

ln(ln(b + MW))− c)
) f + g, a, b, d, f , g > 0. (20)

Table 12 presents the values of the estimated model parameters for simulation of
the SRVR softening point by Equation (20) through employment of the characteristics of
molecular weight (MW) and specific gravity (SG)—Model 5 (SP); molecular weight (MW)
and C7-asphaltene content—Model 6 (SP); and molecular weight (MW) and Conradson
carbon content (CCR)—Model 7 (SP). In Models 6 and 7, the C7-asphaltene content and
CCR took the place of SG in Equation (20).

Table 12. Values of the SRVR softening point model parameters of Models 5–7.

Model Parameters Model 5 (SRVR SP) Model 6 (SRVR SP) Model 7 (SRVR SP)

a 0.999462 0.247470 0.021333
b 3273.077761 3272.091072 3273.035253
c −1.797226 2.122597 1.330416
d 3.99998 2.15585 3.727435
f 2.991707 0.901634 0.688136
g 2.056976 25.747997 20.951802

Table 13 summarizes the statistical analyses, showing the minimum error (min E),
maximum error (max E), number of positive residuals (#R+) and negative residuals (#R−),
range calculated by the difference between the highest positive residual (HPR) and the
lowest negative residual (LNR), fitting parameters, Akaike information criterion (AIC), and
Bayesian information criterion (BIC), which provided a sound evaluation of the three SRVR
softening-point models. It can be seen from the data in Table 12 that Model 5 exhibited
the lowest AIC, BIC, AARE, and SSE, and therefore was considered as the best model to
simulate the SRVR softening point. It seemed that the C7-asphaltene content was a better
descriptor of the SRVR softening point than the SG and CCR.
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Table 13. Statistical analysis of the three SRVR softening-point models.

Model 5 (SRVR SP) Model 6 (SRVR SP) Model 7 (SRVR SP))

Min E −53.2 −19.0 −32.1
Max E 61.2 56.0 55.4

RE 105.6 161.2 108.9
SE 0.7 1.0 0.9

RSE 1.3 1.8 1.6
SSE 1.30 0.70 0.90

AARE 15.7 11.9 13.6
#R+ 15 15 14
#R− 8 8 9
HPR 48.5 35.3 48.1
LNR −36.8 −6.5 −22.2
R2 0.5821 0.8362 0.665

Slope 0.7862 0.8518 0.7165
Intercept 8.5 3.5 11.4

AIC 14.9 −1.4 7.0
BIC 13.3 0.4 8.6

The viscosity of the blends of 70% H-Oil VTBs/30% FCC HCO was found to be best
modeled by the exponential dependence on the H-Oil VTB Conradson carbon content
(CCR) using Equation (21):

HOil VTB VIS = 25.021× exp(0.0603×VTB CCR) R2 = 0.937; %AAD = 8.5 (21)

where HOil VTB VIS = viscosity of the blends of 70% H-Oil VTBs/30% FCC HCO at 80 ◦C,
in mm2/s; and VTB CCR = H-Oil VTB Conradson carbon content, in wt.%.

The softening point of the H-Oil VTB was also found to be best modeled by the exponential
dependence on the H-Oil VTB Conradson carbon content (CCR) using Equation (22):

HOil VTB SP = 13.093× exp(0.0461 ∗VTB CCR) R2 = 0.891; AARE = 8.2% (22)

where HOil VTB SP = softening point of H-Oil VTBs, in ◦C.
Unlike the SRVRs, the H-Oil VTBs’ rheological properties of viscosity and softening

point did not increase with the molecular weight (MW) augmentation. The reason was that
the H-Oil VTB CCR was enhanced with conversion magnification, as evident from the data
in Table 6, while the MW decreased with conversion increment. This can be explained by
the chemistry of the vacuum residue hydrocracking. With conversion enhancement, the
aromaticity and CCR of the H-Oil VTBs increased due to cleavage of the aliphatic moieties
attached to the aromatic rings, which in turn led to a VTB product with a lower molecular
weight. As observed from Equations (21) and (22), the CCR magnification had a positive
effect on both the viscosity and softening-point enhancement.

