ESTI MATI NG DETAI LED COVPCSI Tl ONAL | NFORMATI ON FROM LI M TED ANALYTI CAL DATA
BACKGROUND OF THE | NVENTI ON [ 0001] The present invention is a nethod to
det er m newe 2d@isii4ed nodel of conposition of a crude oi IPCTAISCHSDE1796 |
distillate, or a petrol eum process stream The successful devel opnent of

t he technol ogy described herein will reduce the need for detailed
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refinery feeds, internmediate streans and products, and will enhance the
utility of Real Time Qpti mlAMId: AL Y RHC &bt DATADl e Refinery Mdel s
(ORMB) by allowi ng nore frequent (easier, cheaper, faster) analysis of

act ual feg@%g@ﬁom%pWEWQbﬁerry and Brown (US 5,8 17,5 17)
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is also used for t of Conposition Produced by this analysis. The
speci fic ased Yor dahiled sialgtitalaandlydis expllbghidetail hiydravatbamamadypsiai ned in the
HDHA depend on the boiling range of the material being analyzed. For a
napht ha s({HBXRAbof refinerpdeeds, iptermgdiate éﬂrgaresmqtpr%dlwgs,&nﬂe\wlhﬁm%ﬁs can

be accorrplt}{esl?t(lal(iityvéI’aRgzﬂsl“i(r:rﬂer 8’5%%‘1%&83 {RTO) and Optimizable Refinery Models

(ORMs) by allowing more frequent (easier, cheaper, faster) analysis of actual

feedstocks and products.

[0002] Perry and Brown (US 5,817,517) demonstrated the use of FT-IR to
estimate constituent classes of molecules (e.g. "lumps") in streams such as feeds
" to catalytic cracking units. This method does not provide the detailed

compositional information of the current invention.

[0003] High-Detailed Hydrocarbon Analysis (HDHA) is an analytical
protocol for measuring a detailed hydrocarbon composition of a crude oil or
crude distillate or petroleum process stream. The acronym HDHA is also used
for the Model of Composition produced by this analysis. The specific analytical
protocol and the molecular information contained in the HDHA depend on the

boiling range of the material being analyzed.

o For a naphtha stream boiling below approximately 350°F, a
detailed analysis can be accomplished via gas chromatography
using methods such as ASTM D 5134, D 5443, and D 6729, D
6730 or other similar methods. These analyses provide

complete molecular descriptions, distinguishing among isomers.

o For a kerosene stream with a nominal boiling range of 350°F. -

550°F., a detailed analysis can be accomplished using the method



usi ng net hods such as ASTM D 5134, D 5443, and D 6729, D 6730 or other
simlar nethods. These anal yses provi de conpl ete nol ecul ar descri ptions,

di sti nguiwbizngp/@anmng i somers. For a kerosene stream w PRTAISR@SIONER6 boi | i ng
range of 35Q0F. - 55Q0F., a detailed analysis can be acconplished using the
met hodof Q an, et. al. (US 2007/01 14377 Al') This anal ysis distinguishes
anong t he nol ecul ar tof|(anj et. ath€USe205#0 k] 4315A AdpeEhisanaljisscer n exact

nol ecul ar (isoneric) structure. An analytical protocol for anal yzing gas
oi | materials boilingigingmshes aanmetheanelegubis types inthe kesesene; é‘ndescri bed

bel ' di - C. S h i,
mvolvi ng vari ous. chgRaPBLHREH s Atk IRE AR BrSTEY e ol “anc

mass spectral anal yses of separated fractions. Again, this analysis

di stingui shes anong ol agalleitalt priotscod dor anilyzingrgsicibnaterials boilingacuum
resid materials boiling above 10500F., individual nolecules cannot be
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nol ecul ar wei ght, Nuclear
Again, this analysis distinguishes among molecular types but not

among isomers.

e For vacuum resid materials boiling above 1050°F., individual
molecules cannot be measured for the entire boiling range. Jaffe,
Freund and Olmstead (Extension of Structure-Oriented
Lumping to Vacuum Residua, Jaffe, Stephen B.; Freund,
Howard; Olmstead, William N.; Ind. Eng. Chem. Res. V 44, p.
9840-9852, 2005.) described how molecular compositions can
be inferred by extrapolating the gas oil compositions so as to be
consistent with other measurements such as elemental analysis
(C, H, S, N, O, Ni and V), average molecular weight, Nuclear
Magnetic Resonance (NMR), infrared (IR), ultra-violet visible
(UV-visible) spectroscopy and separation techniques such as
short path distillation, high performance liquid chromatography
(HPLC), gas chromatography (GC) and solvent solubility.

e For wider boiling materials such as crude oils, the HDHA
analysis requires that the total material be distilled into naphtha,
kerosene, gas oil and resid fractions which are separately
analyzed via the protocols discussed above. The distillation can

be accomplished via methods such as ASTM D 2892 and D



Magneti c Resonance (NWR), infrared (IR), ultra-violet visible (UV-visible)
spectroscopy and separation techni ques such as short path distillation,

hi gh per fwormasosi1142qui d chr omat ogr aphy (HPLC), gas chr omatrageaegiy1766C) and
solvent solubility. For wider boiling materials such as crude oils, the
HDHA anal ysis requires that the total material be distilled into naphtha,
kerosene, gas oil andl ItésiThé datatfootise indiddual auts eptheatceinybiandliptoed vi a t he
protocol s di scussed above. The distillation can 5)e acconpl i shed via net hods

such as ASTM D 2892 &ampietesdescriptionnfdhe spdenboilingimatgtial- cuts is then

conbined into a conplete description of the wider boiling material. [0004]

HDHA corrpwﬂmgons RISHAUES1BPbIiviol® afdié@idetly Hich§igredtn dam@aﬁarsbéssarrs.
These detail ed conpositions are used in thé devel opnent of SOL-based

refinery pirearns.s ThesketetailedeomRpaoditiomSuaamsedih the develegrhent ofhSIOLEpasedChem

Res. 1992, 31, 2483-2497 _and Quann, R J.; Jaffe . B, Chem cal Engi neering
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required for use in process €ontrof or optim zati‘on, synthesis techniques
(step 2 oftenijdatetiofeypicahstessm conpasitidnspilisd HPHIAarethodadihiletgising xed
reference tenpl ate sel ected based on prior, experience to natch neasured
property tetaijed seshlishisaalsaplabgneteianid expgnsiveyand isowsuited o5 oG ¢
reference.sel ection techni gues do not exist d the, qualit. t he .
Cvent ual | JBleroRE GRS WHoR FOERRNI PR ISP lss acpyied For 8% in

process control or optimization, synthesis techniques (step 2 of the current

invention) are typically used to adjust a fixed reference template selected based

on prior experience to match measured property targets such as API and boiling

curve. However, systematic reference selection techniques do not exist and the

quality of the eventually estimated composition crucially depends upon the

reference. Estimating composition from properties can be difficult to impossible

if poor judgment and criteria are used to select the reference. Availability of a

whole sample, multivariate analytical techniques such as FTIR, supply a crucial

piece of the composition puzzle that can be used to construct this critical

"reference" composition. Brown (US 6662116 B2) has described the use of

FTIR measurements and a "Virtual Assay" analysis methodology for estimating

for crude assay information. This analysis methodology can be used to estimate

HDHA data, but the resultant composition estimates may not adequately match

measured property values. The estimated compositions, however, are often

superior references for the synthesis of an accurate detailed composition.

SUMMARY OF THE INVENTION

[0005] Petroleum streams are complex mixtures of hydrocarbons containing
enormous numbers of distinct molecular species. These streams include any

hydrocarbon stream from processes that change petroleum's molecular



reference. Estimating conposition fromproperties can be difficult to

| npossi ble if poor judgnent and criteria are used to select the reference.

Avai | abi IwOyo@iosar4ahol e sanpl e, nultivariate anal yti cal PCeaispéoguerdsuch as

FTIR, supply a crucial piece of the conposition puzzle that can be used to
construct this critical "reference" conposition. Brown (US 66621 16 B2) has
descri bedcbfpositionof TheTstreamsaistey soreormhplexndnd have so medny’distintt moidopars

met hodol ogy for estimating for crude assay informatjion. This analysis

met hodol ogpeciemthiat any, sepleeulas approximatipp of shexcomposition is essantiatly a

conposition gstinmates nmay .n adequat el t ch measured property val ues.
The esti nﬁl%ﬁiéb?rtpﬁs?f’?%&@jo Fﬁﬂmg&lﬁoﬁr(&logﬁt en superior references for the
synt hesis of an accurate detail ed conposition. SUMVARY OF THE | NVENTI ON
[ 0005] Pe{0006jum sTheapresent invemtipnepronides armsthoid foy @stimatingribe detailedni ng
enor nous nunbers of distinct nolecul ar species. These streans include any

hydr ocar borodeloéonipasition of ar swknewarmatesiahe Theesbmatigngnethod involves
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present | rovi des a net or estimatl ng

nodel - of - gRAIPSIS] (d.@spettrascdpikplas PR elsmental date, eistosint amdlorbbiling i nvol ves
two steps. The first step uses a nultivariate analytical technique such as
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this refe
composition to match a set of additional analytical data or properties called

"targets" (e.g. a distillation or simulated distillation curve) so as to provide a
self-consistent model of composition for the unknown material. The specific
targets used in the second step may be sample type dependent, and they may
vary depending on the ultimate use of the composition data. The algorithm in
the second step minimally modifies the reference composition to preserve the
underlying molecular signature while attaining the target values. This latter use
of a regression algorithm to adjust the reference composition so that it matches
known property targets is referred to as "synthesis" or "tuning". The validity of
this method is supported by examples where the initial reference is close to the
measured composition and examples where the initial reference is far from the

measured composition.

[0007] Petroleum is a complex mixture containing thousands of distinct
hydrocarbon species including paraffins, cyclic paraffins, multi-ring aromatics,
and various heteroatomic hydrocarbons (most commonly containing O,S, and
N). Virgin petroleum crude oils contain molecules of a wide boiling point range
from highlyzvolatile C, hydrocarbons to nonvolatile asphaltenes. Detailed
compositional analysis of petroleum is critical for determining the quality of

petroleum feedstreams, for determining the suitability of feedstreams for use in



conposition is refined through an optim zation algorithmto adjust the
tenpl ate conposition to match a set of additional analytical data or
properti esocaddsadr42t argets” (e.g. a distillation or simeCatusdoodiost7pé | ati on
curve) so as to provide a self-consistent nodel of composition for the
unknown material. The specific targets used in the second step may be
sanpl e tyfie mapefadant ofalesired pyodueys, far devel pping process driterafinerymadelse of
t he conposition data. The al %,or,i thmin the second stfep mninmally nodifies
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. ta
this nmetho ort y exanpl es where t Initial reference is close

to the neagaitatde botiprdy fashiomfick decasiph esakihgy eoritid drriptinaizatiefefldiece is far
fromthe nmeasured conposition. [0007] Petroleumis a conplex m xture

cont ai ni nguirteisseEoDSES specroscoppdinecnbimatiopavitie s fewdelativiedy par af f i ns,
cyclic paraffins, nulti-ring aromatjcs,,Land vari,ou et eroatom c
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model o, MR, CoNPRArdRenGY B bopt e R o dbeker of °' ¥
R R S S
conposi ti aaplEtah RanESmatdrildeiwhere the number of molecular species is more limited,
or to the analysis of heavier feeds in terms of molecular lumps - groups of
molecules based on functional similarities. The use of spectroscopy to perform
step 1 of the current invention on crude oils has been previously described by
Brown (US 6662116 B2). Brown does not discuss the combination of the
spectroscopic analysis with synthesis (step 2 of the present invention) to provide

an improved estimate of composition.

[0009] Currently, for petroleum process modeling, control and optimization,
a less detailed molecular lumping scheme may be employed so that the limited
composition may be estimated based on fewer, quicker and less expensive
measurements. Alternatively, a detailed composition may be estimated once,
and the composition is assumed to be sufficiently constant to allow the use of
this fixed detailed composition in modeling, control and optimization. Step 2 of
the present invention can be used to adjust this fixed detailed composition to
match property measurement data. The present invention provides maximum
benefit over current practices in instances where the stream being analyzed
varies widely over time, or where there is insufficient information to establish a

suitable reference for Step 2.



available in tinely fashion for decision nmaking, control or optim zation.
The current invention uses spectroscopy in conbination with a few

rel ati velwoizn@xsersgi ve and rapid property anal yses to praviuseoodet e ed
estimates of conposition on a tine frame suitable for decision making,
control and optim zation. [0008] Spectroscopy has been enpl oyed for
conposi t i BRIEFEDESCRIPTION @F THHDRAWINGSEh appl i cati ons have been
largely limted to anal yses of naphtha range materials where the nunber of

nmol ecul ar ies s nmonhe,limte .1 h | Vsi ier feeds in
ternms of l@f@gul ar f%g S-hoﬁ\fsoauffgie at%&gé{ﬁ?gi?glé%élﬁ&gﬁhﬁuﬁﬁﬁeonaI
simlariti&antibi egéﬁﬁ)égﬁ&ré%:_troscopy to performstep 1 of the current
invention on crude oils has been previously described by Brown (US 66621 16
B2). Brown does not . di scuss the conbination of the_spectyoscopic anal ysis
with synt Y (st Eigure drshomes Wﬁttaligﬁ/gww&ﬁ? r?@"g‘??ﬁlé‘ﬁ@) g&‘linﬁpr oved
estimate of. mosit.ion. [0009] Currently, for petrol eum process nodeling,
cont rol aﬂamigillmﬂﬁgé\??%n, a |l ess detail ed nol ecul ar |unping schene may be
enpl oyed so that the limted conposition may be estimated based on fewer,
qui cker af@Dl2dss eKjgme Bvshomesasplot wontpsring the tacget (W1 and refferendedWp)
conposition may, be_estinmated once, and the conposition is assuned to be
suf fi ci enfrRaULAE: HEIRUGIORS| ow t he use of this fixed detail ed conposition
in nodeling, control and optinmnization. Step 2 of the present invention can
be used tﬂuﬁﬂust Flr']gu'iefﬁl' ShOWsdehaw! the fEABEAS st @o hajuseindreféreRes t Y

measur eneht ta. The present 1nvention provides maxl mum benefit over
current puneiglits earieswitisbeilingpoiher e t he stream bei ng anal yzed

[0014]) Figure 5 shows a flowchart for the iterative model-of-composition

synthesis algorithm.

[0015] Figure 6 shows a parity plot comparing the MOC for Example 1,
Step 1 to the measured MOC.

[0016] Figure 7 compares the distillation calculated from the MOC of

Example 1, Step 1 to the measured distillation.

[0017] Figure 8 shows a parity plot comparing the MOC for Example 1,
Step 2 using bulk targets to the measured MOC.

[0018] Figure 9 compares specific gravity calculated from the MOCs for
Example 1 after Step 1, Step 2 using bulk targets, and Step 2 using distributed

targets to the measured specific gravity.

[0019} Figure 10 compares sulfur calculated from the MOCs for Example 1
after Step 1, Step 2 using bulk targets, and Step 2 using distributed targets to the

measured sulfur.

[0020] Figure 11 compares aliphatic sulfur calculated from the MOCs for
Example 1 after Step 1, Step 2 using bulk targets, and Step 2 using distributed

targets to the measured aliphatic sulfur.



varies wdely over tinme, or where there is insufficient information to
establish a suitable reference for Step 2. BRI EF DESCRI PTI ON OF THE DRAW NGS
[ 0010] Fiworeoslosshows a schemati c di agram of the procedece/uskoosioerPavent i on
descri bed herein. [0011] Figure 2 shows exanple target (W ) and reference
(WD) boiling point distributions. [0012] Figure 3 shows a plot conparing
the targe{0024] ) aRipurefl2rcomparey\Bjtregemdaitulateddirstnrthb MOE ssfor [DahdpleFi gur e
4 shows a how the factor, f, used to adjust the reference weights varies

wi th boi | il dtepSiten 1, Sepupsingduwlk tagstsoord Step ducingrdistrihutedErgetsiat i ve
rmdel-of-g}q ositign.s nt hesis algorithm [0015] Figure 6 shows a parity

pl ot conp aNE Niggg%’r Exanple 1, Step 1 to the measured MOC. [0016]
Figure 7 conpares the distillation calculated fromthe MOC of Exanple 1,
Step 1 to[@022]neasHige dBsthiowsad parity plodtahperiggtike B1Okofis Exapaplety pl ot
conparing the MOC for Exanple 1, Step 2 using bulk targets to the neasured
MOC. [ 0018fepr] duthe measnpdMOGpeci fic gravity cal cul ated fromthe MXCs for
Exanple 1 after Step 1, Step 2 using bulk targets, and Step 2 using

di stribut gﬁbﬁ}f get pidife 10 iRpaES Btk @RANATIOE cAlcalkdtéd fron? HEMBCHH € 10
conpares sulfur calculated fromthe MOXCs for Exanple 1 after Step 1, Step 2
usi ng bul ExhapielsStepnl] StepR wsing botk propertidsianeliStepryeting tdistribated

properties to the measured distillation.

