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Rel. Error (ppm) Formula Paraffins 142.169 1.03
142.1722 -3.2 -222 CIO H22 156.1867 2.18 156.1878 -1.1
-7 Cu H24 170.202 3.69 170.2035 -1.5 -8.5 C12 Hi s
184.2189 6.71 184.2191 -0.2 -1.1 C13 Hs 198.2345 11.3

BEgARas0. 3 -1.3 Cl4 HBO 212 2507 15.25 21cHibBihodnidus
WEH 226. 2659 16.14 226. 2661 -0.2 -0.7 Cu H34
240.2827 13.15 2402817 1 4.2 C17 H36 254.2956 11.1
254.2974 -1.8 -6.9 Oe Hu -268.313 9.02 268.313 0 0 Cie
Hee 282.3279 7.84 282.3287 -0.8 -2.7

micro-hydrocarbon analysis, MHA) which are used as input for modeling of

petroleum refinery processes.
BRIEF DESCRIPTION OF THE DRAWINGS
[0005] Figure 1 shows the overall protocol of Micro-Hydrocarbon Analysis.

[0006] Figure 2 shows an analysis of an n-paraffin mixture by a GC-FI-TOF-

MS to give molecules over a wide boiling range.

[0007] Figure 3 shows that GC-FI-TOF-MS resolves isomer and isobaric

molecules.

[0008] Figure 4 shows that GC-FI-TOF-MS resolves about 1500 molecules in
total liquid product,

[0009] Figure 5 shows the relative response factors of alkyl benzenes as a

function of carbon numbers.
[0010] Figure 6 shows 145 homologous series cores found in petroleum.

[0011] Figure 7 shows sample homologous series of benzene, naphthalene,

fluerine, and dibenzothiophene.

[0012] Figure 8 shows sample saturates arranged by x-class. Reading from

right to left the molecules are O ring saturates, 1 ring saturates, 2 ring saturates etc.

[0013] Figure 9 shows 1 ring aromatic cores arranged by x-class, preferred

structures in bold.

[0014] Figure 10 shows 2 ring aromatic cores that have x-classes that take
even integers -10, -8, -6, -4, -2, 0, 2.

[0015] Figure 11 shows 3 ring aromatic cores that have x-classes that take the
even integers -10, -8, -6, -4,-2, 0, 2.



C20 Ha 296.3392 4.74 296.3443 -5.1 -17.2 C21 Hu
310.3622 2.35 310.36 2.2 7.2 C22 H46 324.3755 1.31
324.3756 -0.1 -0.3 C23 Ha 1 Cycl oparaffins 126. 1498 2.05
126.1409 8.9 70.9 C9 ths 140.1623 4.44 140.1

WP WOH6A938p0 154, 1748 7.04 154.1722 2.6 17. 2;}%@”%’3‘5"“”43
168.189 12.05 168.1878 1.2 7.1 Cl2 1424 182.2032

25.37 182.2035 -0.3 -1.4 CL3 H25 196.219 43.36

196.2191 -0.1 -0.5 Cl4 1128  210.2352 70.65 210. 2348
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even integers -10, -8, -6, -4, -2, 0, 2, and the odd integers -11, -9, -7, <5, -3, -1, 1.

[0017] Figure 13 shows the sulfide cores that have x-classes that take the even
integers -10, -8, -6, -4, -2, 0, 2.

[0018] Figure 14 shows the polar cores divided into even x-classes acids (-10,

-8, -6, -4, -2, 0, 2) and odd x-~class basic nitrogen.

[0019] Figure 15 shows olefin and thiophene cores that have x-classes that
take even integers -10, -8, -6, -4, -2, 0, 2.

[0020] Figure 16a shows the cumulative weight percent distilled off as a

function of boiling point.

[0021] Figure 16b shows the cumulative target distribution versus calculated
distribution as a function of boiling point. |
[0022] Figure 16¢c shows ¢ = dwr as a function of boiling point.
dWD .
[0023] Figure 17 shows a flow chart for the successive substitution

reconciliation algorithm of the present invention.
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0024] Molecule Management has become increasingly important in
petroleum research, refinery processing, and raw materials evaluation. Moiecular
compositions of crude oils and intermediate refinery streams are key input
parameters to Structure Oriented Lumping (SOL) process models, Optimizable
Refinery Models (ORM's) and Real Time Optimization (RTO) Models. In addition
to guiding commercial selection of crude oils and refinery processing conditions,
these models have become useful for both gunidance and development of R&D
programs. Molecular composition has become the basis for developing the current

process models and evaluating the economic value of crude oils. The current art of



238.2669 91.71 238.2661 0.8 3.6 Cl7 On 252.2824 85.22
252.2817 0.7 2.8 CI'S H36 266.2968 75.44 266.2974 -0.6
-2.1 9 Hs 280.3127 61.34 280.313 -0.3 -1.1 C30 Hi .
204.3276 39.07 294.3287 -1.1 -3.6 C21 Ha 308.342

WO /8353443 -2 -6.5 CZ2 1144 322.3575 15‘.’015”%2%?.’%"43
-2.5 -7.6 Cel Hs 336.3747 8.95 336.3756 -0.9 -2.7 C24
Hu 350.39 6.17 350.3913 -1,3 -3.6 Ca Hs 364. 3989

3.32 364.4069 -s -22 Cs 1157 378.4206 2.57 378.4226

-2 -5.2 CZ7 Hs

obtaining petroleum composition involves various stages of distillation and
fractionation followed by detailed analysis. Unfortunately, small sample size and
need for quick results can be a significant barrier for applying the current state of
the art analysis. For example, Advanced Catalyst Evaluation (ACE) pilot units used
in catalytic cracking research routinely generate less than 1 gram of total liquid
product (TLP). Even when sufficient volume of sample is available for the
traditional characterization, it is a time-consuming process that limits the rate at

which samples can be analyzed.

[0025] Micro-Hydrocarbon Analysis (MHA) consists of two components as
illustrated in Figure 1. (I) Measurements {resolution, identification and
quantification) of hydrocarbon composition by combining chromatographic
separation, soft ionization (or non-fragmenting ionization), and high resolution and
accurate mass analysis. In a preferred embodiment, chromatographic separation is
performed by gas chromatography (GC), soft ionization is by field ionization (FI),
high resolution and accurate mass analysis is performed by time-of-flight mass
spectrometer. (II) Reconciliation of other analytical measurements to generate
model of composition. In preferred embodiments, other analytical measurements
include supercritical fluid chromatography and/or liquid chromatography for
paraffin, naphthene and aromatic ring type measurements, sulfur and nitrogen
clemental analysis, simulated distillation and sulfur simulated distillation for yields,
proton NMR for olefin content and gas chromatography for normal paraffin

measurements.