3.3. Validation of the Developed Models to Simulate Viscosities and Softening Points of SRVRs and
H-Oil VTBs

The empirical models developed to predict SRVR viscosity (Models 1–4) were devel-
oped on the basis of data for 10 SRVRs taken from our earlier study [55] and 19 data sets
taken from Table 1. The other 11 data sets in Table 2 were used to validate the prediction
abilities of Models 1–4 to correctly predict the viscosity of the blends of 70% SRVR/30% FCC
HCO. Figure 1 depicts parity graphs of agreement between the measured and predicted
viscosities of blends of 70% SRVR/30% FCC HCO by the four SRVR viscosity models. The
data in Figure 1 indicated a very good agreement between the measured and predicted
viscosities for Models 1, 3, and 4 with the test data, while Model 2 was not as successful
in the prediction of viscosity of the blends of 70% SRVR/30% FCC HCO as it was with
the training set. For the whole set (training plus test) of 40 data points, the accuracy of
prediction decreased in the order: Model 1 (AARE = 14.1%) > Model 4 (16.8%) > Model 2



Energies 2022, 15, 1755 17 of 25

(18.6%) > Model 3 (25.6%). One may conclude that the molecular weight, specific gravity,
and aromatic ring index were the most suitable descriptors of the SRVR viscosity, which,
along with Model 1 and Model 4, could best predict the viscosities of the SRVRs. It is
interesting to note here that from the SRVR data, specific gravity and molecular weight
could be used to predict the viscosity of the 70% SRVR/30% FCC HCO. Then, the predicted
value of viscosity could be used to estimate the C7-asphaltene content by Model 2. In other
words, the specific gravity and the prediction by Riazi’s model of the T50% of the SRVR
based on atmospheric residue ASTM D-5236 distillation data were sufficient to predict the
SRVR C7-asphaltene content using Models 1 and 2. Figure 2a presents a graph of agreement
between the measured and predicted C7-asphaltene content of 40 SRVRs through the use
of MW, SG, and Models 1 and 2. For comparison purposes, Figure 2b shows a graph of
agreement between the measured and predicted C7-asphaltene content of 40 SRVRs using
the SRVR data for density, viscosity of blends of 70% SRVR/30% FCC HCO, and Conradson
carbon content, and the correlation of Samie and Mortaheb [37].

It was observed from these data that Models 1 and 2 and the data for the MW and SG
of the SRVRs outperformed the correlation of Samie and Mortaheb [37], with an average
absolute relative error = 20.9% for the new method relative to AARE = 32.6% for the
correlation of Samie and Mortaheb [37].

Figure 3 presents parity graphs of agreement between the measured and predicted
softening points (SP) using the three SRVR SP models—Models 5, 6, and 7. These data
indicated a good agreement between the measured data and that predicted with the test
data for softening points, confirming the superiority of Model 6 as established with training
set data (Table 13). Therefore, while the viscosity could be best predicted from the SRVR
data of MW and SG, the softening point was best predicted from the SRVR data of MW and
C7-asphaltene content, with AARE = 10.9% for Model 6, AARE = 12.7% for Model 7, and
AARE = 15.0% for Model 5 for all studied 30 SRVRs. A total of 23 data sets from Table 2
were used as a training set to develop Models 5, 6, and 7, and 7 data sets were employed as
test data.