[0024] Figure 15 compares the sulfur calculated from the MOC of Example
2, Step 1, Step 2 using bulk properties and Step 2 using distributed properties to

the measured sulfur.

[0025] Figure 16 compares the aliphétic sulfur calculated from the MOC of
Example 2, Step 1, Step 2 using bulk properties and Step 2 using distributed

properties to the measured aliphatic sulfur.

[0026] Figure 17 compares the nitrogen calculated from the MOC of
Example 2, Step 1, Step 2 using bulk properties and Step 2 using distributed

properties to the measured nitrogen.

[0027] Figure 18 shows a parity plot comparing the MOC for Example 2,
Step 2 using bulk targets to the measured MOC.

[0028] Figure 19 shows a parity plotﬁ comparing the MOC for Example 2,
Step 2 using distributed targets to the measured MOC.

[0029] Figure 20 shows a parity plot comparing the MOC for Example 3,
Step 1 to the measured MOC.

[0030] . Figure 21 shows a parity plot comparing the MOC for Example 3,
Step 2 to the measured MOC.



measured sul fur. [0020] Figure 11 conpares aliphatic sulfur calculated from
the MOCs for Exanple 1 after Step 1, Step 2 using bulk targets, and Step 2
usi ng di swoizbaesa74ear gets to the nmeasured ali phatic sul PaT/Uyse@3mn)17pé gure 12
conpares nitrogen cal culated fromthe MOXCs for Exanple 1 after Step 1, Step
2 using bulk targets, and Step 2 using distributed targets to the neasured

ni trogen. [003132] FFigure 223 oshysurss thepdistillytiph odlcatzpdifiony thdWIQOOLT or
Exanple 2, Step 1 to the neasured MOC. [0023] Figure 14 conpares the
di stil| at Esampd¢ 3uStepeldand Step 2 éo theaneasurrddistdlationst ep 1, Step 2 usi ng
bul k properties and Step 2 using distributed properties to the neasured

distillatj [ 002 L gyr. acl?:m)tg.r the MOC
of Exanpl E(WZB,Z] St eplgtilg,dﬂ‘étgg gpﬁg&%’m g L}? Et %%ngtl%gﬁse mgg{og%rﬁfsl?%

di st ri but 8ebppl apthet ineasured M@©QCreasur ed sul fur. [0025] Figure 16 conpares
the aliphatic sulfur calculated fromthe MOC of Exanple 2, Step 1, Step 2

measurod WNPRIGE o B o sRoBR scpatit giioEb aisbaliib X RORCES i5pniyle

cal cul ate fBH‘g:em' Q@%%Wle 2, Step 1, Step 2 using bulk properties
gtégg’l')ng I stri 3

and Step uted properties to the neasured nitrogen. [0027]
Figure 18 shows a parity _plot comparing the MOXC for anpl e Step 2 using
bulk targl®4o th I%aéé@mm@qeo@zgllatm@sa@ugaée%wfzf €@f pl ot
conmpari ngEE{QI%pllveog:, ét%i) lEé(r?érgkeep Zto the measured distillation.

[0035] Figure 26 shows a parity plot comparing the MOC for Example 5,
Step 1 to the measured MOC.

[0036] Figure 27 shows a parity plot comparing the MOC for Example 5,
Step 2 to the measured MOC.

[0037] Figure 28 shows a parity plot comparing the MOC for Example 6,
Step 1 to the measured MOC.

[0038] Figure 29 shows a parity plot comparing the MOC for Example 6,
Step 2 to the measured MOC.

[0039] Figure 30 compares the distillation calculated from the MOC of
Example 6, Step 1 and Step 2 to the measured distillation.

[0040] Figure 31 shows a parity plot comparing the MOC for Example 7,
Step 1 to the measured MOC.

[0041] Figure 32 shows a parity plot comparing the MOC for Example 7,
Step 2 to the measured MOC.

[0042] Figure 33 compares the distillation calculated from the MOC of
Example 7, Step 1 and Step 2 to the measured distillation.

[0043] Figure 34 shows sample homologous series core structures.

[0044] Figure 35 shows saturate cores.



Step 2 using distributed targets to the neasured MOC. [0029] Figure 20
shows a parity plot conparing the MOC for Exanple 3, Step 1 to the neasured
MOC. [ 00WD 2Bd9psi w22 1 shows a parity plot conparing thecwDS2osn1Esanpl e 3,
Step 2 to the neasured MOC. [ 0031] Figure 22 conpares the distillation
calculated fromthe MOC of Exanple 3, Step 1 and Step 2 to the neasured

di still at [@045][ 003P]gure G6rshodd Hrmgsaranpdicidoyepl ot conparing the MOC for
Exanple 4, Step 1 to the nmeasured MOC. [0033] Figure 24 shows a parity pl ot

conpari ng _ measured MOC. [0034] Figure
25 conpar é“lﬁle di g?él}r%tlo 4? rﬁ‘ﬂ é‘m?l{raoctr%ril Yie MOC of Exanple 4, Step 1
and Step 2 to the neasured distillation. [0035] Figure 26 shows a parity

pl ot conpl04if t heFigure B8rshbxenpirmgsrosiatis cores t he neasured MOC. [ 0036]
Figure 27 shows a parity plot conparing the MOC for Exanple 5, Step 2 to

t he neasu “H?YOC e dty plot conparing the MC
for ExarrpFe . Ste %ﬁ%lggt hgwﬁe‘}iéﬁl %BW%%?,S] Figure 29 shows a parity

pl ot conparin the MOC f or Exarrple 6, Step 2 to the nmeasured MOC. [0039]
Fi gure BOIQM?Sar esFiguse d0showsagulBde garasul at ed from the MOC of Exanpl e 6,
Step 1 and Step 2 to the neasured distillation. [0040] Figure 31 shows a

parity pl ghospgrar Fighré 19 Mowsl P6laFséres! € 7,
[0051] Figure 42 shows olefin and thiophene cores.

[0052] Figure 43 shows an example of an analytical scheme for measuring

the MOC of a vacuum gas oil.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0053] Petroleum mixtures are made up of an exceedingly large number of
individual molecular components. These streams are so complex, and have so
many distinct molecular species that any molecular approximation of the
composition is essentially a model, i.e. a model-of-composition. Such a model-
of-composition is used to simulate the physical and chemical transformations
that occur in refinery processes, and to estimate the properties of the various
petroleum feed and product streams. Analytical methods for approximating the
detailed compositional profile of petroleum mixtures as a large, but finite,
number of components already exist. For instance, High Detailed Hydrocarbon
Analysis (HDHA) is a protocol used in ExxonMobil to represent complex
petroleum mixtures as an internally consistent set of components. The HDHA
protocol for a petroleum mixture yields a model-of-composition. Process and
product property models (see for example Ghosh, P., Hickey, K.J., Jaffe, S.B.,
"Development of a Detailed Gasoline Composition-Based Octane Model", Ind.
Eng. Chem. Res. 2006, 45, 227-345.and Ghosh, P., Jaffe, S.B., "Detailed
Composition-Based Model for Predicting the Cetane Number of Diesel Fuels",
Ind. Eng. Chem. Res. 2006, 45, 346-351.) built on this model of composition are



Step 1 to the neasured MOC. [0041] Figure 32 shows a parity plot conparing
the MOC for Exanple 7, Step 2 to the nmeasured MOC. [0042] Figure 33

conpar es wbheodvostidl ati on cal cul ated fromthe MOC of Exaoplus20s/obt7ee 1 and
Step 2 to the neasured distillation. [0043] Figure 34 shows sanple

honol ogous series core structures. [0044] Figure 35 shows saturate

cor es. [ 00454d iri glarge d@ntHen\ws ehgiricesingrandehusiness applicitidsiuchiagyplant37 shows
2-ring aromatic cores. [004_7{ Figure 38 shows 3-ring aronmatic cores, [0048]
Fi gure 390BHBUEALNN, ray malerals acquésitien andguogessit shooginguSevsipk phie

cores. [0Q50 lgure 4 1.shows pol ar.cores. 51] . Fi 4 | efi
and ¢ hi opfk siEEABpTopsgisSEr eyt i8Rt farrkiaanh i PG mitfe Al Brros ' "
schenme for,, e [ 6} ) [ TI ON OF
THE PREFEI &E%&%ﬁ%ﬁ?&%ﬁ]@%@?‘gﬁg}%@%ﬂﬁf afiith Espoek ﬁﬁﬁ?fﬁ an
exceedi nghwd athgrlanoedRT a sfrearnBindbdelad f-ommposition (seaPectémt on PTopaey st r eans
are so conpl ex, and have so many distinct nol ecul ar species that any

nol ecul ar Caprelationsehdlow).dioweses; slepolopment of letajledirnde oyl andplgat | | . e. a

nmodel -of-cog)osit'on. uch a nodel Bf- Cfﬁ ositiog .5 used ta sinuylate the
physi cal &WEARRG, Ytigpl datafosypPRattBre 4 ‘g}tﬁ‘%m ¢ HM%oemIng A8lesses, and
to estim F |
stroams. - SORTHE S a5 ssirie $AEh RSl R I S tHtaply RO

limited amounts of measurements on any given sample would enhance the

applicability and utility of these applications, reduce associated costs, and reduce
R&D cycle times significantly. It would also facilitate development of on-line
composition inference protocols that could be used to improve applications such
as Real Time Optimization (RTO), and may have applicability to on-line
blending.

[0054] The current invention provides a more rapid and less expensive
means of estimating a detailed composition for a crude oil or petroleum mixture
in two steps. In the first step, a "reference" or "template" composition is
estimated from multivariate analytical data alone, or in combination with a small
set of measured properties using the method of Brown. In the second step, this
reference composition is refined to match a set of measured properties using an
optimization algorithm referred to as "synthesis" or "tuning". We have found
that this "reference" (or "template") composition (defined in terms of a specified
model of composition) of an unknown petroleum crude or fraction, can be
obtained through the use of (1) multivariate analytical techniques such as FTIR
alone, or in combination with a small set of appropriately chosen property
measurements of the sample whose composition is sought, (2) a library
(database) of similar samples that have measured multivariate analytical data
(FTIR), measured HDHA and measured properties and (3) an optimization
algorithm as described by Brown which constructs the reference composition for

the sample as a blend of similar samples in the library so that the multivariate

10



detail ed conpositional profile of petroleum m xtures as a | arge, but
finite, nunber of conponents already exist. For instance, H gh Detailed
Hydr ocar bwo 28evalsysizcs (HDHA) is a protocol used in Exxonkobius2e08/01Ep¢ esent
conpl ex petroleum m xtures as an internally consistent set of conponents.
The HDHA protocol for a petroleumm xture yields a nodel -of-conposition.
Process a(lTIR)cadcpropertyataty forteltder(d secansistentamiph eheGhotiyariate (KilBR ey,

K. J., Jaffe, S.B., "Devel opnent of a_Detail ed Gaso{gi@n,e Composi ti on- Based
Cct ane Mbéatarand preperty gnadshemthatsampieokhe symthesyalgosithms theps Applied  jaffe,
S.B., "Detail.ed sition-Base del for Predict] Nunber of
Di esel Fut gchusli tﬁgr}g%ﬁﬁncﬁwoﬂggm%%t?%gwns}&rg%g%%)éﬁ&ﬁleI%?ﬁ(gﬁa{tnh| s nodel
of COMPOSKAMpBRE. FHEARAL R stepsfdRis/HoREdurelare NsHAR Schehilicans!ifess
applications such as plant Optimzation, raw materials acquisifion and
process tFijuikdshooting. Several of these stream properties are conputed
fromcorrelations in which nolecular-lunp property densities take sinple

bl endi ng (e-ﬁrhn%'hg}?@@ni@ SlrehRRealed M 480 1 anll 2 MaYnAARAS DUt N 2
stream s m)dd%ﬁ-of -_coe osi t1’on (']seee Sectioen on %?doperty Ooryr el ati ons bel ow).
However, devedtdiifiited toARIgiravitedviscosisy, distilandn@raimulited §6Cynal yti cal data
to support these activities can be tine consum]g]%uand expensi ve. The

abi | ity tdistitlationi8inDih foninstancei ARTM L 2&87), & TE:‘P@ESD{3 MERSEN i ni t ed
amounts of neasutrepents Qn an  ven ,sanpl.e woul d enhan¢e the licability
and uti 11 £9RERL phesate pfthe ettt andbasitinifiogen captentc JBEProReres Mstde rep
cycle ti L gnt.fi t I facdd i L.at: ¢l opment of on-line
conposi t Fgf]stlé ?gk‘é@gq%%?%’lgo‘fﬂémﬁ?g‘?ﬂcoul éﬁ%eé llﬁjgsegd’i?ltsg@ﬁl/rr'pr ove applications

such as gl T e, Cpli Il 2b8 1D coffphellh Ve PPl 1 cabi 11y o on- 11 ne

[0056]) Brown (US 6,662,116 B2 and US 2006/0047444 A1) described how
an unknown crude oil can be analyzed as a blend on known crude oils based on
fitting the FT-IR spectrum of the unknown alone, or in combination with |
inspections such as API gravity and viscosity as a linear combination of spectra
and inspections of reference crudes. This method is used to estimate assay data
for the unknown crude based on the calculated blend and the assay data of the o
reference crudes. Similarly, this method can be used to estimate a reference
HDHA for the unknown crude based on the calculated blend and the measured
HDHA of the reference crudes. The method can also be employed for analysis
of petroleum feed and product streams. In Step 2, this reference HDHA can then
be tuned to measured assay properties to yield an accurate estimate of the

detailed composition of the unknown crude/stream.

[0057] If the FT-IR spectrum is used alone, then the analysis involves the
minimization of the difference between the FT-IR spectrum of the unknown and
that calculated as the linear combination of the FT-IR spectra of the blend of the

reference crudes.

min{(%, - x.) (%, - x.)) [1a]
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[ 0054] The current invention provides a nore rapid and | ess expensive neans
of estimating a detail ed conposition for a crude oil or petroleumm xture
in two stwpodasitdde first step, a "reference" or "tenplParaS2@snmposétion is
estimated fromnultivariate anal ytical data alone, or in conbination with a
smal | set of neasured properties using the nethod of Brown. In the second
step, this reference conposit4Xe, is refined to match a set of neasfitdd
properties using an optim zation algorithmreferred to as "synthesis" or
"tuning”. W have found that this "reference” (or "tenplate") conposition

éﬁfi ol a0 "o, S ish SOt kecloRBoiithg T TR b thrdhiBAwi gL

PO e e ( | . i
M wac ahe X Rt Ry dAPRIRAIER A M fe S Tradts, Phe ET-GOSRARL! o7
sanpl e WhaRemeQsRed ioh! PEoristart Udline df%rude b%l%@ﬂié?(d}é‘b@&ﬁﬁ@orpﬁ simlar

sanpl es that have neasured nultivariate analytical data (FTIR), neasured
HDHA and wehsueteid hasispeBotles, andl X 2k erthegunatizedto oorrectimns (baselase descri bed
by Brown which constructs the reference conposition for the sanple as a

bl end of polynbatialsamatersvapor spectta, landrljqud watet specérayas descaibiestin(B$1 R) and
property data for _the blend is consistent with the multivariate (FTIR) data
and propeﬁt@ﬁzsﬂal(begn that sanple. The synthesis algorithmis then applied
to adjust the reference conposition to nmeet known properties of the unknown

sampl e. T{go3Y]f f er ¥otenstihabihet dUrpHNiA6R HlcRlAEE id honkpaties thehematical |y
in Figure 1. [0055] The property nmeasurenents used in steps 1 and 2 may

i ncl ude butinBnization i$ convendently dPhe ysiagia yon-negatves tepst syjusrds. | B¢ on or

sinmulated (GO), distjll atifofh,(Si i s,. for i ngtan,ce STM D, 2887), sul fur

content, Analysigemovides coetficients for a linear combination of the reference’cru es
that most ciosely matches (in a least squares sense) the spectrum of the unknown

crude.