1. Measurement of Composition by GC-FI-TOF Mass Spectrometer

[0026] GC-FI-TOF mass spectrometer is the core component of Micro-
Hydrocarbon Analysis. In this technique, GC is used to separate hydrocarbon
species by boiling point or polarity depending on type of colurn used. The
technique applies to a wide boiling point range as demonstrated in Figure 2. Field

ionization provides soft ionization of hydrocarbon molecules. Species co-eltute in
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for each set of experinent. CP 7 3 9 10 11 12 13 14 15
18 17 18 19 20 21 22 23 24 26 Date Tinme 0030288 012
0.17 0233 0.294 0.38 0.439 0.517 0.811 0.772 0.932
1.099 1.285 1.478 1.697 1.917 1.999 2.227 2.456 2.802
28- Feb- 2003 20: 5223 6030273 0. 158 0.212 0.289 0.329
0.407 0.485 0.52 0.869 0.801 0.932 1.135 1.338



1.474 1671 1.888 1.999 2.102 2.205 2515 01- 148- 21303
01:17:59 6030276 0.18 0.214 0.295 0.346 0.398 0.473
0.583 0.723 0.812 0902 1.104 1.306 1.419 1.606 1.804
1,874 2.127 2.36 2.655 01-04er-2003 05: 41: 44

WO 2BM/0619394 0. 264 0.314 0.386 0.463 0.529 0. 5‘%%;‘%.%%@““3
0.906 1.112 1.317 1.419 1.809 1.799 2.04 2.249 2.457
2.88 014Aer- 2003 1059509 0030288 0. 142 0.206 0275 0. 318
0.985 0.458 0.58 0.694 039 D.688 1.105 1.324 1.469

1.882 1.836 2.158 2.238 2.32 2.617 014149-21303 1416: 16

TaBR30%Pite Qvé'rége Srrdi33n mass measurements are less than 3 mDa.

Exp. Mass | Rel, Abun. |Cale. Mass (Da}|Error (mDa)|Rel. Error {(ppm) Formula
Ds) 4
142,169 1.03 142.1722 32 222 Cio Hx
156.1867 2.18 156,1878 .1.1 7 Cu Hu
170.202 3.69 170.2035 -1.5 8.5 Ciz His
184.2189 6.71 1842191 02 -1.1 Ciy Hos
" 198.2345 11.3 198.2348 -0.3 .13 Cu Hao
= 212.2507 15.25 212.2504 0.3 1.4 Cis Ha
= [ 2262659 16.14 226.2661 202 207 Cis s
8 [ 2402827 13.15 240.2817 1 42 Ci7_Hss
g: 254.2956 1.1 254.2974 -1.8 -6.9 Ci Has
: 268.313 9.02 268313 0 0 Ciy Hoo
( 282.3279 7.84 282.3287 0.8 2.7 Cz Ha
296.3392 4.74 296.3443 5.1 -17.2 Cai Hu
3103622 2.35 310.36 2.2 7.2 Cz Has
324.3755 1.31 324.3756 0.1 0.3 Czs Ha
126.1498 2,05 126.1409 8.9 70.9 Cy Hu
140,1623 4.44 140.1565 5.8 41.4 Cio Hao
154.1748 7.04 154.1722 2.6 17.2 Cy_Haz
168.189 12.05 168.1878 12 7.1 Ciz Ha
182.2032 25.37 182.2035 -0.3 .14 Cis Has
196.219 43.36 196.2191 0.1 0.5 Cu H
w 210.2352 70.65 210.2348 0.4 2.1 Cis Huo
2 [ 2242508 100 224,2504 0.4 1.8 Cis Han
% 238.2669 91.71 238.2661 0.8 3.6 Ci7 Hu
g 252.2824 85.22 2522817 0.7 - 2.8 Cis His
2. | 266.2968 75.44 266.2974 0.6 2.1 Cis Has
2 [T2803127 61.34 280313 03 11 Ca He
5. 294.3276 39.07 294,3287 -1.1 36 Ca He
308.3423 25.74 308.3443 2 6.5 Cz Hu
( 122.3575 15.12 322,36 2.5 1.6 Cn Hus
' 336.3747 8.95 3363756 0.9 27 Ca Hu
150.39 6.17 350.3913 -1.3 -3.6 Czs Hso
364.3989 3.32 364.4069 -8 22 Cas Hs
378.4206 2,57 378.4226 2 52 Cz Hss
392.4295 1.61 392.4382 8.7 222 Ca Hss

[0027] Quantification of GC-FI-TOF data is carried out in two ways. First
response factors of carbon numbers (or molecular weight) were determined using a

mixture of alky] benzene standard (C; to Cs). Second the total



0244 0.309 0.975 0,433 0.518 0.641 0.74 0.639 1.0135
1.29 1.488 1.637 1.788 2.244 2.366 2.489 2.715
01-14er. 2003 1756: 50 AVG 0. 146 0. 199 0. 266 0.318 0.385

0. 455 35 0.67 0.785 01 1.103 1.307 1.45
‘Z%%‘é”“%”igs 2.386 2.697 RSO 10.2 8.3 32 5. ?%523?6%3&3
5.16.93.33521202422276.44.34.52.4
0030335 0.162 0.211 0.289 07373 0.474 0.55 0.669 0.739
0.851 0.962 1.15 1.338 1.508 1.859

Hydrocarbon classes, paraffins, naphthenes, 1-ring aromatics, 2-ring aromatics and
3-ring+ aromatics were normalized to that determined by high-resolution

supercritical fluid chromatography or other chromatographic techniques.

[0028] Reduction of GC-FI-TOF data is based on defined retention time
window and accurate mass window for various hydrocarbon species. The

measurement generates a composition that will be further reconciliated with other

analytical measurements.

[0029] Long term repeatability of MHA was studied on both alkyl benzene
standard and on total liquid products from Catalytic Cracking experiments. Field
Ionization is the major source of uncertainty in GC-FI-TOF measurement. FI
sensitivity varies with molecular weight and molecular types. It also depends on the
type of emitters used in the experiments. For practical applications, a mixture of
alkyl benzenes (C; to C,s) are analyzed before and after a series of sample runs. In
addition to calibrate carbon number response factors, the analysis also corrects

fluctuations in GC retention time and MS measurement,



c#
G030268
030273
Goz0278
G020263
G030288
G030292
AVG
RSD

G030335
(030339
AVG
%RSD

G030341
GO30244
GO30345
AVG
%RSD

GO030410
5030415
G03g421
AVG
%RSD

G030422
5030423
G030425
AVG
%RSD

G030427
G020430
AVG
%RSD

GOIDSOT
G030512
AVG
%RSD

0.4 1.6 2.7 525.9 10.0 4.7
0030341 0.7158 0.212 0239 0. 35

R —

1397 1.79 1.983 2.175 2.382 2443er-2003 13:41: 46
0030339 0.147 0.21 0282 0.96 0.436 0.505 0.581 0.091
0.842 0.992 1.12 1.247 1.477 1.628 1.779 1209 2.093
2278 2.85 24-14er-2003 10: 04: 37 AVG 0. 164 0.
WO3B8¢/461%885 0. 521 0.826 0.716 0.848 0.977 1.
1.523 1.655 1.788 1.86 2.038 2.226 2.516