Figures 4 and 5 show parity graphs of agreement between the measured and predicted
viscosity of blends of 70%H-Oil VTB/30% FCC HCO and the softening points (SPs) of H-Oil
VTBs using Equations (21) and (22). It was evident from these data that there was a very
good agreement between the measured and predicted values for both the viscosities and
softening points of the H-Oil VTBs.
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Figure 1. Agreement between measured data and that predicted by Models 1–4 for viscosities of blends of 70%SRVR/30%FCC HCO: (a) Model 1; (b) Model 2; (c) 
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Figure 1. Agreement between measured data and that predicted by Models 1–4 for viscosities of blends of 70% SRVR/30% FCC HCO: (a) Model 1; (b) Model 2;
(c) Model 3; (d) Model 4.
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Figure 2. Agreement between measured data and that predicted by MW, SG, and Model 1 and Model 2 for C7-asphaltene content in SRVRs (a) and by the correlation
of Samie and Mortaheb [37] (b).
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Figure 3. Agreement between measured data and that predicted by Models 5–7 for the softening point of SRVRs: (a) Model 5; (b) Model 6; (c) Model 7.
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Figure 4. Agreement between measured and predicted viscosities of blends of 70% H-Oil
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Figure 5. Agreement between measured and predicted softening points of the H-Oil VTB for
33 training set points and 6 test set points using Equation (22).

4. Conclusions

On the basis of the performed investigation, the following conclusions were reached:

1. The molecular weight predicted by the correlation of Linan et al. [27] using specific
gravity and the T50% boiling point derived from Riazi’s boiling point distribution
model for the studied vacuum residues was found to be within the range of molecular
weights of distinct vacuum residual oils reported in the literature.

2. The ICrA evaluation revealed that the straight-run and hydrocracked (secondary) vac-
uum residues were completely different, and therefore their viscosities and softening
points should be separately modeled.

3. Both the viscosities and softening points of the primary vacuum residues could be
modeled using the properties of T50%, molecular weight, C7-asphaltene content,
Conradson carbon content, and specific gravity using a Walther’s-type equation. The
best viscosity model employed the molecular weight and specific gravity, whereas the
best SRVR softening-point model used the molecular weight and asphaltene content.

4. In addition to the model of Samie and Mortaheb [37], which predicted C7-asphaltene
content with an average absolute relative error of 32.6% and used the density, Conrad-
son carbon content, and viscosity of the primary vacuum residue, the C7-asphaltene
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content could be also predicted from data for density (specific gravity), T50%, and
the viscosities in Models 1 and 2 developed in this work, with an average absolute
relative error of 20.9%;

5. The viscosities and softening points of the hydrocracked vacuum residues could be
modeled from a single property—the Conradson carbon content.

6. The vacuum residue viscosity modeled in this research was related to the viscosity of
blends of primary and secondary vacuum residue (70%) and FCC HCO (30%) due to
the uncertainty of the measurements of viscosities of highly viscous vacuum residua.
An investigation of the suitability of blending models available in the literature to
the studied blends of vacuum residua (70%) and FCC HCO (30%) to determine the
viscosities of the pure primary and secondary vacuum residua will be a subject of a
future work.
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Nomenclature

AARE Average absolute relative error, %
ABP Average boiling point
API API gravity
ARI Aromatic ring index
ATB Atmospheric tower bottom product
CCR Conradson carbon content, wt.%
d15 Density at 15 ◦C, g/cm3

E Error
FBP Final boiling point, ◦C
FCC Fluid catalytic cracking
HCO Heavy cycle oil
HNR Highest number residual
ICrA Intercriteria analysis
IBP Initial boiling point, ◦C
LNB LUKOIL Neftohim Burgas
LNR Lowest number residual
MAX E Maximum error
MIN E Minimum error
MW Molecular weight,
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nD20 Refractive index at 20 ◦C
R Residual
#R+ Number of positive residuals
#R− Number of negative residuals
RSE Relative standard error
SE Standard error
SG Specific gravity
SP Softening point
SRVR Straight-run vacuum residue
SSE Sum of squared errors
VIS Kinematic viscosity, cSt
VR Vacuum residue
VTB Vacuum tower bottom product
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