[0060] US 6,662116 and US 2006/0047444 A1 also describes an analysis
of crude oil based on FT-IR data augmented with API Gravity and kinematic
viscosity. The algorithm attempts to minimize the difference between the data

for the unknown crude and that calculated for a blend of reference crudes using‘

[2]
X, X, r Xy X,
min| | | wamd,pn | = | WapiAuapr WaptAy(apty | — | WaprAycapn) [2a]
Wy oAy Visc) WyiscAu(Visc) W s Ay (Visc) WyiscAw(Visc)
%, =Xe,, Ayarn=Awrnc,, and A,isc) = Aisc)c, [2b]

x, is a column vector containing the FT-IR for the unknown crude, and X is the

matrix of FT-IR spectra of the reference crudes. The FT-IR spectra are
measured on a constant volume of crude oil, so they are blended on a volumetric

basis. Both x, and X are orthogonalized to corrections (baseline polynomials,

water vapor spectra, and liquid water spectra). x, is augmented by adding two

12



content, aliphatic sulfur content, and basic nitrogen content. The
properties used in step 1 may be the sane or different fromthose used in
step 2. SvepodyoseEsizi mati ng the "Reference” Conposition [PCOASRoBOOIMG ( US
6,662,1 16 B2 and US 2006/ 0047444 Al') described how an unknown crude oi l
can be analyzed as a blend on known crude oils based on fitting the FT-IR
spect r um atditivhalislentemis e thecbottomiof the oblunad,i wp,Ai4bh, amd pecij@ns such as
APl gravity and viscosity as a linear conbination of spectra and

i nspect i onkuef anieiigrenare the wohanetfivaly idedbdblesvarsieds tof thes APIgravitgsay dat a
for the unknown crude based on the cal cul ated bl end and the assay data of
t he ref er éneapecifitegraviyrahdviscosithifer thetunkaowan abd Ased and Asti arg hea
reference HDHA for the unknown crude based on the cal cul ated bl end and the
measur ed kDrespAnding vobimaetsically herrd-ablerinspestions Jor Hie refersnee caidssoyed for

anal ysis of petroleumfeed and.pradyct streans. .In Step 2,.this reference
HDHA can t’h‘é’naﬁ‘i Woen@§ Swggﬂﬁéga‘gggs r e, ?t“'l‘sé@c{l g%u The XA ccur at e
estimate of the detail ed conposition of the, unknown cyude/stream [0057] If
the FT-1R‘Nakies@rs the ¢ptiopatss 8?1@*}@ snestrupyand ipspeetiany %St?ﬁ\ﬁé’s‘htehe

mnimzatio f e difference between_.t he FT-1R spectrum of the .unknown
and t hat Eéllrél‘:‘fﬁt%\‘i Bae%{scqm INatQB Y ltléﬁ%fftffé?rftﬁﬁ' 'OEhF ﬁ@eﬁrﬁ?lﬁ%&&ém‘é of the

[1b] [ 0058TeTRTARE Caleu EyEitS et Bpmcantie sy Sibarer pIEaghBF TV Eisboun
crude, ang, X %]thla@e'ﬁ?é fdrg'n gjn] FT-1R spectra of the reference crudes. The

FT-IR spectta e neasure a constant volune of crude oil, so they are
bl ended on a
L 277-a-¢

R

w

[3]

R is the reproducibility of the inspection data calculated at the level for the
unknown being analyzed. ¢ is the average per point variance of the corrected |
reference spectra in X, and is set to 0.005 for crude or intermediate stream
spectra collected in a 0.2-0.25 mm cell. « is an adjustable parameter. is

chosen by an optimization procedure described below.

[0061] For analysis of kerosene and gas-oil petroleum streams using FT-IR
augmented with Simulated Distillation (SimDis) data, algorithm of US 6,662116
was modified to allow for use of inspections including ones where there is more
than one value per sample. When using three inspections, the current invention

minimizes

13



vol unetric basis. Both xuand X are orthogonalized to corrections (baseline
pol ynom al s, water vapor spectra, and liquid water spectra) as described in
US 6, 662,W0R2609BB174¢0059] To ensure that the conpositi onPCRIUSAHBOETé S
non-negative, the mnimzation is conveniently done using a non-negative

| east squares. The anal ysis provides coefficients for a |linear conbination

of the referencg(frudeg that]nost cjosel yh#t cheg (| n feast ysquar g=t
sense) the spect{ftm of : he uhknown ¢rude. [(060] 6, 662 116 and US

2006/ 0047444 A s34 EPi bes| attaherysils |d P(ﬁﬂ@”bl I drOFTLIIR dat a
augmented with AP|| ®eadiexm ahd | KR mefestoc| |vilg 0‘350@ (309 a]a Be’mﬂt(ﬁ’f’ﬁ tlenpt s
toI m Ini m éefthe ffve4goa:rle4eo, g oL oo Htl & [T Gl ) a0bs MK DWWz G LI gy anld t hat
cal cul ate or g|pl end sof r ce dgs (v ¢, |
U(AP) = ACAPI )|l Pesade= 1o ?‘Efé‘)"’l"g"r“ﬁ’ il sic 65”[}215}“’ sa’%{”égf U | Mect or
cont ai ni ng t heimT}|l RecboBiczsooh spude, | | htexduizoot e | MEeeitke® | AT- 1 R
spectra of the r eﬁ,mqegﬁog ) .wE'l,'Jgfe,,(d?oT)- RIS eg;og,a(fags)e mejas b an | A
constant vol une ‘ cr;:‘ge h gEso%lr o] ed: on q|vpl H:”Et,lrdsa%) b s.
Both JCUand X arle||olf d’é“%l T Bldtli ﬁ@“(ﬂbg”‘@l ilngl p6f%hom a|ld,

wat er vapor spedt [|awzsaddzshd gli Wwa@éﬂﬁ’% Gt {r| @ Wesosdki(Epog ugnﬁmoe'd’f%’y blddi ng
t woaddi ti onal el MBI ShAL Prooky NE Sdboy ENE [SRLUM 0l || APbadeduand| Y () |
iapi) and lu(vig¢ Ewool’f(h ) o] u%{o?}'{n((:al "'y | ol nl(gj'%gmi ew{7 rsi oi[:]%o I, t hel |API
gravity (i.e. spatiffetdtavity) ant{i'scdsitly f'&r™the n<nov\ﬁ‘1 and A¢API )

and L(v ) are the corresponding vol urretrl cally blend-able i nspect i §3e for

t he reference crudes.. n o
%, = XCy, AuaP) = APIC, , Ay(E300) = A(EI0C, 5 oo Ay(sul) = Asunc, [3b]

[0062] The 2,z3m)represents the volumetrically blend-able SimDis data.

SimDis data is typically reported as temperatures for fixed weight percent off,
and is thus cannot be used not directly. The SimDis data is converted to a
volumetrically blend-able form in two steps: (1) the SimDis curve is interpolated |
using a cubic interpolation and the curve is evaluated at points spanning the -
temperature range of interest, for instance at 300, 400, 500, 600, 700, 800, 900 F
points. and 1000°F; if the SimDis range does not span these temperatures, the
data is augmented with zeros below or 100% above to ensure proper behavior of
the cubic interpolation at the endpoints. (2) the weight percent of sample |
evaporated at each temperature is multiplied by the sample specific gravity to

give a volumetrically blend-able value. A(g300)is the corresponding data for

the reference samples. A,z300 is the estimate of A,cz30) based on the linear blend
with coefficients ¢,. A, is volumetrically blendable sulfur data for the
unknown, generated as the weight percentage sulfur times the sample specific

gravity, A(g,;)is the corresponding data for the reference samples, and A, is

the estimate of A,sw) based on the linear blend.

[0063]) For the weighting of the SimDis data in [3a], the adjustable

parameter, o , may be set to the same value for all SimDis points. Alternatively,
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APi and w vlsc are the weighting factors for the two inspections. The x u
and lu values are the estimates of the spectrum and i nspections based on

t he cal cuweted/dsiTaear conbi nation with coefficients cu PCThS20080¢EP6
conbination is preferably cal cul ated using a nonnegative | east squares
algorithm The weights, w, in [2] have the form[3]. w= . 2.11-a- e R [3]
R is the smeeabeSimDis tytadf 1¢dse acarptecndanithel atiiacbditinggiceot atd fihal | evel for
t he unknown_bei ng anal yzed e is the avera efper poi nt variance of t&e

cor r ect ed boiling peisk thpsvaightsiof txmparaiuses tgait all petowEonmeominiye o

intermediate sfreamspectra collected in . 2- 5 cell a i n
adj ust abl e'gagé’n‘?ﬁg] rgb(i"ée %918%8??”6@%CB@f%'&'ﬁ?%@%&ihﬁPm@@ri bed
bel ow. [ 0Q6: ; i 5 Ol {hBf/TE Usi ng
o o U A 1P LS RGSEIR ey AL sty susone v 10
6, 6621 16 dwaxs TRNAluedft@iscddtemhined bisn optimisnim prossdurecdasifined tones wher e
there is nore than one val ue Ber sanpl e. en using three_ inspections, the
current i mexumizntheiaccuracysifitbe 2¢fereree BDEA) Qrepsusdeontimizagionol unetrical |y
bl end-abl e SinDi s, dat a., Sé)er S daaa)l‘sbs typically reported as tenperatures
for fixedPigRgegHre isedcseribedin APRRRAXDt hus cannot be used not directly. The
SinDis data is converted to a volunetrically blend-able formin two steps:
(1) the S[0A84 cur Oacedshé noeffisitnts egdfarsheflendearsicaleuiatedpdiedd DEA a8 t he
curve is eval yated at I nt ' h
velrs tﬁ/e urﬂ(noe\Jvn ?s e ti?rlla?ce as Ft)ﬁg Q(I)rrllr sl;[on%ing blend of the HDHAs of the
reference samples. Note that if the analysis is done using a multivariate
analytical technique such as FT-IR, the coefficients c, will represent volume
fractions of the references in the blend. Since the HDHA data will typically be
expressed cn a weight or weight percentage basis, a conversion from volume to N
weight basis is required. If 4 is a vector of HDHA data for a reference sample,
then 4 can be converted from weight fraction (or percentage) to volume fraction
(or percentage) by dividing each element of 4 by the specific gravity of the
corresponding molecule, and renormalizing the resulting vector to sum to unity
(or 100%) to produce a volumetric representation of the HDHA. The volumetric
vectors for the references are combined in the proportions indicated by the
coefficients ¢, to produce a volumetric HDHA vector for the unknown. Each |
element of the vector is multiplied by the specific gravity of the corresponding
molecule, and the vector is renormalized to sum to unity (or 100%) to produce

*~ the weight fraction (or percentage) based HDHA estimate for the unknown.

Step 2: Synthesis: Reconciling Analytical Measurements to the Model-of-
Composition |

[0065] The second step of this invention 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.

15



tenperature range of interest, for instance at 300, 400, 500, 600, 700,

800, 900 F points and 1000 OF ; if the SinDi s range does not span these

t enper at Wwepo%ise74dat a i s augnented with zeros bel ow or PCOORR@ISOVEIS O
ensure proper behavior of the cubic interpolation at the endpoints. (2) the
wei ght percent of sanple evaporated at each tenperature is nultiplied by

t he sanpl enpendfdlemgneilicomposition.e Gftergl thest prapertyybilbroh- ael expredsed.
L(3QD i the corresponding data for the reference sanples. (300) is the

oo i 8 oaVURBrbr BRRRCE RS, b B 0 IR R St

as the wei ght percentage sul fur tines t he sanpl e specific gravity, ( u) is
the correp Iynia thatiahftalaridedis i Ehe dessigaopprspertyninl mokecu)arilanphiis
estimate of |u(sui) based on the'linear blend. [0063] For the weighting o f
the SinDi g;.ddthe wito]amindante ofidnalecalar dupyr airethe MeL is nay.. Bhespropedyt he
same value for all SinDis points. Aternatively,since the SinDis data is

| east accdemgitieneay.. tare ieither acompiutddhgdipedtht éﬁm feachl lyen's nglepwntal, t he

wei ghts of tenperatures that, falJl bel ow sone m nj cutoff (e, 5% of )
or Sbove. SORBoRGeRnaF e EaRFIalal tp MeaSHTSTIGT Grraurted, R sampI oo BKnaHE y 2 bo
may be SeEortng)oE“?rog so as to use only the nore accurate SinDis data. The
val ue of 5OTE¥eCet ni ned by an optim zati on procedure designed to maxi m ze

t he accur f the reference HDHA.. One such.optim zati.0 rocedure is
descri bed?@%‘ﬁppen g qﬁleb([‘ngi‘f %g‘bi}&‘é r@wcglé%{qrfggogﬁfigrecﬁ%&eaf HeéSR end are
cal cul ate . i | et : ndi ng
bl end of %‘éﬁwﬁ?ﬁﬁaﬁd@@%ﬂ@wg ao%ﬁége%ﬁgo (fe%é%f %{ﬁﬁ%ﬁiﬁgl ysis is
done usi ngdaliffiot theadtabsuly el thel amalyticat protausl subgéctas thd ptdpertyhe
coefficients ¢u will represent vol une i

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

[0067] In the constrained optimization embodiment, we start with a model-

of-composition whose reference molecular lump weight percents {w, *} exactly
the results from Step 1. 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 Denn, M. M. “Optimization by Variational Methods”, Chapter 1, '
McGraw-Hill, NYC, 1969.), defined by:

z

Lsiw, *In(w, /wi*)+§lj(bj —Zaﬂwj)
i=1 Jj=

i=1

Q)]

[0068] The first term in Equation (4) is the Shannon information entropy

content of the model-of-composition's weight percents {w,} relative to that of the
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fractions of the references in the blend. Since the HDHA data w ||
typically be expressed en a weight or weight percentage basis, a conversion
from vol wwe 20@/0seT4ght basis is required. If h is a vect ecTafS20d8i0/7dat a f or
a reference sanple, then h can be converted fromweight fraction (or
percentage) to volunme fraction (or percentage) by dividing each el enent of
h by the sgfesdriceoneighvpéncents {ivhe Gee eqsCuver,/1f. Nhlaadul. é. Brnasgnor mal i zi ng
the resulting vector to sumto unity (or 10099 to produce a volunetric

repr esent &Elémests of iefdrfion Thieeorp? Uneld: TcWiksyt & Sorispr1 90heA s éf theences are
conbined in the proportions indicated by the coefficients cu to produce a
vol unmet ri Qagﬂﬂ‘gri]édﬁﬁhﬂﬁplfiéﬁ oft the jutikroperty bakicelconswding! NPés theabedl i s

mul tiplied by tthe specific gravity of the corresponding nol ecule, and the
vect or i snustber ofproputyt balsnees considered {wrecodoiljation. Pf agitheenuthbemef ght
fraction (or, percentage) baseq H esti.mate_for the unkpown., Step.2:

Synt hesi sm%@HﬁElqmpﬁgl"AWSIr?f’g‘éla‘? W@%ﬁ%ﬂ Lag‘ﬁ‘?gl &% Mipmiggdnosi t i on

9095 T SuRRGR b il Py BB fabgorsL) © ol v e

nodel - of conposi tion nust reproduce all measurenents in the anal ytical
protocol as closely as possi bl =agld_a£1=td1e SRPE L1 me patisfy a set of
property bal ances, e.g.nass anéwel e'rrﬁ)h} al conmpoSition. Oten, these
property bal ances are expressed N as a sygstem of |inear equations, e.g. b =
a} WL. Here, the neasured value of the property in they-th balance is bj .
The densi pro Yai 7 a0 gl ] 9 Kisknce of
nol ecul ar W%ér?g /i gﬁ'?[heaﬂl\//baé) Ié@ﬁ@%@ﬁtﬂﬁl&%@;@fé&ﬂ:&? %a‘gge/‘g}afi- .1 are
either computed directly fromeach lunp's el enental

b, = Z a,w; . We evaluate the functional derivative JL/éw using calculus of

j=1

variations (see e.g. Davis, H. T., “Statistical Mechanics of Phases, Interphases
and Thin Films”, Chapter 12, VCH Publishers, 1996.). For the Lagrangian in
Equation (6), the stationary solution is

NP
w, =w, *exp(—l+2aijﬂj) fori=1,...,N

=

(6)
[0070] Next, we substitute the stationary solution (7) into the property
balance equations and eliminate the unknown weight percents {w, }:
N NP
Zaﬁwi*exp(—l+lekak,)=bj for j=1,...,NP
: - (7
[007 1]v We solve the nonlinear algebraic equations (7) on a digital computer

for the Lagrangian multipliers {4,} using Newton's method. Once we have

solved the equation system (7) for these Lagrangian multipliers, we substitute
them into the stationary solution (6) and obtain the weight percents of the

reconciled model-of-composition {w,}.
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conposition, or are correlated to neasurenents conducted on sanpl es of
known conposition. [0066] One enbodi nent of this reconciliation procedure
is to trewoe/Es742a constrai ned optim zati on problem wecCots2onsaerdhe

nodel - of - conposition's fidelity to the test results of the anal ytical
protocol subject to the property bal ance constraints. Another enbodi nent of
the recon¢@0723t i onlprtheeshove iembidiment iofetheu betontiliatiom, abgorithar, alines
procedure in which the nodel -of conposition is adjusted to natch the results

of the anprepartabalanee squntipps angkesthe Lagrangian énGee an.| (4Oh£ABERX;] ket he

nodel - of - conposi ti.on between. iterations,fall bel a ,pr | bed.t ol .
a) Reconc Ppgpé‘f‘ao?fllﬁyseé&fs‘f’?‘&phgﬁrﬁ?{tﬁ Rﬁ"rg aﬁ‘?tbnlof W?Pdr)ﬂgf’%@}l' 6%%‘?‘?%?6 che

Reconc b t iatemhaiil
o1 or ence (1781 BEGI AP FECRETo . Mor il SAf Rt sEnrpepscof datirationom

St 1. t ' t g Laimal |
i 11 oront TPOR £ ihad tor - RErky SoiE, RIRCTRAG, Fnelt lrbdty FeamelallTe. ¥

descri bedeghftichs ate préfegredinsic Wboub enfydidRhe of WR cohéiliatiohhgd@hangi an
L (see Denn, M M "Optim zation by Variational Methods", Chapter 1,

MG aw H HoweVeE, rkgddepr pefhemyd tmlandd® Iconstrainisn(mhy be+usgd~ InJ this] /=1
(4)

embodiment, the Lagrangian L reads
N NP
L= w*Inw /w*+ Y A6, - 4,{w)) (7a)
i=1 J=1

where the property function Aj({w,. }) is any twice-differentiable function of the
molecular lump weight percents {w,}. Examples include: nonlinear algebraic

equations, or the output of any algorithm that takes the molecular lump weight

percents {w,} as inputs. In the latter example, the first and second derivatives of
the property function 4, ({w,}) with respect to molecular lump weights w, can be

approximated by finite-differences (see e.g. Numerical Analysis, Burden, R.L.,
J. D. Faires, A. C. Reynolds (ed.), 2nd Ed., Prindle, Weber & Schmidt
(publishers), NYC, pp. 124-132).