4.5 3.5 3.2 7.5

Table 2: Mole response factors (RF) of C; to Cps alkyl benzene over a two-month
period. The average Relative Standard Deviation (RSD) within an
experimental set are largely less than 6%. The RF variation across the
two-month period ranges from 5 to 15% RSD. The results demonstrate
the necessity of alkyl benzene calibration for each set of experiment.
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Date
28-Feh-2003
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27-Mar-2003

04-Apr-2003
D5-Apr-2003

10-Apr-2003
10-Apr-2003
10-Apr-2003

11-Apr-2003
11-Apr-2003
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01-May-2003

g

Time
20:62:03
01:17:50
05:41:44
10:05:09
14:28:18
17:56:50

13:41:40
10:04:37

11:53:45
14:52:55
15:47:48

17:07:09
21:38:118
03:01:40

15:20:12
18:08:29
17.55:50

130404
15:42:48

15:56:15
20:31:12



0.436 0.476 0.516 0.555 0.783 0.062 1.198 1.435 1.692
. 1.853 2.014 2.038 2.167 2.297 2.345 2.206 27-1Aar-2003
11:53: 45 0.152 30344 0209 0292

0.338 0.407 0.458 0.58 0.7 0.825 0.95 1.146
WOgary/§198%5 1 893 2.119 2.581 27-11. 82003 11‘?‘%@%@%%43

-9

Table 3: Long term reproducibility on analyses of a liquid hydrocarbon product.
Variations in naphtha and middle distillate yields are approximately 1.2
and 0.7%, respectively. Variations in Octane and Cetane Number are
approximately 0.7 and 1 unit, respectively.

Date C1-Oct2002  Z/-Feb-2003 O4MaN-2003 12Mar2003 24Mar-2003 27-Mar-2003 Apl7, 2003  April 16, 2003
Filename GO21004 G030304 GO1e G038 GO0Ms2 GOM20 G342  Average 61D
Gravity 40.7 0.5 404 401 404 399 26 383 401 o5
Sulfur 042 040 043 043 052 053 QAT 047 0s 09
aliphatic S [T 14 005 0.05 005 0.05 0,05 007 01 00
saturates 242 24 252 243 243 243 254 252 246 05
parsffns{nodisc) 0 20 23 28 25 28 29 28 26 03
167 176 A 174 172 169 168 168 74 [ K}
{-ring nagh az a5 46 a3 e 44 45 a5 o
2+ing nagh 01 Y o7 01 ol o1 08 o7 3 03
3+ingnaph 03 02 0z 02 0z 0z 03 02 0z oo
aromsul 0.0 500 489 29 50.0 500 500 500 500 L]
1-RIfig Arom 508 504 498 508 so.r 50.8 L1 ] 0y 50.3 as
2-Ring Arom 120 125 121 122 122 23 120 122 122 0z
3-Ring Arom 88 79 98 a9 23 84 39 24 81 05
4-Ring Arom 32 45 32 kT A5 a3 41 35 1) 05
H "6 16 "y 16 186 "s nr 18 148 o0
Br no. 482 457 a7 481 466 480 WA 429 87 14
RON (65-430F) na "4 o0 "3 ns i M 4 [} F] na 0.2
MON {65-430F) B85 829 .8 811 B3 33 809 B0.8 813 oy
ole 258 =8 248 257 258 257 247 2438 264 1]
YCA 449 ay u1 445 ua 44 0ns 1 444 04
Pour pi*C) 129 131 15 128 n2 14 164 13 128 17
Cloud pt{*C 559 802 578 ;a1 5841 564 589 50 580 46
Freeze pt{'C} 559 602 578 G594 581 564 589 570 580 15
Cl {430-650F) 245 254 250 2.0 254 %0 259 28 35 [
CN (430-650F) 180 173 169 184 ws 185 103 181 176 [}
Naphtha (W4 513 1] 5.1 8.4 5.0 582 580 50 588 14
Micidie Dist (24 243 74 247 252 P 252 u2 245 M5 06

II. Reconciliation of GC-FI-TOF Mass Spectrometer Data

[0030] The final step of Micro-Hydrocarbon Analysis is to reconcile analytical
measurements to the model-of-composition. In particular, the model-of-
composition must reproduce all measurements in the analytical protocol as closely
as possible, and at the same time satisfy a set of property balances, €.g. mass and
elemental composition. A number of targets were used for the data tuning (or data
reconciliation). The total olefin content is tuned to that measured by proton NMR.
Hydrocarbon and S yields were tuned to that measured experimentally by gas
chromatography simulated distillation (SIMDIS and S-SIMDIS), calculated N and

S contents were tuned to that measured by elemental analysis, etc.

[0031] One embodiment of this reconciliation procedure is to treat it as a
constrained optimization problem: we optimize the model-of-composition's fidelity
to the test results of the analytical protocol subject to the property balance

constraints. Another embodiment of the reconciliation procedure is successive
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substitution, an iterative procedure in which the model-of-composition is adjusted
to match the results of the analytical protocol in a prescribed sequence until
changes in the model-of-composition between iterations fall below a prescribed

tolerance. The detailed description of model of composition and data reconciliation

can be found in the attached appendix.

II1. Generation of Cut Composition from MHA

One significant advantage of MHA is that it enables the gencration of boiling point
cut composition without physically distilling the sample. Tables 4 and 5 show the
compositions of naphtha and middle distillate predicted by MHA virtual cut (cut
based on calculated boiling point of the molecules) and that based on measurements

of physically distilled cuts. The results agree well.

Table 4: Detailed Comparisons of the moleéular compositions and calculated
properties of the distilled naphtha cut (65-430°F)

GC-PIONA MHA MHA virtual
: naphtha cut naphtha cut

APl 53.5 53.32 52.61
RON N/A 90.3 90.59
MON N/A 81.76 81.84
H; % N/A 12.83 12.76
S wt% 0.05 0.1 0.06
Paraffins sum 23.15 19.25 20.32
n-paraffins 3.77 1,14 0.63
i-paraffins 19.38 18.11 19.63
Naphthenes sum 10.05 11.09 10.57
1-ring naphthene 10.05 11.09 10.57
2-ring naphthenes 0 0.0 0.0
Aromatics sum 29.96 33.68 36.37
Benzenes N/A 29.03 29.91
Naphthalenes N/A 0.8 0.66
Naphth-/ Olef-benzenes N/A 3.85 5.66
Indenes N/A 0.0 0.14
QOlefins sum 30.59 35.62 32.49
Qlefins N/A 25.2 23.08
Naphtheno-olefins N/A 3.99 3.59
Di-olefins N/A 5.66 5.12
Other olefins N/A 0.77 0.7
Sum of C13+ 6.23 N/A N/A
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0.490 0.595 0.866 0.631 0.995 1.114 1.234 1.468 1.871
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Tablezg3Detafied compagson of the molecular compositions and properties of

mid-distillate (430-650 °F distilled cut)