As in the linear constraint embodiment, we recover the property
balance equations &, =4,({w,}) from the stationary solution condition
oL /, 02, =0 when imposed on the Lagrangian L shown in Eqn. (7a). Similarly,

the stationary solution condition SL/éw =0 reads

i

w, =w. *exp| ~1 3 ai
,=w,*exp| —1+ Y 4 (7b)
j=1 ow

where the unknown weight percents {w,} cannot be readily eliminated as

unknowns, as in the linear constraint embodiment detailed above. Instead, the

equation system (7b) and the property balance equations b5, = Aj({w,. }) must be
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[0068] The first termin Equation (4) is the Shannon information entropy
content of the nodel -of-conposition's weight percents {w, } relative to that
of therefwopenmaswazght percents {vv *} (see e.g. Cover, PCTNS2axa11796 A.
Thomas, "El enments of Information Theory", p. 18. J . Wley & Sons, 1991) is
the Lagrangian nultiplier of they-th property bal ance constraint. NP is the
total nunpelvedf iterabeily yfdralbals ethec anskindevedweight epervehts apw, dn.ard ithet he
nunber of nol ecular lunps in the nodel of conposition. The Lagrangian L is
m ni m zed wpeingidie rhﬁlti;ﬂw'rflgﬁlg? atNeweurys aasthodi @an aompsisti #fis eierative0 , -
=0 for j =, ... ,NP dw dlj [0069] FromdL | dIl = 0 we recover the
linear progfine ibahepeepatydalaie fnetions i, ({i, )areraicmdifférbatidblacwithnal
derivative SL | dwusing calculus of i=1 variations (see e.g. Davis, H T.,
"Statisti bCS., P It aRvedNd HGW I et r 12,
VCH Publ i g‘ﬁ‘??g{e?‘?g@% ?\.eig—hc‘grﬁ ?I%gﬁtlfag@éﬁ(giegn i neEquat i oélvel(i:%)lf,'r&?%e S g{'tl?onary

LUt . ; . : : .
the " pr ope sl LA, BE hontRedt B; Labkneliif LRI Mag X7l By W) ™ °
{wt}: I\":)maa‘%/I Hot %%chgﬁxlexf z{nlﬁaﬁul}ipl:eb ‘;olfu?lron‘g t%)\ the unkBolvi! w§ight percents

{w,}, and the Lagrangian multipliers {4, } are possible.

b) Reconciliation by Successive Substitution

[0073] As in the constrained optimization reconciliation method described
above, this embodiment of the reconciliation procedure also starts with model-

of-composition whose reference molecular lump weight percents {w, *} exactly
the results from Step 1. Adjustments to the weight percents {w, *} are done in
sequence, i.e. the reconciled weight percents {w,} computed from the j-the
property balance become the reference weight percents {w, *} of the j+/-th

property balance. Below we describe weight percent adjustment formulae for a
scalar and distributed property targets, and the successive substitution |

reconciliation algorithm.

a) Scalar Property Targets

[0074] Scalar properties take a single number for the entire sample.

Simple ratio properties

[0075] A simple ratio property is linear in weight percents, its property
density a;; is nonzero for selected moleculés, and equals zero for others.
Examples of simple ratio properties include elemental composition. For simple
ratio propertlies, we combine the property balance with a total mass balance to

obtain:
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A=l (7) [0071] We solve the nonlinear algebraic equations (7) on a digital
conputer for the Lagrangian nultipliers {lk} using Newton's nethod. Once we
have sol wed 20vsemaat i on system (7) for these Lagrangi arcmuiseoeogloieps, we
substitute theminto the stationary solution (6) and obtain the weight
percents of the reconciled nodel -of-conposition {w, }.[0072] In the above
enbodi ment of the reconciliationbalgorithm |inear property balance
equations nake the Lagr &gt wn*ty(See Eqn. (49" convex; 9 > one and only
set of weight percents {w, } bgt:b.klwqcally and globally mnimze L (see Ref.
(see e.g. Cover, T. M and J. & Thomas,  "El enents of I nformation Theory",
p. 14. J. Wley & Sons, 1991). Thus, linear property constraint equg)i ons
are preferred in the above enbodi ment of the reconciliation algorithm
However, ar]lnear ORCERES hyv@aajag&agram&m Wesghiteer&ants o€ holkculedi s
enbodi nent, the Lagrangian Lreads NP L > [ *In( ] ) + >> - ) (7a)
wher e t hetlpt ppssesy tiesiaiplomatd¢ property 5 vemadjusi the-wieights efithieahbkechlesct i on of
the nol ecul ar | unp wei ght. percents {w,}. Exanples include: nonlinear

al gebr ai cthagdatnaspossess thisdorepepys of any al gorithmthat takes the

nol ecul ar | unp wei ght percents {w, } as inputs. In the latter exanple, the
first and second deriyvatives OL(}h property function A({w,}) wth respect
to nol ecul ar |unp weights can % E gwdxi mated by finite-differences (see
e.g. Nunerical Analysisw,Bunde “L——J. D. Fairfes, Aa;G0Reynolds (ed.),
2nd Ed., Prindle, Wber & Schmidp, w*

®)

Averaged properties

[0077] 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 8 and
9 will not work. Instead, we have developed a factor ¢ that is a continuous
function of the averaged property j whose target value equals b;. 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

N
constraint equation > a

i=1

Vi =bj )

[0078] The continuous factor ¢ takes a cubic polynomial in the property

value b:

(b)) = Ab* +A4,b* + A,b+ A4,
(10)
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(publishers), NYC, pp. 124-132). As in the linear constraint enbodinent, we
recover the property balance equations b =A({w, }) fromthe stationary
sol uti on wondiwasorazdL 1dl = 0 when inposed on the Lagramrgrars260sshres in
Egn. (7a). Simlarly, the stationary solution condition dL/dw=0reads )
where the unknown wei ght percents {w, } cannot be readily elimnated as
unknowns, [6679]n t hV¢ deramimotiet foar cbnstahedddndbugle t4iwith tlebfollowihgst ead,
t he equation system (7b) and the property bal ance equations b =A({w, })
must besokursirdintst ati vel y for both the unknown wei ght percents {w, }, and
the Lagrangian nultipliers {Ik }. Newton's nethod can conprise this
iterative schenme if the property bal ance functiong({ ,}) are
twi ce-di f f er ent i abfensgrvatior optetal weighte wei gh0 pexoedts w (sedabove).
However, if the property functions ({ ,}) are nonlinear, the Lagrangian L
shown in Egqn. (7a) may or may not be convex, and Lrulti ple solutions to the
unknown wei ght per .Lagr apgi ipliers } are
possi bl e. b) Recon%??%agte??ﬁogélmégggseﬁs‘%lﬁ%e Subgft T{Zt‘{%h‘}’[oom] gsh%sn t he
constrai ned optim zation reconciliation nmethod descri bed above, this
enbodi nen t he il at i .S W t h nodel of -
conposi ti L?\ﬁv(\)ﬁlose ?g@@?"g’;\égﬁ%{?@gﬁ{eﬁf& un&;f%ﬁgﬂﬁ&g%i'cents {w, *} exactly
the results fromStep 1. Adjustnents ':go_the wei ght percents {w, *} are done
in sequence, i.e. the reconciled weyg ¢ gepeents {w, } corrpute(qlt; om
t hey-the property bal ance becone the. ra@f erenceé Wei ght percents { *} of the
[+7-th property bal ance. Bel ow we descri be wei ght percent adj ust nent
fornmulae for a

o¢

0="0 atb=b,,, (11d)

[0081] After we impose the constraints (11a-d) upon the factor ¢defined in

Equation 10, the factors and adjusted weights {w,} are computed as follows:

¢ =1+ yAb,
(12)
N
b, -—Zw,*aﬂ
y=— i=1
Zaﬁwl*Ab,
i=1

(13)

Y 3 - 2

aw;* a;w*
R Sk IE ORI B 2L
Ji N 5 Ji N
2wt 2w
Ab, = i} (14)
" 2aw*
+3pmin,; tDmax )| A — i=‘N
3w,
i=l

w, =w, *(1+yAb,) fori=1,...,N

(15)
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scal ar and distributed property targets, and the successive substitution
reconciliation algorithm a) Scalar Property Targets [0074] Scal ar

properti esotadasaz4di ngl e nunber for the entire sanple. ScmpiSeoosatizoe
properties [0075] A sinple ratio property is linear in weight percents, its
property density a,-,- is nonzero for selected nolecules, and equals zero
for other 5f00831arrpl We aboisl thploecustice pf GEOMHyi wstrictiniguiie prbperey target

conposi ti on. S|npl ratio properties, we conbine the property bal ance
with a totaig ; H tho achmhtargbt byis outside this range, avg approachathisw k A=|
(8) [0076] Once me have adjusted (ratioed) the weight percents of nolecul es
t hat possemget inemsitipiestapat i o property j , we adjust the weights of the

nol ecul es that do not possess this property: (9) Averaged properties [0077]

A d | b
for arr nbE &, o HsCepeBrihuRipPRILEE pHRGE BEOAEWE BESHELRE 50 0,
i ncl ude ARl aa&vw&asght m&éﬂgﬁrfoseammrgetqﬁbﬁeﬁy RUHB®eveRWe BAVE aflfietéd For

averaged properties, the ratio method summarized in Equations 8 and
much greater effectiveness by using a single factor that includes the dependence

of all averaged property targets. The factor adds all cubic polynomials together
in Equation 10, with three additional parameters for each target. Constraints in
Equation 11 are also used for each property. Final factors and weight

adjustments are similar in form to Equations 12-15.

Distributed Property Targets

[0084] In general, a distributed property target occurs when the property to
be matched varies with some independent variable. The distribution 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.

[0085] Let W(BP) represent the cumulative weight percent distilled off at
boiling point BP. The measured target distribution is W,, and W, is calculated
from the reference weight distribution {w, *} of the molecular lumps. Both of

these cumulative weight distributions are monotonically increasing functions of
the boiling point BP (see Figure 2). In practice, the cumulative weight
distribution .. 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 W, as a
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9 wll not work. Instead, we have devel oped a factor f that is a continuous
function of the averaged property j whose target value equals bj . This
fact or advoxv®/spward t he wei ghts of nol ecul es whose pr epentsgordensdéy ab i s
| ess than that of the target bj ., and it adjusts dowward the wei ghts of
nol ecul es whose property density ab is greater than the target value b The
net resul fundionCofthiefcalduletedididtribhtivn o, at thieesaphé distiltatibn thoikingl paints
distribution that satisfies the property N constraint equation aJ WL =b .
/=1 [ 0078]seEigurend). Fually, vee talculat¢ theefactorcgieidW podipasiasfunction o€ property
value b : f(b) Axb3 +A 2b2 +A b+A (10)[0079] We determ ne the four

const ant s bailing prigh(sééiiglret e We ko thanfactamg tto adjtss theomferneaweaghtst t ot al
wei ght: (Ha) Averaged property constraint: ( | ib) [0080] Snoothness at
extrene vas$ t@bows: the property j : min,y (| ie) Sb [0081] After we inpose
the constraints ( 1la-d) upon the factor defined in Equation 10, the

factors and adjusted weights {w, i %Q " Ehu qe Asyfoljows: f = 1+ghbt

where BP, is the boiling point of molecular lump i.

¢) The Successive Substitution Reconciliation Algorithm

[0086] In Figure 5, 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.

d) Targets based on multivariate analytical measurement

[0087] The targets used in reconciliation may include ones estimated based |
on the multivariate analytical data used Step 1 of the invention. These targets
may be calculated based on the reference composition determined from Step 1..
Alternatively, these targets may be estimated via regression models developed
for this purpose. Such regression models can be developed using standard
chemometric techniques such as Multilinear Regression (MLR), Principal
Components Regression (PCR), or Partial Least Squares (PLS) or via the method
of Brown (US 5121337, June 9, 1992). The multivariate analytical data for the
references in the library database for Step 1 are regressed against measured
target data to form a predictive model. This model may then be applied to the
multivariate data for the unknown being analyzed to estimate a target to use in
Step 2. For example, a regression model can be built to relate FT-IR spectra of

the references to aromatic carbon content measured by NMR. Said model is
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w*a. W =w*(\ +rAb, ) for =1,.. .,7V (15)[0082] W avoid the occurrence
of f<O0 by restricting the property target range {b mnj bmaj ) . If the
actual tawvgebodsii4@ outside this range, we approach thi ecrarsges/oirroerul tiple
steps. [0083] In the case of nmultiple average property targets, we nay

cal cul ate separate weight factors fj for each target property j . However,

we have agb¢dieektithiate a@r sotraticafdrbon comtenttargst fos thegsamplertgdimg f act or t hat
i ncl udes the dependence of all averaged property targets. The factor adds
al | cubi capalygedni al s together in Equation 10, with three additi onal
paranmeters for each target. Constraints in Equation 11 are al so used for

each propEi%)hB!g pg ofactors and wei ght adjustnments are simlar in formto
Equat i ons -15. Distributed Property Targets [0084] In general, a

distributed property target, occurs when thg proaerté/ to be patched varies
with somel00penddhe curenhHventipRCaR; b yseg (PiesHMAE REPHMOSHA 19T1%d wi t h

boi | i i 3 . ..e..1the.dj ' ' '
requont | Shille i RSt s bt olbiter b RheitibdBoekReUE O i o,
met hod, wg ¢#89i18Mnd I??\%Q}@'G/GOZWZ&QH Alisaitd e k¥timatda bldnd &f reféiené&f er ence

wei ght distribution during each iteration of the reconciliation

al gori t hmeiried g€ wihidch hridels of &iipdsitioh iy BBEen apasarit Thebkndiwdfat i ve
wei ght percent distilled off at boiling point BP. The nmeasured target

di stri but theseinsodals of sampepition seavetasl feransmiphaubseauerathesigh
G ST DUt g 4 b oL AL T L e R Rh OGP BBt vl o
either measured, or estimated using the methods of US 6,662116 or US
2006/0047444 A1, then properties estimated from the model of composition
match those of the assay. In this case, the targets used in the Step 2 synthesis
will typically be distributed targets (property values as a function of boiling _4
point) rather than bulk targets (properties of the whole sample). Examples 1 and

2 compare models of composition built using bulk and distributed targets.

[0089] The validity of the technique was demonstrated as follows. A library
of 73 crudes was collected, every member of which had, (i)_ a measured HDHA
composition, (ii) a measured assay, (iii) a FTIR spectrum and (iv) other bulk
properties (including API gravity and viscosity). A series of test runs (known as
cross-validation runs) were conducted by selectively removing one crude at a
time from the library and treating it as a sample of unknown composition, in
order to estimate its composition from the remaining 72 crudes using the
procedure outline_d above. Each test run consisted of three steps. First, a blend of
the 72 crudes was constructed that best matched the FTIR spectrum, API and
viscosity of the sample removed using the methodology of US 6,662116 and US
2006/0047444 Al. Next, the HDHA based compositions of the 72 crudes were
blended in proportion of the blend suggested in the previous step to obtain the
"reference" composition. Finally, the synthesis algorithm was applied on the

reference composition to match additional measured either bulk or distributed
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the boiling point BP (see Figure 2). In practice, the cunul ati ve wei ght
distribution W is neasured at discrete boiling points. Al so, we calculate
t he di st rwbubevns1D at the boiling points of each nol eceCaruskanspiiBowever,
we may i nterpol ate between these discrete boiling points using snooth
functions that preserve the nonotonically increasing nature of a cunul ative
wei ght di sdrgetsuifithe rerAbved sarhple, sutle apgratifyo@Pher speciic) the bdilingar get
distribution W, as afunction of the calcul ated djstrjbution at the sane
distillat pbwebattmg?@ patiAmdtroses Spﬂ@lmaedzl)‘lphﬁtlﬁéulfyr The estimaledi e t he

factor f = dW as.a function, of. boi n e Eiqu Ve use
the. fact of OMPPSIR Was tene Puparpl A8 chsiarynl Befiedl chBfbstgt baifibts o7 |

N (13) 7 18Qi poi nt of nolecular lunp i. c¢) The
Successi vjefr \é@gisﬁetﬁg?\{e?ng %g%onc}{l ?gtxl on Algorithm[0086] In Figure 5 we
show t he ﬁgl C@I !enbodl ment of the successive substitution reconciliation
where a r nodel - of - conposition is adjusted to match one di stri but ed

5232?&“2@4@?. oAV Edoransin <Rede o Aol g e el o i

di srupts Qg ﬁ\fkﬁg%quttﬁ@rétﬁa 212%7@*&%&%’ 19*1*1 fﬁ%fﬁ?f‘tlnatﬂb !fﬁgt’g?%st hg' €

rel axed, or to ensure vergence o uccessi ve suBstitution

al gorit hms @t‘)truTﬁerPI srdaseshdvisevsity tsﬂtheaéreder@all attiugadl asgmsuts earkhthe[ 0087)
The targets used in reconciliation may include ones estimated based on the

mul ti vari atethahef UAS 6462456 s usaskitoStadgulatess biended mefereriasn. Thighblsadt ar get s
may be cal cul at e% based o the reference conposition determ ned from Step

1. recipe 1s shown in Tab
Table 1

Component % Component %
WEST TEXAS 17.89 | WEST TEXAS 4.63
INTERMEDIATE SOUR

MESA 30 - 13.59 | ZAFIRO 24
ELK BASIN HEAVY 12.71 | URALS 2.21
MARGHAM CONDENSATE 10.36 | OSO 2.19

CONDENSATE
QATAR MARINE 8.05 | HAWKINS MIX 1.88
SMILEY COLEVILLE 7.36 | SYNCRUDE 1.86
OSEBERG BLEND 6.39 | FORCADOS 1.55
MIDALE 6.2 | VASCONIA BLEND 0.74
[0091] Figure 6 compares the weights for the model of composition

calculated from this blended reference (y-axis, MOC predicted after step 1) to
those measured for the MSO Edmonton crude (x-axis, MOC actual wt%).

Brown (US2006/0047444 A1) defined a Fit Quality Ratio (FOR) as a measure of
how well the spectrum and inspections of the unknown (MSO Edmonton) are
matched by the calculated blend, a value of less than 1 being very good fits,
between 1 and 1.5 acceptable and larger values indicative of poorer fits. An
FOR of 1.02 was obtained in this example indicating the blend is a reasonably
good match to the sample being analyzed. In Figure 6, the diagonal parity line
represents complete agreement between the MOC estimated by step 1 of the

current invention and the measured MOC. The fact that most MOC components
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Alternatively, these targets nmay be estinmated via regressi on nodels

devel oped for this purpose. Such regression nodels can be devel oped using
st andar d wbenmwmsiT4zc t echni ques such as Miltilinear RegPeTAISCVSOMIR)
Principal Conponents Regression (PCR), or Partial Least Squares (PLS) or
via the nethod of Brown (US 5121337, June 9, 1992). The nultivariate

anal yt i calfaltieloge tothd paritydims dernenstrates the dbilityaof thiaf FifabasddobleSdmyg 1 are
regressed agai nst neasured target data to forma predictive nodel. This
nodel may algesithmetogaptyredhe sigmbcant molgsulaz teends 0 thoactupkcmRABWAN GBI ng

| d ti mat t t.t in Step 2. For.. | i
model - can UG RtHRPEe A1F CPEEAOR FHTDEISE PEOBCT hE SeUFTEh pel Mt ¢

b . SR Sai x . ; i
car bon comaGe ¥ BRI S o feFRlent HPECS ARAARLE T B¢ PC0zs]
The cur r eblenided eefereitelO D ard/a6dint congpiecto@reemenowithsthos© mdasured. cr ude

oil, or distillation cuts thereof. In Step 1, the nmethodol ogy of US 6, 6621
16 and USFpoesdropks 4hei3 04 Si APLigrayityccadenlnted: fzom the diendsid reégreneeBOEr udes

el s of IPELIERGRE 2B LRSS\ CIRADE Pbr SHOHEUHu bR oSeHdsi o |
S 2. |fkhe.. fhs | ' | d
vas i i he P GEh EFvE{FighY PRaR HEKuAd RSy MU HERSRRESY 7S

2006/ 0047@%1@{10,1@@@17(51%1;éiﬁgegsti mated fromthe nodel of conposition
mat ch those of the assay. In this case, the targets used in the Step 2

ST o s, Pt b e e Y P AL B 08, e

whol e Sa”?ﬂeﬁb sﬁffﬁég?é %b&lkaﬁ}%perties (y-axis) to those measured for the MSO
Edmonton crude (x-axis). The step 2 synthesis provides only marginal
improvment in the correlation coefficient (0.9630 after synthesis), but the MOC
now more closely matches the measured property targets. From Table 2, the
API and Sulfur agree exactly with the measured targets. From Figure 7, the
estimated distillation (solid curve) now agrees more closely with the measured
data (open circles). Figures 9-12 compare the property values for the model of
composition after step 1 (dashed lines), step 2 synthesis to bulk properties (dash-
dot lines), step 2 synthesis to distributed properties (solid lines) to the measured
property data (open circles. Since the blended reference is a very good
approximation of the composition, the distributed properties only move slightly
during synthesis as shown in Figures 9-12. For synthesis to bulk properties,
there are minor differences between the estimate property distributions generated
using this invention (dash-dot lines) and those measured (open circles), even for
those properties that are used as targets. However, for synthesis to distributed
targets (solid lines), the estimated property distribution for the target properties
agree with those the measured data. The result demonstrates how the synthesis
allows for a match to all these targets while retaining the correct structure of the

compositional patterns.
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2 conpare nodel s of conposition built using bulk and distributed targets.

[ 0089]
of 73 crwie=x0exs1ael | ect ed,

conposition, (ii) a measured assay,

bul k properties (including API

runs (known as cross-validation runs)p
renpvi ng one crude at a tine fromthe

gravity and viscosity).
\Qﬁ{) conducted by selectively
3 rary and treating it as a sanple

A se

The validity of the technique was denonstrated as follows. A library
every nmenber of which had, @Cx/us2e8asuped HDHA
(iii) a FTIR spectrum and (iv) other

ries of test

of upknown conposit i &atuai n or dgrBlerdegst i nat d Tuned todimosi t i onthneém Pinle
rema| ning 72 crudeslusing the griRefereigee qut ||i Tasget $ run
cons|APed of three $teps. 2BO8t]. a bl endOdb |t he 72 crudkdd
t hat | BAEWt%at ched thhe FTIR §hédtrum APl 688d viscosity 28 he sanmple 615
r enoje®ABitHg t he mpt hodol d8P5df US 6. 662316 and US 2000/80047444 Al . 196t
the HEIMR B¥sed conpgsitiond287 |[the 72 cri§d39 were bl ended-3 n pr opor t i o3&
t he plengl suggested|in t he 1p10di ous step208 |obtain the 1&&fjerence"” 18.61
conppsiing on. Finally, the syﬁﬁresi s al goRi2sHm was appl i ®B20n t he ref erefibe
conppsiribg on to mat clh addi ti 67al| neasur ed 4eiitjher bul k or 4Bk ri but edt ar getss
of theringnoved sanplie, such2ag [gravity (AR7 Jor specific)13%he boiling 1.32
cur vessifg trogen, basic nitroger], sulfur andaliphatic suwfeur. The esti ratéed
conppskihg on was thefh conpar edstjo the act wa3 [measured corgss) tion avai | @d3e
fronfERe,renoved sampl e s Hpigs.| Exanpl e 1.q1J090] An NSO abont on cr ude 1008
vwas BRph¥AR% USing The metne@sql this 1 neeaijion felati ve.3p| the remal niogy
72 C[THRpN (e TThrary. g16.3pl|€ T1TST 596&8,| [ N€ SpPecl§igsz APT_gr avi t yeoaird
Vi SCPBASION Pim he cryde ol |18<';1r1a USed as {§@sl[S, and thejgmdgdnod of US 6185u3l
16 | pppged to catcuffate a fhgqged referengg.| The bt end 4275 12.69
POLAR wt% 0.53 0.53 0.56 0.53
ARO+SUL wt% 35.07 34.23 36.88 37.93
ARC1 13.47 13.44 14.02 14.51
ARC2 10.17 10.07 10.78 11.44
ARC3 5.76 5.37 6.04 6.1
ARC4 2.96 2.52 3.03 2.91
RI@70 1.4703 1.4668 1.4716 1.473
%CA 16.11 15.79 16.94 17.56
pour pt C 24.1 20.5 217 20.7
cloud ptC 31.8 30.8 304 29.7
freeze pt C 31.8 30.8 30.4 29.7
TAN mg/g 0.2 0.2 0.2 0.2
Example 2
[0093] A Brookland crude was analyzed relative to the 72 other reference

crudes in the library. The blend calculated from Step 1 is shown in Table 3.

Note in this case, the F OR statistic is 2.43 indicating that, because of the small

library size,_ythe blend is not a good match to the crude being analyzed. As seen

in Figure 13,

there is poorer agreement between the MOC weights predicted

from the blznded reference.(y-axis) and those measured for the Brookland crude

(x-axis). The correlation coefficient is 0.9467. From Table 4, and Figures 14-17

compare the properties calculated from the blended reference MOC (Table 4,

column 3 and Figures 14-17 dashed lines) to those measured for Brookland

crudes (column 2 and open circles). The model of composition for the blended

reference (curves) differs significantly from the actual measured crude MOC,
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recipe is shown in Table 1. Table 1 [0091] Figure 6 conpares the weights
for the nodel of conposition calculated fromthis blended reference

(y-axi s, WoCQopwesaiseted after step 1) to those nmeasured fPom/usb@shB@9&EdnONt on
crude (x-axis, MOC actual wt% . Brown (US2006/0047444 Al) defined a Fit
Quality Ratio (FQR) as a neasure of how well the spectrum and inspections
of the unEanimla(rlﬁia fedimsrufahg aorpatiehndedifle ddmpomdntsil at ed bl end, a val ue
of less than 1 being very good fits, between 1 and 1.5 acceptable and

| ar ger val ues indicative of poorer fijgiﬁ)F Qn FQR of 1.02 was obtained in
this exanple indicating the blend is ®asonably good match to the sanple
bei ng anal yzed. |n Figure [GGomkgdaesll agonal parfigy TTne represents conplete
agreenent between the MOC [estTinmated by step 1] of the|current invention and
t he neasured MOC. The fact[ ¥ SRDS conplonegg gg pl | close to the parity
| i ne denonstrates the abi |[TARGHAMNE F1T R based & £nding algorithmto
capture the significant ngdleonbensArends of the actupl conposition in the
reference. The correl ati o Mgk cl ent between thweszepti nat ed and neasur ed
MXCs is 0.9467. Despite thHigapge@0d agreement, |propsgd| es cal cul ated fromthe
bl ended reference MOS are [TEDOPER BRBMN €L € agrjeeneqgr M th those neasured.
For exanple, the 30.45 API—gravity catcurated fromthe blended reference
MOC i s hi t han 99y ER%¢ RO o ly, the

esti mat edﬂﬂﬁs“l]i | aﬁ%ﬁ%ﬁ 3?”( Fi guﬁﬂgﬁgﬁgﬁwpn%)rg%uggs? f?(t)étﬁ %xact |y match
t he neasugwethesis to bulk amhdisHilguted prop@aties e¢spectisgly. [IAMDTH chsagyitargdtsconpar es
the weights for the nodel of conposition after step 2 synthesis to bulk

pr oper t i einclydekgrayityobeitingecurse.sm by, aliphaticesulB, nitrogen and basic

nitrogen. The synthesized models of composition are much closer matches to

the measured model of composition, particularly with respect to the aromatics
and sulfides. Figures 14-17 show property predictions for the various models of
composition (dashed curves for Step 1 MOC, dash-dot curve for MOC after Step
2 synthesis with bulk property targets, and solid curve for MOC after Step 2
synthesis with distributed targets) compared to those based on the measured

model of composition (open circles). Table 4 summarizes some key properties.

[0095] This example illustrates that while the reference selection procedure
may sometimes suffer from lack of adequate references in the FTIR-HDHA
library, it can, with the synthesis procedure, still estimate the composition to a
reasonable degree of accuracy. Given the cost of generating the MOC reference
data, this extended applicability increases the value of this two step procedure

relative to that of Step 1 (US 6,662,116) alone.

Table 4
Actual | Blended Tuned to Bulk Tuned to Dist
Reference Targets Targets

API 39.99 37.7 39.98 38.93
SAT wt% 88.7 82.1 88.6 86.6
n-PAR wt% 22.16 20.97 24.35 22.45
i-PAR wt% 28.46 20.6 23.89 21.87
Naphthenes .

1-ring 23.06 23.79 24.49 24.94

2-ring 11.04 11.65 11.12 11.94
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Examples 3-7

[0096]

For examples 3-7, a library of 705 process stream samples was used.

These samples are kerosene and gasoil range materials which are feeds and

products of various refinery processes. For each of the 705 samples, an FT-IR

spectrum was collected covering the 5000-400 cm’’ range using a 0.25 mm fixed

path flow cell with CaF, windows. Samples were maintained at 65°C. during

spectral data collection. For each sample in the library, HDHA was measured,

as were various bulk properties including but not limited to API gravity, SimDis,

sulfur, aliphatic sulfur, nitrogen, and basic nitrogen. The HDHA of the reference

samples were tuned to the measured bulk properties.

[0097]

A cross-validation analysis was conducted in which each of the 705

samples were taken out of the library and treated as an unknown, being analyzed

relative to the remaining 704 samples. The analyses were conducted in two

modes: (1) in the IR-Only mode, the FT-IR spectrum of the unknown was fit as a

linear combination of the remaining 704 spectra over the spectral ranges from

4998.6-3139.5 cm™', 2760.6-2400.9 cm™', 2200.4-1636.3 cm™ and 1283.4-925.7
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in Figure 13, there is poorer agreenent between the MOC wei ghts predicted
fromthe btended reference (y-axis) and those neasured for the Brookl and
crude (x-wiRwi2g)9/05THe correl ation coefficient is 0.9467. PcomSI@Bloei7d¢ and
Fi gures 14-17 conpare the properties cal culated fromthe bl ended reference
MOC (Table 4, colum 3 and Figures 14-17 dashed lines) to those neasured

f or Brookkand Spected datoinuthe 32 38064236€.6 ant (ahdsl)6.36]3}é283)de¢m'dfranmosi tion
for the blended reference (curves) differs significantly fromthe actual
nmeasur ed Wagdet et piace thapbsarbangestinthesegpngesexsesdad .t%e HRGRIIGPPORSE

R R LT R L A NN T
both caseg, ,{siu9fteifdr eﬁq?&ngﬂtﬂn‘ﬂshﬂeqsﬁ%ﬂbbﬂ iSded\é,e%n%lé{a%elo 9Pt c

sul fur, nitrogen an asic nitroge e synthesi ze el s of conposition

are much ghO'sehs vt ahekbdcautdef peessigasl-nvle neaf theaDPPstdll wind@articul arly
Wth respect to the aromatics and sulfides. Figures 14-17 show property

predi ct i ongtofbr Théepecira ware emhegenalized donbassline watemvapat andrquidf or St ep
1IMOC, dash-dot curve for MOC. afier St esis with bulk property
Lhrget s BRIRSAHIaETons 98 APorrine S g Ui STES Tt el ablainesl waigd  bus e
targets) t . t . € PRSI tion (open
circles). ﬁ%%?&eégﬁtggﬁgrgg %Z%%étﬂﬂéy(%rlggg?pﬁ ﬁylﬁ}ggbg’]qh?%ﬁ%xanpl e

i 'l ustrat gsedthimh ofiihé enkiBvh SV R Ripiferied HatH 0olupiaEieslly B1eRdbROd®h ifHES
suffer fromlack of adequate references in the FTIR-H library, it can,
with t he awWit(bpsificpgmviasuSenDss ahd seldor, matdit dsea hineqgromimbination of

reasonabl e degree of accuracy. .G.ven the cost of generating the MOC
r ef er encerefgrence tSHP%tr%WE‘é‘HHé@ sagplar@a%gmwedn &@g%lééaewas/ gPReertd toni s two

step pr OC%Q‘% gvaporated at fixed temperature which is multiplied by sample specific
gravity so as to be volumetrically blendable. Sulfur wt% is multiplied by
specific gravity so as to be volumetrically blendable. For the IR-Bulk mode, the |
spectral ranges used are the same as for the IR-Only mode, and the spectral date;
is orthogonalized to the same corrections. The weights for the augmented
properties relative to the FT-IR data were optimized as described in Appendix D.