Experimental MHA MHA (virtoal
(430-650 cut) | (430-650 cut) 430-650 cut)
API gravity 18.6 18.49 17.02
Estimated Cetane # 18.4 12.04 15.08
S wt% 0.697 0.88 0.78
H, wt% 9.95 9.74 9.66
Saturates wt%o 21.98 19.52 19.09
Paraffins wt% 10.42 10.21 14.08
N-paraffins wt% N/A 2.53 5.28
1-ring naphthene N/A 7.82 39
2-ring naphthene N/A 0.84 0.62
3-ring naphthene N/A 0.66 0.49
Aromatics wi% 77.77 80.26 80.7
1-ring aromatic N/A 27.17 21.98
2-ring aromatic N/A 45.05 45.85
3-ring aromatic N/A 7.87 12.85
4-ring aromatic N/A 0.17 0.03
Olefins wt% N/A 2.63 1.73
Bromine # N/A 2.53 1.46
Refractive index N/A 1.5239 1.5311
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APPENDIX
The Model-of-Composition
1. Introduction
[0032}] Petroleum streams are complex mixtures of hydrocarbons containing

many thousands of distinct molecular species. These streams include any
hydrocarbon stream from processes that change petroleum's molecular
composition. The streams are so complex, and have so many distinct molecular
species that any molecular description of the composition is essentially a model - a

model-of-composition.

2. Organizing the Model-of-Composition

[0033] The model-of-composition is organized initially into four major groups:
saturates, aromatics, sulfides and polar molecules. Olefins are rare in crude
petroleum, but are generated in refining processes that involve thermal or catalytic
cracking and comprise a fifth major group. Within each major group, we organize
molecules by homologous series. A homologous series is a molecular group that
shares the same chemical structure (core), but has alkyl side chains of differing
carbon number, arrangement and branching patterns. Figure 6 shows 145
homologous series cores found in petroleum. Figure 7 shows sample homologous

series of benzene, naphthalene, fiuorene, and dibenzothiophene.

[0034] It is convenient to organize hydrocarbon homologous series by
hydrogen deficiency. Hydrogen deficiency can be organized into 14 classes (the

primary x-classes) according to the formula:
x - class = (-14) +mod(MW,14) . 1.

[0035] The x-class is the remainder of the "nominal" molecular weight divided
by 14. By convention the values -12, -13, -14 are replaced with 2 1 0 so x-class

runs from -11 to 2. Although several homologous series present in petroleum
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share the same x-class, all molecules within eackh homologous series share the same

x-class because the molecular weight of a -CH,- group is 14.

Saturate Molecules

[0036] Saturate molecules contain only aliphatic carbons and hydrogen and
their x-classes take the even integers -12, -10, -8, -6, -4, -2, 0 2. Figure 8 show
sample saturates arranged by x-class. Reading from right to left the molecules are 0
ring saturates, 1 ring saturates, 2 ring saturates etc. Notice that there are many
similar (but related) molecules present in each x-class. These molecules are
structural isomers sharing the identical mass and often very difficult to identify
analytically in the complex mixture. A representative structure in each x-class
(sometimes more than one) then becomes the model-of-composition. The

preferred structures are shown in bold.

Aromatic Molecules

[0037] Aromatic molecules have carbon atoms in aromatic rings. Aromatic
molecules found in petroleum often contain sulfur and non-basic nitrogen (-NH-)

groups. We have organized aromatic molecules by ring class, i.e. 1, 2, 3 and 4+.

1 Ring Aromatic Molecules

[0038] Figure 9 shows 1 ring aromatic cores arranged by x-class. Preferred
structures are in bold. Some of these cores actually contain two aromatic rings
separated by naphthenic rings or alkyl chains (x-class -4, -2, 0 in Figure 9) but are
predominantly 1 ring in character. The alternate structures in x-class -4, -2, 0 have
4, 5 and 6 naphthenic rings, and are rare in petroleum. In the model-of-
composition, thiophene is equivalent to an aromatic ring. Thiophenes (x-class -4, -

2, 0) are rare in crude petroleum, but are made in refining processes that involve

thermal or catalytic cracking.
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2 Ring Aromatic Molecules

[0039] Two ring aromatic cores shown in Figure 10 have x-classes that take
the even integers -10, -8, -6, -4, -2, 0, 2, Three of the preferred structures shown in
bold are benzothiophenes (x-classes -10, -8, -6). In the model-of-composition, a
thiophene group is equivalent to an aromatic ring. Molecules containing the
benzothiophene core ( x-class -6 in Figure 10) are much more common in
petroleum than those containing less preferred structure, phenylnaphthalene.
Biphenyl cores (x-class -2} are more abundant in petroleum than are
tetrahydrophenanthrene cores. However, in hydroprocessed petroleum streams

tetrahydrophenanthrenes are more abundant than are biphenyls.

3 Ring Aromatic Molecules

[0040] 3 ring aromatic cores shown in Figure 11 have x-classes that take the
~ even integers -10, -8, -6, -4, -2, 0, 2, Dibenzothiophenes (x-classes -2, 0, 2),
abundant in petroleum, have three-ring aromatic character. Phenanthrene and
anthracene (x-class -4) are both three-ring aromatics. Phenathrene is common in

petroleum; anthracene is commeon in coal.

4 Ring Aromatic Molecules

[0041] 4 ring aromatic cores shown in Figure 12 have x-classes that take the
even integers -10, -8, -6, -4, -2, 0, 2, and the odd integers -11, -9, -7, -5, -3, -1, 1.
Each of the odd x-class cores contains a non-basic nitrogen group (-NH-). In the
model-of-composition, all aromatic molecules that have non-basic nitrogen take
four ring aromatic characters. Several structures have one or two thiophenic sulfur
groups, The homologous series containing benzopyrene cores (x-class 0) includes

benzo(a)pyrene, a potent carcinogen.

Sulfide Molecules
[0042] Sulfide molecules contain aliphatic sulfur, but they have neither oxygen

nor nitrogen. The cores shown in Figure 13 have x-classes that take the even
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integers -10, -8, -6, -4, -2, 0, 2. Preferred structures are in bold. Alkyl sulfides (x-
class -8), and benzyl sulfides (x-class -2) are not preferred because they are rare in
petroleum. Sulfide cores in the model-of-composition have either one or aliphatic

sulfur groups. Some of these cores contain only aliphatic carbon; others contain

both aliphatic and aromatic carbon.

Polar molecules

[0043] Polar cores shown in Figure 14 are organized into even X-class acids (-
10, -8, -6, -4, -2, 0, 2), and odd X-class basic nitrogen molecules (-11, -9, -7, -3, -3,
-1, 1). Some of the acid cores included in the model-of-composition contain
aliphatic sulfur. Other polar oxXygenates, ¢.g. alcohols and sulfoxides {not shown)
are less abundant in petroleum than are acids, and do not appear in the model-of-

composition. All odd x-class cores contain one basic nitrogen group.