Fits were calculated using a nonnegative linear least squares algorithm.

Example 3

[0098] Step 1: A spectrum of a gas oil product from a hydrocracking unit
(hydrocrackate) was analyzed in the IR-only mode. The spectrum of the gas oil
was fit as a linear combination of 14 r¢ference spectra from the library as shown
in 2 8 to produce the blend in Table 5. Because of the relatively high number of
other hydrocrackate references in the library, this spectrum can be extremely
well fit, givi’ng an FQR value of 0.48. The composition estimated from Step 1 is
a very good reference for the measured composition as shown in Figures 20, but
there is a slight difference between the API and SimDis calculated from the
blend and that measured for the sample. In step 2, this reference composition is

tuned to the API and SimDis to give the final composition shown in Table 6 and

30



relative to that of Step 1 (US 6,662,1 16) al one. Table 4Exanples 3-7

[ 0096] For exanples 3-7, a library of 705 process stream sanpl es was used.
These sampbeasoswrse7sker osene and gasoil range materi al s wercthisasos/ oi veels and
products of various refinery processes. For each of the 705 sanples, an
FT-1R spectrum was col | ected covering the 5000-400 cm 1 range using a 0.25
mm fi xed Fagire?l oMatekthatwinde theRamyle dontainsSeorpilésr, selfer dul motaieeddoat 650C.
during spectral data collection. For each sanple in the library, HDHA was
measur ed, badisalag aarged irs thafuring preess-es i ncluding but not linted to APl
gravity, SinDis, sulfur, aliphatic sulfur, nitrogen, and basic nitrogen.
The HDHA of t heTablesS:cBleadstos dROMyr Analysiscft Hy dhecrseken Prddionot k
properties. [0097] A cross-validation analysis was conducted in which each
of the 705 sanples were taken out of the |ibr\@ymend treated as an unknown,
bei ng anal yzed rel ative to theomparadtni ng 704 fes. The anal yses were
conducted in two nodes: (1) i®okendNapithaon!y noded-0% he FT-1R spectrum of the
unknown was fit as a |inear crtd faelion of the +&mining 704 spectra over
the spectral ranges from 4998G@ngte39. 5 cm 11, X78Y. 6-2400.9 cm i1,

2200. 4-1636.3 cm 1land 1283.Hydygoracketn 1. Specid@ data in the
3139.5-2760.6 cm 1 and 1636. 3HyP®Backatem 1 r angs00as not used since the
absorbances in these ranges ehykenteefiatehe | i nea®5-4€sponse range of the FT-IR
detector. Data in the 2400. 9-ap@rarkatm 1 r ange &% not used to avoid

i nterferences from at nospher ildydreordssatedi oxi de, 2%#fd data bel ow 925.7 cm 1
was not used because of poor Hydyprsckatei se near 33k CaF2 cell wi ndow cutoff.
The spectra were orthogonal i zéeket GapQiel i ne, walt-® vapor and |iquid water
corrections as described in US@Fe821 16. The f0.30 was obtai ned using a

Hydrocracker Feed 0.34
Crude Vacuum Gas
Oil 0.14
Lubes Extract 0.08
Table 6
Actual Step 1 Step 2
Blended Tuned
Reference | to Bulk
Targets
API 27.6 27.8 276
SAT wt% 70.16 69.87 69.77
Total 17.31 18.4 18.24
Paraffins
Total 52.86 51.44 51.51
Naphthenes
Total 29.84 30.15 30.25
Aromatics
S wt% 0.00 0.00 0.00
aliph S wt% 0.00 0.00 0.00
tot N ppm 19 34 38
basic N ppm 5 10 11
ARC1 22.87 23.12 22.93
ARC2 4.01 4.38 4.49
ARC3 1.11 1.15 1.2
ARC4 0.98 1.16 1.25
POLAR wt% 0.87 0.32 0.35
SimDist
D2887
IBP 529 510 517
10% Off 610 604 609
30% Off 690 685 689
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nonnegati ve | east squares algorithm (2) in the IR Bulk node, the FT-1R
spectrum of the unknown was augnented with volunetrically bl endabl e data
for APl (wpeeddistM2gravity, SinDis and sul fur, and fit @sTarskeosmar7oe

conbi nati on of reference spectra which are simlarly augnented. SinD s data
was converted to wt % evaporated at fixed tenperature which is multiplied by
sanmpl e specific gravity s0%Offo be véSuhetri &4 |y bl¥nldable. Sulfur wt%is
mul tiplied by specific |[gr@od®ffsolas Bth pe voBuhetri 8t | y bl endabl e. For
the | R-Bul k node, the qpecorabffr angesoosfpd areod he sgoge| as for the IR-Only
mode, and the spectral [datagps Or{TOgeTE| T ZedoiP] { N§o corrections. The
wei ght's fﬁr thg gugmentcd properties—retattve—totheFT- IR data were

optim zed ribed in Appendix D. Fits were cal culated using a
nonnegative linear |east squares algorithm Exanple 3 [0098] Step 1:A
spectrum §6099]gas Ai M100qghsail fvasemalylzyd usingathkiIRgonlyi hodéwy i Stepatkthee) was
analyzed in the IR-only npde. The spectrumof the gas_oi|l was fit as a

li near cosipstatrum of thsf gavioil avasrfitrasa gb@@ltqfathc spestrenel 23 sefgrencgs. dhewn in 2 8

ot nor nyoF G Sendhf il BRaBaaing REAHRg Plend S 4 €eSL e itan "o
extremel y fscmgligfeoﬂfh\é's'agnﬁg. HdviRrUsined H% 18is o RPRTiskth oSt | mat ed

from Step | ry good-reference tor the neasured conposition as shown

i n Fi gur emolébuliiveighe! theiréfereidd ithpdditibatkade ebeimatsidiffees APl and SinDi s
calculated fromthe blend and that nmeasured for the sanple. In step 2, this

r ef er encesigoifpeanitlyi foomi the measuredcompogitiondod i g4 eil {Dablevieand Eiguraal
conpositign shown in Table 6 andEi gure2l.. Note. th since the pl
cont ai ns 39). ParicHary i ferms DR RoE distuticndy isare é%agl&d%?ﬁgﬁﬁe
tuning pr Plerver, once this reference composition is synthesized to API gravity, SimDis

and sulfur targets in Step 2, the estimated composition is in good agreement with
the measured composition as shown in Figure 24. The distillation estimated
from the 2nd step MOC (Figure 25, dashed line) now agrees closely with that
measured (open circles). The two step procedure of the current invention clearly

provides a superior MOC relative to the one derived from the blended reference

alone.
Table 7
Actual IR-Only IR-Only | IR-Bulk IR-Bulk
Step 1 Step 2 Step 1 Step 2
Blended Tuned Blended Tuned
Reference | to Bulk Reference | to Bulk
Targets Targets
API 23.8 23.7 23.8 23.6 23.8
SAT wt% 54.17 50.43 52.74 57.79 58.46
Total 26.71 21.68 23.15 23.71 24.21
Paraffins
Total 27.46 28.73 29.58 33.86 34.03
Naphthenes
Total 45.83 496 47.27 42.43 41.76
Aromatics
S wt% 1.56 1.48 1.56 1.49 1.56
aliph S wt% 0.49 0.52 0.57 0.40 0.41
tot N ppm 1197 1139 1150 991 929
basic N 359 333 281 257 231
ppm
ARC1 17.97 20.13 19.66 16.52 16.31
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Table 5: Blend for
Conmponent Percent Coker

| R-Only Anal ysis of Hydrocracker
Napht ha 0. 07 Di esel

Fuel

Pr oduct Vol une
1.08 CGofinate 0.14

Hydr ocr acket2e091813@ Hydr ocr ackate 18. 00 Hydr ocrackat e 3BczAskydnorrpackat e

3. 73 Hydrocrackate 25.28 Hydrocrackate 3.30 Coker Gas Ol

0. 12 FCC Feed

0. 30 Hydrocracker_Feed 0.34 Crude Vacuum Gas O 1 0.14 lLubes tract 0.08
Tabl e 6Exanpl e 4| ABO29] A|M @3Yps old.1Wwhs B QA yzed! 88 hg S || R-onl y node.
In Step 1, the sper€sum ol the1yhs oI17.05\as f6.96 ps a H8ephd &91tjhe spectra of
23 references. TNEREER TOI Tidgag [T WaseP| J0 Jaydl catidigy [ haggsile blend is a
good match to thepEpRgtToTat 337 P tTEep PP Eos [HOWEVEgs [ ST %@ the IR i's not
overly sensitive| @,
SimDist
D2887
IBP 633 407 498 611 624
10% Off 728 660 729 719 728
30% Off 776 749 776 771 776
50% Off 806 805 806 804 806
70% Off 836 865 836 836 836
90% Off 869 956 968 878 868
EP 963 1072 1016 988 951
Example 5

[00100]

The same gas oil from Example 4 was analyzed using the IR-Bulk

mode, wherein the FT-IR spectrum was augmented with API gravity, SimDis
and sulfur. A blend of 12 references was obtained, the FQR for the fit of 0.95

indicating a good match to the composition. With the use of these bulk
properties in the blend calculation, the molecular weight distribution of the
reference from Step 1 is a much better match to that measured for the gas oil as .
shown in Table 7 and by comparison of Figure 26 to Figure 23, and the
estimated composition after Step 2 is again in good agreement with that

measured for the gas oil (Figure27).

Example 6

[00101]
from Step 1 a blend of blend of 25 references and an FQR of 2.26. The high

A vacuum gas oil was analyzed using the IR-only mode, yielding

FQR value indicates that the gas oil is fairly dissimilar to the references in the
library, and in fact the reference composition agrees poorly with the measured
composition (Table 8 and Figure28). The Step 2 synthesis is performed using
API gravity, SimDis and Sulfur targets to give the composition shown in Table 8
and Figure 29. Despite the relatively poor reference, the synthesized

composition is in relatively good agreement with the measured composition.
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nmol ecul ar wei ght, the reference conposition that is estimated differs
significantly fromthe neasured conposition for the gas oil (Table 7 and

Fi gure 23y pawasimal arly in terns of boiling point distPchatseas/of@pgure 25,
dash-dot line). However, once this reference conposition is synthesized to
APl gravity, SinDis and sulfur targets in Step 2, the estimated conposition
i s in good\guii chatwd stép pracedureeatheatirremtmsrtionpradusdsomsignificanglyr e 24,
The distillation estinmated fromthe 2nd step MOC (Figure 25, dashed |ine)
now agr eebee MG than the opg stepdlendad redprenceircl es). The two step
procedure of the current invention clearly provides a superior MOC rel ative
to the one derived fromthe bl ended flfbde8nce al one. Table 7Exanple 5

[ 00100] The sane gas oidl—from Exanple 4 was analyzedusing the | R Bul k
nmode, wherein the FT-1R spectrum wad™ign IQ%:V Wi tlﬁ gravity, SinmDis and
sul fur. A blend of 12 neferences s obt g tHer iG] flor the fit of 0.95
i ndicating a good match to the conpositi qrier, ,fclg tigguNsg of these bul k
properties in the blend cal cul ati ogn, the ol ecul drranetohit di stribution of
the reference fromStep_1 is a mich bettdr match {to Thatl neasured for the
gas oil as shown in TahA8!' 7 and byl co”p&r|i son 245 |Fi @6 (26 to Figure 23,
and the estinmated conp¢SATiveh aft e S66P |2 | S688di n Sb87dood agreenment with
t hat neasured for the @JotaDParaffifhs gur e25).] Exagmi1d 6 BAB101] A vacuum gas
oi | was anal yzed usi ng [ggg TR ont y[ moas4 [V elzimad 1 2emptep 1 a bl end of
bl end of 25 references|aaghtAéndsQR jof 2.24. The hijgh
Total 4415 4422 | 44.38
Aromatics
S wt% 1.36 1.25 1.36
aliph S wt% 0.24 0.20 0.20
tot N ppm 639 756 951
basic N ppm 146 139 165
ARC1 12.9 15.48 13.38
ARC2 9.12 10.08 9.70
ARC3 9.32 6.82 7.95
ARC4 8.59 7.72 9.45
POLAR wt% 3.31 3.52 3.55
SimDist D2887
IBP 563 261 409
10% Off 680 594 680
30% Off 754 722 754
50% Off 807 826 807
70% Off 873 910 874
90% Off 983 978 983
EP 1100 1071 1092

Example 7

[00102] A diesel fuel was analyzed using the IR-Bulk mode with the FT-IR
spectrum augmented with API gravity, SimDis and sulfur. A blend of 14
references is calculated giving an FQR of 1.07. The fact that the FQR value is
greater than 1 indicates that the diesel fuel is somewhat different than reference
samples in the library, so that the sample composition cannot be matched well as
a blend of these references. As seen in Table 9 and Figures 31 and 33, the

molecular weight distribution and distillation for the reference blend from Step 1
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FQR value indicates that the gas oil is fairly dissimlar to the references
in the library, and in fact the reference conposition agrees poorly with

t he measwedo@uspragi tion (Table 8 and Fi gure28). The St@epTAS2Q080MEg6S i S
performed using APl gravity, SinDis and Sulfur targets to give the
conposition shown in Table 8 and Figure 29. Despite the relatively poor

r ef er ence s differemnfromsthactheasumeds iA fternthe Step 2 rsynthdsiscis\pegfoothedgrsaegrent wi t h
t he measured conposition. Again, the two step procedure of, t ilrrent

f. the
i nvent i on ARlgraviy, SimPisrarnd swlfinas tpegats rthmmaahcmeoaﬁ@nﬁfég %Y eRded
reference_.Exangle 7 0102] A.diesel fuel nal yzed using,the | R Bulk
node Wtth%egblaﬁdS{}gdﬁ R aﬁaﬁﬁﬁf‘éﬁi’tmmﬂﬁﬁaﬂa&ﬁwe@ 's and sul fur.
A blend of 14 references is calculated giving an FQR of 1.07. The fact that
the FOR value is greater than 1 i_ndic',r &% hat the diesel fuel is somewhat

different than reference—sanptres— g TIREIN: - t he sanpl e
conposi tion cannot be |[matched well [as a blg pf erences. As seen
in Table 9 and Figureq 31 and 33, tthe nol ¢grhded stribution and
distillation for the rleference bl end from Berpenté $ taBdik efent from t hat
measured. After the Stjep 2 synthesils is perfornmed|daigeg APl gravity, SinD s
and sul fur as targets,the+resutapt—comppsi-tion—{ttable—9 and Figures 32
and 33) s in good agidlent uith fhat 2] ch WPe? feactiBl. Table 9 Append x
A: Organizing the MddlSAW#nposi §i of2-f00103P5¥e nBHés | of - conposition is
organi zed initially irtTotdBamafimej of gP®2ps: sa4.0% 4t eB4.5afomatics, sul fides
and pol ar nol ecul es. (I®tains are rare42.m ¢rudeo.pefr oBesdn but are generated
in refining processes |tNaphthemesol ve |t hermal or cat@lytic ¢racking and
conprise a fifth maj or| Tptay@pmagks hiln 8a6h| naj 89.2¢f oupd-49
S wit% 1.37 1.08 1.37
aliph S wt% 0.55 0.34 0.43
tot N ppm 190 204 194
basic N ppm 73 91 88
ARC1 18.27 18.27 17.39
ARC2 16.22 13.01 12.73
ARC3 3.29 3.67 3.94
ARC4 0.53 0.49 0.49
POLAR wt% 0.32 0.65 0.68
SimDist D2887
IBP 253 316 317
10% Off 485 481 485
30% Off 583 584 588
50% Off 629 619 629
70% Off 665 646 666
90% Off 711 712 711
EP - 811 833 834

Appendix A: Organizing the Model-of-Composition

[00103] 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
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we organi ze nol ecul es by honol ogous series. A honol ogous series is a

nol ecul ar group that shares the sanme chem cal structure (core), but has

al kyl si dewohaéwsiat di ffering carbon nunber, arrangenenPCarus2dmsantyné ng
patterns. Figure 34 shows the aromatic core structures for sanple

honol ogous series of benzene, naphthal ene, fluorene, and di benzot hi ophene.
[ 00104] | sidexchabmsveidi€feringacarbg@nuzbenyairarpenixn andbrangong psteinss by

hydr ogen defi ci ency. drogen deficiency can be organized into 14 %Iasses
(the pri mEigurg-3¢d doswssthe aromatic sgre struefbresdogspmplehompolegous serigg pt 4
nod( MV 14) . Al. 010 TRe x-cl ass ,i,s the.remai nder of the "nom nal"

nol ecul ar 1’5‘\%@“tj’r‘°rt n%ﬁ’%}#a%ebﬁuﬁrzﬁn%@n%gmfélﬁf’ﬁléﬂpeq%'vaI ues -12, -13, -14 are
replaced with 2 1 0 so x-class runs from- 11 to 2. Al though several

honol ogou§0®kd4)es firissentvenienptt oxganire Infiroearbbe hoansogoud sexses byl |

nol ecul es wi thin each honpl ogous series share the sane ,x-clfsgébec use the
nol ecul ar hy@fagen dsficiencgAy B dediciency san hegrgapzeddntald £ 3@6@“’