Olefins and Thiophenes

[0044] Olefin and thiophene cores shown in Figure 15 have x-classes that take
the even integers -10, -8, -6, -4, -2, 0, 2. Olefin and thiophene cores appear in
Figure 15; preferred structures are in bold. We have added a double bond to each of
the preferred saturate cores (see bold structures of Figure 8) to create the olefin
cores in the top row of Figure 15. The formation of each double bond present in an
olefin requires the removal of two hydrogen atoms. Thus, the X-class of each of
these mono-olefin cores is two less than that of the corresponding saturates core.
Similarly, we have removed two hydrogen atoms from each of selected 1 ring
aromatic cores (see Figure 9), and from 2 ring aromatic cores (see Figure 10), to
create the olefin cores appearing in the second and third row of Figure 10,
respectively. Thiophenes (see fourth row of Figure 15) are created by removing
four hydrogen atoms from tetrahydrothiophene cores (see top row of Figure 13).
Olefin cores containing more than one double bond, e.g. diolefins, are not preferred
in the model-of-composition (see bottom row of Figure 15). Such molecules tend to

be highly reactive and are therefore rare in petroleum.
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analytical measurements to the model-of-composition. In particular, the model-of-

composition must reproduce all measurements in the analytical protocol as closely
as possible, and at the same time satisfy a set of property balances, e.g. mass and

elemental composition.

[0046] One embodiment of this reconciliation procedure is to treat it as a
constrained optimization problem: we optimize the model-of-composition's fidelity
to the test results of the analytical protocol subject to the property balance
constraints. Another embodiment of the reconciliation procedure is successive
substitution, an iterative procedure in which the model-of-composition is adjusted
to match the results of the analytical protocol in a prescribed sequence until

changes in the model-of-composition between iterations fall below a prescribed

tolerance.

a) Reconciliation by Constrained Optimization.

[0047] In the constrained optimization embodiment, we start with a model-of-

composition whose reference molecular lump weight percents {w, *} exactly the

results of the Micro-Hydrocarbon Analysis protocol. Next, we seek a new set of

weight percents {w,} that are minimally different from those of the reference, yet

satisfy the property balances described above. To find these weight percents, we
minimize the Lagrangian L (see e.g Ref. [1]), defined by:

L= Zw,*ln(w,/w, )+Z}l (b Za,wj) (1)
=l J=1
The first term in Equation (1) is the Shannon information entropy content of the

model-of-composition's weight percents {w,} relative to that of the reference weight
percents {w, *} (see e.g. Ref. [2]). The measured value of the property in the the j-th

balance is b The density of property j in molecular lump i is ay. These property
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densities are either computed directly from each lump's molecular structure, or are
correlated to measurements conducted on samples of known composition. 4, is the
Lagrangian multiplier of the j-th property balance constraint. NP is the total
number of property balances considered in reconciliation. N is the number of
molecular lumps in the model of composition. The Lagrangian L is minimized

when the following stationary conditions are satisfied:

—£=0,—=0  for j=1,...,NP (2)

N
From 8L/ 04, =0 we recover the property balance equations 5, = a,w,. We
i=1

evaluate the functional derivative 8L/ &wusing calculus of variations (see e.g. [3]).

For the Lagrangian in Equation (3), the stationary solution is
NP
w,=w, *e ——1+Zayﬂj) fori=1,...,N (3)
J=1

[0048] Next, we substitute the stationary solution (4) into the property balance
equations and eliminate the unknown weight percents {w,}:

N NP
S awrexp(-1+4 Y. ha)=b,  for j=1..,NP (4)

=1 =l
We solve the nonlinear algebraic equations (4) on a digital computer for the
Lagrangian multipliers {%} using Newton's method. Once we have solved the

equation system (4) for these Lagrangian multipliers, we substitute them into the
stationary solution (3) and obtain the weight percents of the reconciled model-of-

composition {w, }.

b) Reconciliation by Successive Substitution

[0049] As in the constrained optimization reconciliation method described
above, this embodiment of the reconciliation procedure also stasts with model-of-

composition whose reference molecular lump weight percents {w, *} exactly the
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results of the Micro-Hydrocarbon Analysis protocol. Adjustments to the weight

percents {w, *} are done in sequence, ie. the reconciled weight percents {w,}

computed from the the j-th property balance become the reference weight percents

{w, *} of the j+I-th property balance. Below we describe weight percent adjustment

formulac for a scalar and distributed property targets, and the successive

substitution reconciliation algorithm.

a) Scalar Property Targets

[0050] Scalar properties take a single number for the entire sample.

Simple ratio properties

[0051] A simple ratio property is linear in weight percents, its property density
ay is nonzero for selected molecules, and equals zero for others. Examples of
simple ratio properties include elemental composition. For simple ratio properties,

we combine the property balance with a total mass balance to obtain:
b,

N
Z apW,

k=1

wo=w* for a,>0 5)
Once we have adjusted (ratioed) the weight percents of molecules that possess the

simple ratio property j, we adjust the weights of the molecules that do not possess
this property:

100- " w,

W, =W, *—z%— for a,=0 (6)
k

ay=0
Averaged properties
[0052] Averaged properties are scalar properties whose property densities
a, =0 for all molecular lumps i =1,...,N, Examples of such averaged properties

include API gravity, hydrogen content, octane number, and pour point. For

averaged properties, the ratio method summarized in Equations 5 and 6 will not
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work. Instead, we have developed a factor ¢ that is a continuous function of the
averaged property j whose target value equals &;. This factor adjusts upward the

weights of molecules whose property density a,is less than that of the target b;.,
and it adjusts downward the weights of molecules whose property density a, is

greater than the target value b;. The net result is to shift the distribution of weights

{w} toward a distribution that satisfies the property constraint equation

N
Z a,w, =b;

fu]

[0053] The continuous factor ¢ takes a cubic polynomial in the property value
b:
(b)Y =Ab* +4,b* + 4,5+ 4, 7

We determine the four constants 4, through 4, with the following constraints:

N
Conservation of total weight: 100=) w,¢ (8a)

ful]

N :

Averaged property constraint: b, =Y a,wé (8b)
i=]

Smoothness at extreme values of the property j:

_9
=3 atb="by, (8c)

o:-g% atb=b,, (8d)

After we impose the constraints (8a-d) upon the factor ¢ defined in Equation 7, the

factors and adjusted weights {w,} are computed as follows:

g=1+ }’Abr (9)
b, Z w,*a,
y = I=1 (10)

Z a,w *Ab,

im]
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Reconciliation of GC-FlI-TOF Mass Spectroneter Data
0030] The_final step of M cro-Hydrocarbon AnglysiSoedsadsss
8 2PYO8HET | e anal ytical measurements to the

nodel - of - conposition. In particular, the

nodel - of conposi ti on nmust regyoduce all neasurenents in
the anal ytical protocol as closely as possible, and at
the sanme ting satl fy a set of propgrty bal ances, e.g.
mass angl el Wk [composi tion | A n8hpey, of targets
were used, f o ‘né at@unurtibag, Xlor, daa’recpnciliation).
The tot afuol eEm corfient 15 tungd 4o @hat neasured by
proton NVR %ﬁﬂd‘c rbon and S yji el ds r'e funed to that
meaaw{ experi nental |y by gas, thronét ogr aphy si(ii) at ed
distillation (SIMD S and [S- Slngj,S),,* alculated N and S
contents were typed to tl[at sfir'ed by el ement al

anal ysis, etc.® 3[%8-@3 ébodwment jof this
reconciliation pr ocedure is toﬁw;é'at it as a

constrai ned optim zati on robI em optim ze the
nodel - of - conposition's Ié% t,o the test res Liohs
t he anal yti cal pro’f’fo'CB’I tBPeTord s L pre property ance

constrai nts. Anot her enbodi nent of ghe reconciliation
[0054pcedWe aveidsihe ogswranse of g by mstrintingthe propesty target range

(et i e REFon e S aidp s G e AP As aret in

[ tocol in a prescrlbed sequence until changes in the
m &PLEPF-- conposi tion between iterations fall below a
prescribed tol erance. The detail ed description of nodel

[0086) confinsthei cuse asfinitiple raeoapei piopeity ntargets, bwe f may ccaloulate
the attached appendi x. 111. Ceneration of Cut
separip Sesightolactord fanreach dazgel Brones Hewaieraye hwve mobaeved
is that it enables the generation of hoili ng poj nt

mugh girsteriafactineness by ysingsa single tagios ihat|inglydes,thedeppn nce of

o 1985580 B0t RN, THE HORP DL il Sy paPRpRIdeter in
Eqiaind 70nwiR| gitataadithnbl ip@ametent fof cable taBietC Codsiraiaby in

that based on nmeasurenents of physically distilled
Equajmn 8 Aealsocusedtfor eaphgroperty. Fimal factors: anDeveighteailjustments are

i sons, of the | ecul ar conpositions and
S'm% s%q Pt 992. of the distilled napht ha cut
(65-430F) GC-PIONA VHA naphtha cut MRA virtual naphtha

b) DistribledPioperdBTaipet?. 61 RON N A 90.3 90.59 MON N A
81.76 81.84 112% N A 12.83 12.76 S w% 0.05 0.1 0.06

affi : éh thé to b
10056L5" | Mot & igppiesproferffafuRYcEius Whch e propdrep o be
matthed Yari€s ﬁﬂhkomengdﬁmnﬂeﬁtarmahlé The distfiBution of weight distilled
with boiling point temperature, i.e. the distillation curve, is the most frequently

encountered distributed target. In the successive substitution method, we design a
factor ¢ that effectively "redistills" the reference weight distribution {w, *} during

each iteration of the reconciliation algorithm we describe below.

[0057] Let W(BP) represent the cumulative weight percent distilled off at
boiling point BP. The measured target distribution is W, and ), is calculated from



10. 57 2-ring naphthenes 0 0.0 0.0 Aromatics sum 29. 96
33. 68 36.37 Benzenes N A 29.03 29.91 Napht hal enes N A
0.8 0.66 Naphth-/ O ef-benzenes NN A 3.85 5.66 | ndenes
NA 0.0 0.14 defins sum 30.59 35.62 32.49 defj
WO 2007281988 Napht heno-ol efins N/ A 3.99 3.59 u‘icgf'@?"%‘ 843
NA D566 5. 12 OGher olefins NAO0.77 0.7 Sum of Cl3+
6.23 NA NA Table 5: Detaed conparison of the
?glsce)cgl 8r cgnposi tions and ‘properties of md-distillate
-650 F distilled cut)  Experinental (430-6 ut
ﬂleri/gﬁgr(etllg@-vs@ght disprituwiion v, ool thpsmtd%ﬂ%fﬁlqmwﬁg 20f {hese
.6 18.49 17.02 Esti mated Cetane 18.4 12.04 15.08
cumulaf? Gusieb SHsbRHORD i Fponasemsaln, BoiEasia, SRl of fhe

boi%ﬂlggﬁoiﬂth?Z(s&g 'F@éure 162). In practice, the cumulative weight distribution
W, is measured at discrete boiling points. Also, we calculate the distribution W), at
the boiling points of each molecular lump. However, we may interpolate between
these discrete boiling points using smooth functions that preserve the
monotonically increasing nature of a cumulative weight distribution. After this
interpolation, we determine the target distribution %, as a function of the
calculated distribution #, at the same distillation boiling points (see Figure 16b).
Finally, we calculate the factor ¢ =dW, /dW, as a function of boiling point (see
Figure 16c). We use the factor ¢ to adjust the reference weights as follows:

_ 100w, * §(BP,)
5w, *958)

j=l

fori=1,...,N (13)

f

where BP, is the boiling point of molecular lump .

¢) The Successive Substitution Reconciliation Algorithm

[0058] In Figure 17, we show the typical embodiment of the successive
substitution reconciliation where a reference model-of-composition is adjusted to
match one distributed target (boiling point), and more than one scalar property
targets. In general, adjusting weight percents to match each target in sequence
disrupts the previous match so that the weight percent adjustments are relaxed, or

dampened, to ensure convergence of the successive substitution algorithm.



Paraffins wt % 10.42 10.21 14.08 N-paraffins w% N A
2.53 5.28 1-ring naphthene NVA 7.82 3.9 2-ring
napht hene NV A 0.84 0.62 3-ring naphthene NV A 0.66 0.49
Aromatics w% 77.77 80.26 80.7 1-ring aronmatic
W0 2007/0819398 2-ring aromatic N A 45.05 45. 85 g;q;‘%?éoomusu
aromatic NVA 7.87 12.85 4-ring aromatic NVA 0.17 0.03
Oefins wWWHNA 2.63 1.73 Byprmine # NA 2.53 1.46
Refractive index NV A 1.5239 1.5311 WO
007/ 061935PCT/ 1JS2006/ 044843 - 12 - APPENDI X The
R £€Hf - Composition 1. Introduction [0032] Petrol eum

oI SRAR, W MCVRBiallby by VitiaRbndNIEAGRE D Thapfep 1! 21 N N9
man &%Hgﬁﬂgggg bﬁ@ln t nol ecul ar spedies” Thése

str 51N P drocar bon stream from processes

t hat change petrol eum s nol ecul ar conposition, The

SA.r Cave, a? M.gddo fp [ Themag,, Elpmerts oF atipw L hpery”, p- 18.J.
mol| $dldyak Somscli®¥kl.t hat any nol ecul ar description of the
conposition is essentially a nodel - a