Sat urate nmul ecul es, cont ai n_qnl i ghati ¢ carbons and hydrogen and their
x-cIassespf‘Myt"ﬁéla@Véﬁma?‘fﬂrgﬂkg/goat-hfggnpfg’; -8, -6, -4, -2, 0 2. Figure 35
show sanpl e saturates arranged by x-class. Reading fromright to left the
nol ecul es are 0 ringXs&laseat €d4)+ medd\B5i4k ates, 2 ring sat uPdtes etc.
Notice that there are nany simlar (but related) nolecul es present in each
x-cl ass. JoERs) ! FhEeslasy B the réfhaiidr of heEiemERAr intdediiar wéighti cal mass
and often very 'difficult to identify analytically in the conplex m xture. A
r epr esent divided by rldctBy eonverdinrhthe-wdlaes- 105 eht-il imge neplacadhwithohé )0 sthen
beconmes the nodel - of - conposi .tign. The pref ﬂlred structures are shown in

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

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

Saturate Molecules

[00106] 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 35 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

[00107]  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+.
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Aromatic Mol ecul es [00107] Aromatic nol ecul es have carbon atons in aromatic
rings. Aromatic nol ecules found in petroleumoften contain sulfur and

non- basi cwoi2oeagers2(- NH- ) groups. W have organi zed ar omamius2008loer9é es by
ring class, i.e. 1, 2, 3 and 4+.1 ring aronmatic nol ecul es [00108] Figure 36
shows 1 ring aromatic cores arranged by x-class. Preferred structures are
in bold. $eing abmdirs@oberudes actual | y contain tmn aromatic rings separated
by napht henic rings or alkyl chains (x-class -4, -2, 0 in Figure 36) but

are predo ly- C cl ass
T PR, Bidihg oSt ARk EromAlE oBLi R Rk CProrpirta ™

the nodel @ﬁ&ﬁf@%fh‘%élih %w tSBnQ@BPﬂfésb%opatﬁdaélwléoﬁtauaﬂv@aﬂimw@nhg@g

Thi ophenes (x-class -4, -2, 0) are rare in crude petrol eum but are nmade in
refining pepacatsd by natphthemvoings arhatkytedhains (aclaby/4, ¢200 aw Kiguge 39) buhg
aromatic nol ecul es [00109] Two ring argQmatic cores shown |n Fi guzire 37 have
x-cl assesawd@@k%aﬂtbéléwnl ¢ts Thelterpate sructuges ipX-hassz4, ghlbe of

e efehe ey oS AR SRR R, B9 el BORBRRBRR IR R gl bR See 10,
aromatic ?6&?051%&16%5 er&qmwﬂ&ltttﬂ%nbﬁaﬁ%f&'x‘i’l@eﬂﬁoﬁﬁé{?es( (x¥clgdsaus -6 in

Fi gure 37 e nuch nore co In petroleumth hose contai ni ng | éss

pref er r ed-%t0) ed rdre in Redeypetapletiiig ban are Badbényéfiniaggrolesses tis inR)lvar e
nore abundant in petrol eumthan are tetrahydrophenanthrene cores. However,

i n hydr opthsemeketicgielytisl @aekisgr eans t et r ahydr ophenant hrenes are nore
abundant than are biphenyls. 3 ring aromatic nol ecul es

2 ring aromatic molecules

[00109] Two ring aromatic cores shown in Figure 37 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 37) 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

[00110] 3 ring aromatic cores shown in Figure 38 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 common in coal.

4 ring aromatic molecules

[00111] 4 ring aromatic cores shown in Figure 39 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.
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[00110] 3 ring aromatic cores shown in Figure 38 have x-cl asses that take
the even integers -10, -8, -6, -4, -2, 0, 2. Di benzothi ophenes (x-cl asses
-2,0,2), wbuendbasi742n petrol eum have three-ring aromati eCthse@sier796
Phenant hrene and ant hracene (x-class -4) are both three-ring aromatics.
Phenat hrene is common in petrol eum anthracene is common in coal. 4 ring
aromat i ¢ Bachofltks ofld&idass dones cgntaimamonebasie prageovgroip (ANHL).dn3be have
x-cl asses that take the _even integers -10 t% -6, -4, -2, Q, 2, and the
odd i nt egategel-ofcomppsitiqn, alkaromatic molecuigs-thabhaye,porsbasic Hirggen fakee s
contain a;hon-basic ni.trogen, grQu -NH-). IR th - Qf.- ition, all
aromatic HOVSIRE BEORAUG clﬁ%@gteﬁbﬁgx@e&& %n}ﬁ)tﬂ,egélg&e ?gggoqsggﬁh}(l)cpg{g&géromt i C
charact er g, g5y (ﬁipS?TﬁHﬁBH{cﬁé%Q@yfer%%oﬂfaiﬁ Eéﬂz@ﬁ?%ecco‘iég E188 0yps. The
honol ogous serTes cont al ni ng Denzopyrene cores (x-class 0) includes
benzo( a) pyicludes Berzo(£pyran; aipuescarGubgenle nol ecul es [00112] Sul fide

nol ecul es contain aliphatic sulfur, but they have neither oxygen nor

ni t rogen. STEtedcor?s ﬁhovvn in Figure 40 have x-classes that take the even

i ntegers AHACBIOWCQNES 4, _5 0 2. Preferred structures are in bold. Al kyl
sul fides (x-class -8), and benzyl sulfides (x-class -2) are not preferred
because t j@g12]e r SuHfidemodtculéecontaibudliphiticsulfes, but thap have neither

nodel - of - conposi ti on have_either qne or aliphatic sulfur groups one of
these cor @8ygemnar Ritegep. Aheweses shavdr Bohiguse ﬁ@r@veahﬁléﬁw%ﬁg?ﬁta&fﬂ iRhat i c

d ti bon. | | 1 | n Fi 4
Tarc or gaKEHeR 51 BV S a S At et iyfes BRE BELSIOUIL ) 98
odd X-cl agqIfRRSI(K-dlds-89 e d'BeBSH sEides Ixolass22) 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

[00113]  Polar cores shown in Figure 41 are organized into even X-(L,lass acids
(-10, -8, -6, -4, -2, 0, 2), and odd X-class basic nitrogen molecules (-11, -9, -7, -
5,-3, -1, 1). Some of the acid cores included in the model-of-composition
contain aliphatic sulfur. Other polar oxygenates, e.g. alcohols and sulfoxides (ﬂot
shown) are less abundant in petroleum théln are acids, and do not appear in the

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

Olefins and Thiophenes

[00114]  Olefin and thiophene cores shown in Figure 42 have x-classes that
take the even integers -10, -8, -6, -4, -2, 0, 2. Olefin and thiophene cores appear
in Figure 66; preferred structures are in bold. We have added a double bond to
each of the preferred saturate cores (see structures of Figure 35) to create the
olefin cores in the top row of Figure 42. 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

38



5 -3, -1, 1). Sone of the acid cores included in the nodel -of -conposition
contain aliphatic sulfur. Qher polar oxygenates, e.g. alcohols and

sul f oxi desOo(2p@osstiown) are | ess abundant in petrol eum t ram/ise@sati’ds, and
do not appear in the nodel -of-conposition. Al odd x-class cores contain
one basic nitrogen group. O efins and Thi ophenes [00114] O efin and

t hi ophene conespsomtingwatunates gores Sdidiladye we-cudd sermovéditwo hlydragen atoms

i ntegers--10, -8, -6, -4, -2, 0, 2. Aefin and, thigphene cores_ appear in

Fi gure 66T eneh pEeelsetedd: Tinggrematic gorss| (see igura ?6. andi &9 2difl e bond to

h of th f f_ Fi
Creat e  narahaRt Rorss a& FiEuPh 871 B SRals B OR otfe TrSSofnssi G &Re3BH of cach
doubl e bopgRifaSE(Fe 47) &8 LALH ByIBHIVIES fdiichydRORMR AR fréf hydr ogen

atons. Thus, the s of eac ese’ nmono-ol efin cores is two | ess than

that of thaedhiydesthospliong coatsifset Figwmersd). Olefih aoteg, containing morethaned two
hydrogen atons from each of selected 1 ring aromatic cores (see Figure 36,

and from 2neidogble bond, iecg. chipkefinssans mitquetsred)intthe medel wigomposidones .
Thi ophene ee second row of Figure 42) are created by renpyi f our
hydr ogen gugﬁgnqlp%],e{s é‘frl'dg“’ylaﬁ B’cgr]i’i?%b‘??éﬁ'é)eé’é‘rd@e (ﬂgeégquf:d%ﬁﬁem tr.oq%“@fi n cores

contai ning nore than one double bond, e.g. diolefins, are not preferred in

t he nodel Aﬁpm(ﬁ‘;i AinAdysiSof Petidlegm es tend to be highly reactive and are
therefore rare in petroleum Appendix B: Analysis of Petroleum[00115] The

Var ety ot00ESTT {uBE Dol Buh, el S oraRis RGP AR ool T ca
Tabl o Bl B e TR R e ROl f By e SHTar Y 1
analytical techniques that enable us to build models-of-composition (see
summary in Table B1). We discuss these techniques in a protocol that is

consistent with the model-of-composition's organization and structure discussed
above. A d:agram c;f the analytical protocol for a petroleum gasoil appears in =~

Figure 43.

Liquid Chromatography (LC)

[00116]  Multiple liquid chromatography (LC) separations comprise the first
steps in the analytical protocol (see Figure 67). The sample is separated into
saturate, aromatic, sulfide, and polar fractions in the first LC separation step.
Here, the sample is dissolved in a solvent and added to two stacked LC columns
consisting of silica gel or other suitable agent. Neither column retains the
saturate fraction, which is collected first. The first column retains the aromatics
and polars fractions. The second column retains the sulfide fraction. The
aromatic fr.fiction iS eluted from the si}ica gel column by injecting a suitabl¢
solvent. Thc‘ polars is eluted by methanol. The sulfide fraction is eluted from the
second column with a mixture of methanol and toluene. In the second LC
separation step, the aromatic fraction is further separated into ring class fractions
(1, 2, 3, and 4+). If significant olefins are present, a fifth fraction containing

olefins and thiophenes is also collected.
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consistent wth the nodel -of -conposition's organization and structure

di scussed above. A diagram of the analytical protocol for a petrol eum
gasoi | apmpean®m/ism74Ei gure 43. Liquid Chromat ography (LC) pLOQkr@B/oMrbé i pl e

| i qui d chromat ography (LC) separations conprise the first steps in the

anal ytical protocol (see Figure 67). The sanple is separated into saturate,

aromatic, sulfide, and polar fractions in_ the Ei rst LC se arg{a' on shep.
Here, thel@dle | Thaildsserasations descsibgd aboxe @llanueyia mategl 5

I L £ ool l . . _ .
COL e CARRT Rl b Bl ADLSDu BBl B BpR L ARl SRLIT
retains tQﬁal?ké’@Héﬂ cﬁaﬁceﬂé&eg fSAhERNBparktons SHON (BRI degtAbes t he
sul fide fraction. The aromatic fraction is eluted fromthe silica gel

col umm bybelyvecti ng a suitabl e solvent. The polars is eluted by nethanol.
The sulfide fraction is eluted fromthe second columm with a m xture of

met hanol gnd,t.ol uene. rt 8 cond LC separation step, the aromatic
fraction émﬁ%{%ég@@imo ring class fractions (1, 2, 3, and 4+).
If significant olefins are present, a fifth fraction containing olefins and
t hi ophenef0018}l so Bt lanalyed spOgateractionsvitk gpachramatogtapdyr (e above

allow us to materi-al bal ance the no -of - conposi tign gccording to
mol ecul ar COMY wi dU@%SeWCSHBVEtTYAﬁdéé{M\ﬁN% agyIe @é@ﬁ"’ft’r"é’étqr}on col l ected

L om e Rk by RIs Dl BB S0 SR, AT 2t
(GO combjpeckd, k-BRSS i Rpeitics IE hinhbefSof NRphthenBas sy ferdndlécuii{seens of

Figure 58). Thus, GC combined with GC/MS measures distributions of total

paraffins, and of naphthenes by ring class. The mass spectrometer used in the

GC/MS technique operates in electron impact (EI) mode. In this measurement,

certain naphthenes and paraffins produce ion fragments of indistinguishable

" mass. In gasoil samples, we analyze only the saturate fraction by SFC (see
Figure 43). In other samples where LC separation is infeasible, we analyze the
total sample by SFC to material balance the sample according to the major

molecular groups (see Table B1).
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nol ecul es by nol ecul ar weight (and x-class) by boiling point. In saturate
nol ecul es, x-class identifies the nunber of naphthenic rings per nolecule
(see Fi guwe 28@)os17idus, GC conbined with GO M5 neasures @®c3tusewswione of
total paraffins, and of naphthenes by ring class. The nmass spectroneter
used in the GO/ MS technique operates in electron inpact (El) node. In this

measurenment, certain naphthenes and paraffins produce ion fragnents of
i ndi stingul ghapl e |maspk.| I n |gaspi| [sanples, we analyze only the saturate
fraction by [SEC (gee Fi gure 4)% .){n of her sanples where LC separation is
i nf easi bl e| |8&8] angl yze |t hg |t ot'al |"qamp] e by SFC to material bal ance the
£ .
sanpl e accoridFng tfo thg npjlon (o] gcul pr groups (see Table Bl ). Tabl e B1:
Anal yti cal | Ffofocol Tpr[ al Heffrplleym Gasoi | [00119] Al normal (n-) paraffins
. o . . . .
in the totalgsanplle arg cpfikecteeklin fhe saturate fraction. The boiling
poi nts of n-papaffiins, grelwelll lkingwn and are readily identified by GC
Simlarly, dentify [nmohg- e h);{lr paraffins by a proprietary GC anal ysis
t echni que. | ti-hranched >f3ara fi'Ms|are x-class 2 saturate nol ecul es ot her
t han nor na Ag—ero—pathyrt—pataffimsy Nucl ear nmagneti c resonance (NVR)
measur es the,|ehemj|cal | ghi p¢|s [&] [M{djopen (HNVR) or carbon atons (C1l3-NWR)
wth respe:tgt t+hetrrrHonghag—enwironpent s. | n saturate nol ecul es, H NVR
counts the|ggacti on of [hyg¢logsnh tjoms|in nethyl vs. nethyl ene groups. Thus,
NVR reveal (¢ average—d h-cg[f bt-anchi ng per nol ecul e (ot her than
n- par af &, n#E|Mn t he sptjur gfle Ky aetji onf Anal yzi ng Aromatic and Ring d ass
Fractiom 020 AromgtcandirigTc] ass fracti ons prepared by LC
separ at ikpn| ¢dnt ai n sul flur >8ndg<ni pflogen, unli ke the saturate fraction. W
therefo= sybject raropgticjand{ringicl ass fractions to an anal yti cal
protocole|t hag difflers| firomi|t hat
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of saturate fractions (see Figure 57). [00121] W neasure the sul fur
content of the aromatic fraction, and of the ring class fractions by X-ray
spect r omrewORse74Ei gure 67, Table Bl). N trogen in aroramius2008loeyaé es i s
non-basic, and is concentrated in the 4+ ring class fraction Basi c

nitrogen is concentrated in the polar fraction nllke whi ch occurs
in wei ght[ﬂﬂélﬂbnt %ql!amn@l ay) Pﬁrapfcépﬁéﬂl Qmﬁotﬂﬁ@mg%ﬁr‘? €0 “hfh Copm | evel s.
Due to nitro S Lo dancerel | £ L s d attenpt to
measur e rﬁaﬁrgge ﬁa‘é b(?ﬂ Bgcg’r?é’inis Oﬁob er'afifi]r?s %i%a‘&gu actnl é(;nnds]gltel nst ead, we

measur e tRg4fp E&énbﬁ?ézip&f@ rslhﬁwgnv@@meﬁﬂ Hibn‘éhﬂmﬁ [Paﬂ@ffﬁi@ and basi ¢

nitrogen content by titration (seé Table BlI"). [00122]° The anal yti cal
prot ocol propriataey3C analysis tebmaquérmﬁimmndhwlpnﬂaﬁinmsm-ehmﬂs ot her than
sul fur content (see Figure 67) measure the nol ecul ar \/\/eloght (and

x-cl ass) sdiwratd molecyes @heeﬁ@n rmrm?étané menymathxkparatians. dip

Strong T ORAERHCIRS Gnas IR R Fasures Bie aheBial ity RE AOpYegadERe" ot oo

f t |

bhovey " ENMES) dfedrbfin lor (TS INMR PRttt F MeiBodinl> oo o cane®

di sti nguigiviteRiny@fs I8\satursteCindsculey, H:NMR, ccﬁmﬂs tidfractidrasShydrogen| es
present in the 4+ ring class fraction gure 43). H NWR counts the

fracti on abmgrinmaethyl vs. m@ﬂhylergrgmpp$ eyealsghe asenagendegrenat i c
rings wthin each rin sfractlon S wher | ef.i ni c nol ecul es
co-elute Q/dl{rﬁn? 11§ P@F%&ée?lﬂ sdpthendhagy EM%%’S%EBL%C ﬁ@"ﬂl@% ﬁlagtdo?:ount s the
fraction of protons in olefiinic bonds. Inring class 3 and 4+ fractions,

H NWMR al sangl9uingSAtdifafi¢c and Rifg @lagy Biaotions N bay regi ons.