" dPlavisf HE TPSHatistionl Méchdni@aiT Phiabés, fitérphases and Thin Films”,
I\/bdeha@tr- EPrpeft phnintR0fedghe nodef - of - conmposition is
organized T'nitrally Intd four major groups: saturates,
aromatics, sulfides and polar nolecules. Oefins are
rare in crude petroleum but are generated in refining
processes that involve thermal or catal ytic cracking
and conprise a fifth major group. Wthin each mgjor
group, we organi ze nol ecul es by honol ogous series. A
honol ogous series is a nol ecular group that shares the
same chem cal structure (core), but has al kyl side
chains of differing carbon nunber, arrangenent and
branchi ng patterns. Figure 6 shows 145 honol ogous
series cores found in petroleum Figure 7 shows sanple
honol ogous series of benzene, naphthal ene, fluorene,
and di benzot hi ophene. [0034]It is convenient to

or gani ze hydrocar bon honol ogous series by hydrogen
deficiency. Hydrogen deficiency can be organized into
14 classes (the primary x-classes) according to the
formula: x -class = (-14)+ nod(MN 14) .1. [0035] The
x-class is the remai nder of the "nom nal" nol ecul ar

wei ght divided by 14. By convention the values -12,

-13, -14 are replaced with 2 1 0 so x-class runs from
-11 to 2. Although several honol ogous series present in
petrol eum WD 2007/ 061935PCT/ US2006/ 044843 - 13 - share
the sane x-class, all nolecules within each honol ogous
series share the sane x-class because the nol ecul ar

wei ght of a -CH group is 14. Saturate Mol ecul es

[ 0036] Saturate nol ecul es contain only aliphatic carbons
and hydrogen and their x-classes take the even integers
-12, -10, -8, -6, -4, -2, 0 2. Figure 8 show sanple
saturates arranged by x-class. Reading fromright to
left the nolecules are O ring saturates, 1 ring
saturates, 2 ring saturates etc. Notice that there are
many simlar (but related) nol ecul es present in each
x-cl ass. These nol ecul es are structural isoners sharing
the identical mass and often very difficult to identify
analytically in the conplex m xture. A representative
structure in each x-class (sonetinmes nore than one)

t hen becones the nodel -of -conposition. The preferred
structures are shown in bold. Aromatic Mol ecul es

[ 0037] Aromati c nol ecul es have carbon atons in aronmatic
rings. Aromatic nol ecul es found in petrol eum often
contain sulfur and non-basic nitrogen (-NH) groups. W
have organi zed aromati c nol ecules by ring class, i.e.

1, 2, 3 and 4+.
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1 Ring Aromatic Ml ecules [0038]Figure 9 shows 1 ring
aromati c cores arranged by x-class. Preferred
structures are in bold. Sone of these cores actually
contain two aromatic rings separated by naphthenic
rings or alkyl chains (x-class -4, -2, 0 in Figure 9)
but are predom nantly 1 ringsain character. The
alternate structures in x-class -4, -2, 0 have 4, 5 and
6 naphthenic rings, and are rare in petroleum In the
nodel - of conposition, thiophene is equivalent to an

CBABMSti c ring. Thiophenes (x-class -4, - 2, 0) are rare
in crude petroleum but are made in refuting processes
that involve thermal or catalytic cracking. - 14 - 2

1. R N3\ Ae@BBtd SetdMalifs e asodePORIMPOBItich BHa pétEIIBIN 6r Bylr&Srbon
shown in Figure 10 have x-classes that take the even

samplecdtpm 8 smalh sampe of gid pefroleum orhydpocarhep sample cppgrising
preferre . j i
(x-c assg}sﬁir{f#f&y %Sﬁ&ﬂgﬂ qu}ndntg lﬁgmhgicfg‘lc ﬁo&? ﬁgglg%%%@tp F‘%ﬁ?‘sa
t hi appeeativngntofactiensevith ¥ edratrination ol chmmatngraph anid mypss
Mol ecul es cont ai ni ng the benzot hi ophene core ( x-cl ass
-6 iSASEOYSFe 10) are nuch nore common in petrol eumthan
thogg co 'ﬁhﬁ{tff}'iﬁg oh@ﬁﬁfr&h@fe? ra Bl aislyiHg ddpnse factors and
phenyl napht hal ene. Bi phenyl cores (x-class -2) are nore
abumeemalizing pesleymeerhydrosproon elagses fodhgtanenswres Ry senes patical

COr €. j . m streans

C ot i R B raph o MG REAGREMPRLRIRNT, oL F 227

bi phgnyl secodicikhg theAuguafrom sidpl by swithaghdr@B§licil meagrements that
? ;Egi%%ehéin% gl&glischr 81\@“ Eetghegynr }S’gl}ehi%at\é %héin?!azr%%agl-soé'?crc]n%tposition

Di bepapt RbaRNANG hylrocabaR $8fple.2, 0, 2), abundant in
petrol edm have three-ring aromatic character

Phenant hrene and ant hracene (x-class -4) are both

three-ri romat i.cs. Phenathrene js.c n
2 pot 1o e LofeT R oherid SRR iR oy ¥ H5F irfhgacosrarh.

Aromatic Ml ecules [0041]4 ring aromatic cores shown in

Figure 12 have x-classes that take the _even integers
3. 10’Thcgr’16thq;i’ of_c,lgym_lzwhqglnggasgmcqr%ets@a aihxghergg}lghqnlqz’iss

erometer. sudh as Bme-ob:flight sb@fBmefer.t Ne 0dd x-class cores
Spgor?tng:l er{’ss a ﬁ%n- casi ééhnisﬁr%ogtenn ear oup (-NH). In the

nodel - of - conposition, all aromatic nol ecul es that have

non-hasi ¢, njt en take four. ring arqomatic characterns.
4. Sovahgmethod of T whkTEn JHRE i P s TR gy i by sof
ofiatdsS. The honol ogous series containi ng benzopyrene

cores (x-class 0) includes benzo(a)pyrene, a potent
carci nogen. Sulfide Mdlecules - 15 - integers -10, -8,

5251 ol s, PURLe ) SR

(x-class -2) are not preferred because they are rare in

petrql eu fi.de cores in the el : of - conposi.tion
6. el sihod 02! SFFE spid S VE el Bl bR e
supfrefificat AaRISchedhitagrapignl y al i phatic carbon; ot hers

contain both aliphatic and aromatic carbon. Pol ar

nol ecul es [0043] Pol ar cores shown in Figure 14 are

or g - - ' -
7.5 e OQIENER SrRs . eep ot penerdtin fpoldhm or
hydrdcirbon Jympsrhy supercrifical flbjd chrom&ogreplgf. t he aci d cores
i ncluded in the nodel - of -conposition contain aliphatic
sul fur. O her polar oxygenates, e.g. al cohols and
sul foxi des (not shown) are |ess abundant in petrol eum
than are acids, and do not appear in the
nodel - of conposition. Al odd x-class cores contain one
basic nitrogen group. A efins and Thi onhenes
[0044] A efin and thi ophene cores shown in Figure 15
have x-cl asses that take the even integers -10, -8, -6,
-4, -2, 0, 2. Aefin and thiophene cores appear in
Figure 15; preferred structures are in bold. W have
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a) Scal ar Property Targets [0050] Scal ar properties
take a single nunber for the entire sanple. Sinple
ratio properties [O0051]A sinple ratio property is
linear in weight percents, its property density au is
nonzero for sel ected nol ecul es, and equals zero for
ot hers. Exanples of sinple jfgjo properties include
el enental conposition. For sinple ratio properties, we
conbi ne the property balance with a total nmass bal ance
to obtain: b./ Nfora > 0(5) E a AW, Once we have

8.ad] Rheedktliodadfictein)] whereinsaid lothep anatgivabmodsuromentsuhesde S-Sim

t hat poss [l i o,propecty j, adj ust the
Dl Sp o I DA Pt P Bt st cotnl o
property: fora = 0(6) Averaged properties
[ 0052] Aver aged properties are scal ar properties whose .
9. pr opdietmethpdrficldims! whereig spigother pnalyicabmpaspramenpis §-Sim Dist.
=1,..., N Exanples of such averaged properties include
APl gravity, hydrogen content, octane nunber, and pour
10p0i rithe ntaiodofelAmcdwikrepaaitioder andhgicabmeasurenidnond Sim Dist.
summari zed in Equations 5 and 6 will not - 19 - work.
I nstead, we have devel oped a factor O that is a
11C ONtTHRURMBod HddiinOlwRdreih Rfid dnRP Byt PResshienienROSIENMR.
target value equals bp This factor adjusts upward the
wei ghts of nol ecul es whose property density ap is |ess
t han.t hat. o e targef. Lt i he
Do, geeooptelbim CuriHndEo sH iy RSB AR IONA
than the target value bp The net result is to shift the

di stributjon of weights {we} toward a distributjaq t
13 nt | Hrimeashad of HiFpleV sreleaivix@toﬂhﬁr ﬁ’éallétﬁﬂh‘PF%ﬁHmE%ﬂ%We@%ﬁ:%-
1.4 [0053] The continuous factor O takes a cubic
polynom al in the property value I': 0(b)= Al bs +A2b2 +
14A3b FheAvgtiiod oficlaimt lewhdreia seidetifep anal tivabmaasurenpnt isrsnfurpnd
Awith the follow ng constraints: Conservation of tota
NIFREENONERS =El 4 i d(8a) 1=1 Averaged property
constraint:=Eaflw, g5 1=1 Snoot hness at extrene val ues
of the property]: atb=b Gom nd atb=b | Cb After we
15 rpode mﬁﬁbodctsziqlmali whereipgaid ggmplsanlessbag halor o)
defined in Equation 7, the factors and adjusted wei ghts
{w, } are conputed as follows: fb =1+ Tab, b -E w, *a,
161=1 The'midibodlofkclai0 RBGFNGEIUSIBHETY [E5:3hADE.20WA843 - 20 -
eb, * 3 3(b,"ao +b,","") PN Eaj,w, * (11) (12) aft
E* +3(bmind w, 4j) 2 Ea 1.1 2MINa Jim * E* ? , N
1%, “KhbeMo®of ol E¥eréin said model of composition is organized initially into

major groups.

18.  The method of claim 17 wherein said major groups are paraffins, naphthenes, 1-4
Ring Aromatics, non-basic nitrogen molecules, basic nitrogen molecules, sulfides and

acids.

19.  The method of claim 17 wherein each major group is organized by homologous

series.



) for i = [ 0054] W avoi d the occurrence of $0 by

restricting the property target range j,) If the actua

target b is outside this range, we approach this target

in multiple steps. [0055]In the case of nultiple

average property targets, we may cal culate separate

wei ght factors O for each target property j. However,

we have achi eved nuch greater effectiveness by using a

single factor that includes the dependence of al

averaged property targets. The factor adds all cubic
20pol yIihe meghosl df obpixn Hewharein Bpuratdnoiting of step b) is lkargied out so that the

i onal . for .each tar : tra
BB SR D BB QAP S A 14b )
Wﬁ,@@h@gfﬁngagemﬂ‘lpﬁﬁmg@m@ﬁgﬁent s are simlar in formto
Equations 9-12 stributed Property Targets
[0056] I n general, a distributed property target occurs
whe [ :
2 RS o QR A8 Mo B Eon prble.
dlstllled with boiling point tenperature, i.e. the

dIS Il atjion curv i,s th ent] y.encoun
225 S Uhe BRAA RESIARBRD Wi e e duels Bt DGR o produce
théRERAFmepEs FREHAN, Step AY; b stéh 6)abjel tb @Fdpeitfbilance consti'amts

‘redistills" the reference wei ght™ distribution {w,
during each iteration of the reconciliation algorithm

23\3? s ?@S (é-l{f’l( b % no*%e ialm,z}l wl}e?%[% recE)Ji1 Eflu%gut]t‘s 4 rsﬁ%%?sﬂ&%u%&[tﬁtmnf procedure.

these cunul ati ve wei ght distributions are nonotonically
|ncrea5|ng f tiqns .of .the boiling point BP (see .
24 gdihe meglipd o ﬁliﬁ?ﬁ&hee%n Sqigh SHCCRRY] avl?%tweﬂ@#n iterative
rgdeﬁﬁlre'np%cﬁ%é: Jnga_el'o?—cﬂﬁﬁ&iﬁ&ijm%h&'tﬁ@ﬁl@is%ré?ﬁ’énlté (ﬁg:lalm 1, step
ol nts we calculate the distribution W at the
a)] bmd Istepdp),po i prescofedsagienonied ghanged inthe medeledfeompasitiony
| nterpol.ate se d ete boiling points using
be&‘?ﬁ?&ﬂ raf‘ﬂﬂ%ﬁaﬁg’ﬁtgﬁ{ %%rlﬁd%?’gg’éer Vealilfehe nonot oni cal | y
i ncreasing nature of a cunul ative weight distribution.
After this interpolation, we determ ne the target
distribution W as a function of the cal cul ated
di stribution FVO at the sanme distillation boiling
points (see Figure 16b). Finally, we calculate the
factor O rt dW 1 dWD as a function of boiling point
(see Figure 16¢c). W use the factor 0 to adjust the

reference weights as foll ows: 100w, *15(Bp) wr N
Ew, *0(BP,) for i =1,...,N(13) where BP, is the
boiling point of nolecular lunp i. c¢c) The Successive

Substitution Reconciliation A gorithm[0058]1n Figure
17, we show the typical enbodi nent of the successive
substitution reconciliation where a reference

nodel - of - conposition is adjusted to match one

di stributed target (boiling point), and nore than one
scal ar property targets. In general, adjusting weight
percents to match each target in sequence disrupts the
previ ous match so that the wei ght percent adjustnents
are rel axed, or danpened, to ensure convergence of the
successive substitution algorithm WO
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