[00120] Aromatic and ring class fractions prepared by LC separation
contain sulfur and nitrogen, unlike the saturate fraction. We therefore subject
aromatic and ring class fractions to an analytical protocol that differs from that

of saturate fractions (see Figure 57).

[00121] We measure the sulfur content of the aromatic fréction, and of the
ring class fractions by X-ray spectrometry (see Figure 67, Table B1). Nitrogen
in aromatic molecules is non-basic, and is concentrated in the 4+ ring class
fraction. Basic nitrogen is concentrated in the polar fraction. Unlike sulfur,
which occurs in weight percent quantities in petroleum, nitrogen is often at
ppm levels. Due to nitrogen's lower abundance relative to sulfur, we do not
attempt.to measure nitrogen content of aromatics or ring class fractions.
Instead, we measure the total sample's nitrogen content by chemiluminescence,

and basic nitrogen content by titration (see Table B1).

[00122] The analytical protocol for aromatic ring class fractions includes
measuremer:ts other than sulfur content (sée Figure 67). We measure the
molecular weight (and x;class) distributions of each aromatic ring class fraction
by field-emission mass spectroscopy (FIMS). The FIMS technique generates

strong ion currents from aromatic molecules with minimal ion fragmentation,
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Anal yzing Sul fide Fractions [00123] Sulfide fractions are anal yzed using a
subset of neasurenents typically perfornmed on ring class fractions (see
Tabl e Bl )wowsoamsasiar e total sul fur content of the sul fi e#eTfusaasiooriss e al so
measure the distribution of nolecular weights (and x-class) by FI M.

oo ¥ o " itk RIS Bhe B saeialé HactibR RS ANl CRe BBBVER B 000 1
cont ent Oﬁmg?@éah?és LAt dNtribMisRs, thE tdBRiliccd EistRE GisH IbRtw¥&i ght

di stribution even x-class nol ecul’es, and Of odd x-class basic nitrogen

mol ecul eseveneechss atoleaules and dddyxrotassTholesuley préddit in the £t emig glassr s, we
have found that el ectrospray ionization mass spectronetry (ESI-MS) inproves

our abi | ifrgction Qsiegﬁgufgrﬂét) qesnisciiedzagiipnofpratensria methyt to FI Vs
] K. K.,E, E ds, J,. H Di.ehl L. A, & "““Fund I
(o el e BB ardindon e hoss N oo S Bl SRR 2!

Char act erpgablffles WHRRS SlefthiEHidISeults cdRIutdRyith ffg cldlfradiiit- ) . [00125] In
Fﬁﬂ than 0. vvtg/go &

sanpl es contal i ng nore I NS an hi ophenes, a LC fraction
cont ai ni ngeparetlibisLENH-NNRHISHesunts the Gactondf pactons iwolefiinichendse 67) . Ve
anal yze these fractions with a protocol identical to that of the ring class
fracti ondn ring ¢lass freadutefraationsidi-deMRaalsaioghts thadtactionl efrptatissir i but i on
by FI M5, .and proton chem cal shift by H NVR Appendi x C. Normali zi ng

Anal yti caYPE8I®Sol s to the Model - of - Conposition [00126] Once we have

anal yzed a gasoil sanmple by the protocol described in Appendix B, the

nodel - of - £R4IPeihict $wifideFhctideny econcil ed to al |

[00123] Sulfide fractions are analyzed using a subset of measurements
typically performed on ring class fractions (see Table B1). We measure total
sulfur content of the sulfide fraction. We also measure the distribution of

molecular weights (and x-class) by FIMS.

-Analyzing Polar Fractions

[00124]  The polar fraction analysis protocol is similar to that of the sulfide
fraction. Again, we measure the sulfur content of the polar fraction. Also, we
measure the molecular weight distribution of even x-class molecules,.and of
odd x-class basic nitrogen molecules (see polar cores in Figure 65) using ‘
FIMS. In recent years, we have found that electrospray ionization mass
spectrometry (ESI-MS) improves our ability to discriminate polar molecules by
x-class relative to FIMS (see Qian, K., K. E. Edwards, J. H. Diehl, and L. A.
Green, "Fundamentals and Applications of Electrospray Mass Spectrometry for

Petroleum Characterization", Energy & Fuels, v. 18, pp. 1784-1791, 2004.).

[00125] In samples containing more than 0.5 wt% olefins and thiophenes, a
LC fraction containing olefins and thiophenes is recovered (not shown in
Figure 67). We analyze these fractions with a protocol identical to that of the
ring class fractions: sulfur measurement, molecular weight (and x-class)

distribution by FIMS, and proton chemical shift by H-NMR.
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measurenents in the analytical protocol. In particular, the

nodel - of conposi tion nust reproduce all neasurenents in the anal ytical
prot ocol W 200908¢14¢ as possi bl e, and at the sanme tine s&CIrafSgooa/0seve of
property bal ances, e.g. mass and el enental conposition. W call this

L Const r e mpera €5 NOmaRANEEA pARIRL PrdbfealS I EMEdRIRE (O On ort i on &
fidelity to the testc‘?‘!i‘i’_ﬂﬁlttlé’%f ht he gnial ]}/t i cal protocol subj ect to the

t . T - t ' ali
et nery BRAEEES mollars s e arluiis etnai Lt atie oy B epI B BEST 0o ecul ar
abundancqn'eAlé;&bo AR B2 eHicod%g-g);f%?hﬁho%%?ﬁﬁxs{‘ﬁg‘f-éc%ncﬁ@ﬁ t§afl ytical test

results ar urces’of nole undance 1 ntormation. \Wen we optimn ze

t he nmodelmedsue@npRsiihithe analiytidel proyodod. Inhpareichks} theanoldelsof-we ni ni ni ze the
total amount of information |lost by forcing the nodel -of-conposition to
sati sfy mooprositjombmushterrodpcDal? measuremenss in theyanalytieal pratosol 8st

i nformati on, we nust, express the nodel -of-conposition as .a,distribution
function "8%51]3’ %Hﬁ%%bfér gﬂ(?gggtees_an&ﬁﬁ}maﬁs@hagsggépqoge%p{ébqlql%c[eso?-gm| ecul ar
| unps co | | = Of € oGl | : ' e distribution
functi on%%sﬁ? %Eﬁ%&%?@hﬁ%‘g@ﬁ ?}%‘% %@Ef@?f}ﬁﬁ%ﬁ%&r}@@?ﬂg&l ndex / = 1, 2,

. N Yienidetzation VTR matheiBli &S of Aérohalidasionsis B coalttained optinhizatibnt he
abundance w,- are in weight percent for convenience. [00128] Assune the

nor nal i zquiobledel webptivripotie modehaf-campiositianufidelityf tortbe itest r¢sults ofand t he
ref erence, nodel - of -conpositjon has a distribution function_{w * hat
exact |y rfhe éﬂ@lytlpﬁ'eprp&qﬂﬁtsg sict &tmr@aewz}a#@%mﬁ@gw& The mdadt!

of-composition's purpose in refinery process modeling is to convey detailed
information about molecular abundance into and out of refinery process
models. The analytical test results are sources of molecular abundance
information. When we optimize the model-of-composition's fidelity to these
test results, we minimize the total amount of information lost by forcing the

model-of-composition to satisfy property balances.

[00127] In order to quantify this lost information, we must express the
model-of-composition as a distribution function over composition space.
Composition space is the list of molecular lumps contained in a model-of-
composition (see Appendix A). The distribution function is the abundance of
each molecufar lump {w,} , where the index i =1,2,..., N, the total number of
molecular lumps is N, and the units of ‘fhe Labundance w; are in weight percent

for convenience.

[00128]  Assume the normalized model-of-composition has a distribution

function {w,}, and the reference model-of-composition has a distribution
function {w, *} that exactly matches the results of selected analytical tests

detailed in Appendix A. The amount of information we lose by normalizing
the reference model-of-composition equals the Shannon mutual information

entropy, /, defined by Cover and Thomas:
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detailed in Appendix A. The ampbunt of information we |ose by normalizing
the reference nodel - of -conposition equals the Shannon nutual information
entropy, wo,2o@aSiTied by Cover and Thomas: | = w, *In(w, PCT)US2608/0(1Cb§

[ 00129] The properties we force the nodel - of -conposition to bal ance incl ude
mass, e.g. total sanple weight, LC @r SFC fraction weights (see Table Bl).
These properties also include el geeWtal*1@oppaskjion e.g. sul fur, nitrogen
content, weight or nole percent totj hydrogen or hydrogen of prescrlbed
chenical shift, etc. These properties are constant for each nol e¢@lipr | unp.
Therefore, the property bal ance constraints are linear in the weight
percents K re ah s the density of

, =, for ; =1,2,...,
property [f 'O)Omgl'r\ll)vl ecm‘%lpgqrﬁﬁ%W ‘%eﬁﬁorqeth@rfé%én%rh%@fgpﬂ%l&%ﬁe@% Che of

Ror el 1 3R ARat: pen kbR et A GRESH Rrab R SABRETSE Table 1o
defined '}chq‘l'féﬁé besﬁe%és aEHtihéiﬁHeTelkrﬁé}ﬁapé&ﬁﬁbélﬁoﬂ%l ?Woﬂﬁdg%hnt s in

Equation ( t he nethod of Lagrangian multipliers (see e.g. Denn,
MM " Qotoomwrft; weightor iasliegierceritotdd hiydrigen, (ﬂ'lhpdmgem ofir&caibedi | |, NYC,

1969.). In this nethod, we seek the statlonar¥ solution of the Lagrang| an L
chemical shift, etc. These properties are constant for each molecular lump.

Therefore, the property balance constraints are linear in the weight percents

{Wi }

z

Zaﬂw,—b for j=12,...,NP
i=1

(C2)
where a; is the density of property j in molecular lump i, b; is the sample's

measured value of property j , and NP is the number of properties to be

balanced.

Normalization Algorithm

[00130] To minimize the amount of lost information defined in Equation
(C1), subject to the property balance constraints in Equation (C2), we use the
method of Lagrangian multipliers (see e.g. Denn, M. M. “Optimizationl by
Variational Methods”, Chapter 1, McGraw-Hill, NYC, 1969.). In this method,

we seek the stationary solution of the Lagrangian L

N NP N
L= w, *In(w, /wi*)+zzlj(bj —Zaﬂ.wl)
i=1 =1
(C3)

that satisfies
SL 0 oL

—= =0 for j=1,...,NP
ow 6/1

where 4, is the Lagrangian multiplier of the j-th property balance constraint

Equation (C2). From 8L /A, = 0 we recover the constraint Equations (C2). We
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that satisfies =0, - = o for =i,... ,NONQOA, where |} is the Lagrangi an
multiplier of they-th property bal ance constraint Equation (C2). FromdL |
dl =0 we wecowarsitdbe constraint Equations (C2). Weval uaCE/IIshm)smmet i onal
der| vative dL/ dwusing cal culus of variations (see e.g. Davis,

"Statisti apt er 12,
VCH Publ é%i‘tag@ ﬁﬁ%@@%@oﬂ&lﬁ&ﬁﬁa@ﬁf&éﬁéﬁéﬁgﬁé %ﬁl quat N&l{ws?ehgést ationary
sol uti on PHgyiy AWM, \“StatisticHl Mahﬂﬁ,mhaqut h&sébahtTHif Rifigs’St ati onary
solution (C4) into the constraint Equatlons (C2) and elimnate t he unknown
wei ght peClkaptes12,WCH Publiskiers, k996-). Fer ihekaganigjarf imr Equation (C3)Nthe C5)
[00132] The, nunber_ of nol ecular lunps, N, can be several thousand in a
model - of -SS&HRIEY sPBRIONNEanwhi | e, the nunber of properties we use to
normal i ze the nodel - of - conposi t P, i\s of order 10-100, i.e. the
optim zation problemdgscrih t o S (ClefRkiis der - constrai ned.
Newt on' s net hod sol ut?‘gn (r;‘%‘ %E( ﬁe%zr equatlgﬁ systg’% (C5) for the
Lagrangian nultipliers {Ik } is rapl d even for large N. In
nodel - of - conposi ti on nornmalizati on, the constraint matrix a can B% )sparse

V& save 6[00131]0na'N@ﬁnW@tsubgtlﬁitéTﬁths)taﬁdrﬁdr?lsbllitibri (C4) et ¢onstrairthe
algorithm Once we have sol ved the equation system (C5) for these

Lagr angi diquations (C2¢and eliminatesthe unkaown welght percents {w, }:

N
Zaﬂ W, exp(—1+2/1 a,)=b; for j=1,...,NP
(C5)

[00132] The number of molecular lumps, N, can be several thousand in a
model-of-composition. Meanwhile, the number of properties we use to
normalize the model-of-composition, VP, is of order 10-100, i.e. the
optimization problem described in Equations (C1-C5) is under-constrained.
Newton's method solution of the nonlinear equation system (C5) for the

Lagrangian multipliers {1,} is rapid, even for large N. In model-of-composition _

normalization, the constraint matrix a can be sparse. We save additional
computing time by exploiting this sparsity in the algorithm. Once we have
solved the equation system (C5) for these Lagrangian multipliers, we substitute
them into the stationary solution (C4) and obtain the weight percents of the

normalized model-of-composition {w, }.

[00133]  After we have solved the nonlinear equation system (C5), the
normalized weight percents {w, } obtained from Equation (C4) satisfy the

property balance Equations (C2) to machine precision. In reality, the measured

value of each property, 5 , has uncertainty due to measurement error. Where

measurement errors are significant, the property balances (C2) should be "soft"
constraints. To accommodate soft constraints in the normalization algorithm,

we have heuristically modified Equation (C5) to read
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theminto the stationary solution (C4) and obtain the weight percents of
the normal i zed nodel -of -conposition {w, }. [00133] After we have solved the
nonl i nearwequatisord2syst em (C5), the normalized wei ght pecTast®snt79¢
obtained from Equation (C4) satisfy the property bal ance Equations (C2) to
machi ne precisiony In reality, y¢he neasured val ue of each property, b , has
uncertainty due tgﬁﬁsﬁis’!ﬂx@(remEn;@hr)=B\pexﬂ_ BAUr ety £1,0.0/8P ar e
significant, the property bal afites (C2)" should 'be "soft" constraints. To
accomodat e soft constraints in the normalization algorithm we (@6g

heuristically nodified Equation (C5) to read, exp(-/ L for j =l,...,NP (C6)
where the softpess_paranmeter / > 0 for soft constraints, and =0 for hard
constr ai n\yge_rep;g? ePiRess st £ cofdes ﬁ?ﬁ&ﬁnftﬁﬁ@@APnahg ﬁﬂgPQ{I?r@al t est

results vwyndggeint® set the reference weights {w, *} in a gasoil's

nodel - of - conposition are summarized in Table C. Each nolecular lunp in the
nodel - of -ERRITEINIBAe]-6f-Conkitdifo 0! ecul ar wei ght (and x-class). Hence, it
is natural to make the reference weights {w, *}consistent with nmass spectra
where avail abl e. W make the reference wei ghts of néght henes ang pgraffins
consi st erl00¥34h t Heheamalgical destrasltrews wse o sof thaaclesengeaveightsicwi on. The
reference weights of nolecular |unps in aromatic ring ¢lass fractions and
sul i des ifagaspysdmadel-olaeempepitiogtass summayizadvn el BasBsured on each

et O e R e R TR hE g el 0T

(and x-class). Hence, it is natural to make the reference weights {w, *} consistent

with mass spectra where available. We make the reference weights of
naphthenes aﬁd paraffins consistent with the GC/MS spectrum measured on the
saturate fraction. The reference weights of molecular lumps in aromatic ring
class fractions and sulfides fractions are made consistent with FIMS spectra
measured on each fraction. In polar fractions, we use FIMS, or ESI-MS spectra .
if available. Normal and monomethyl paraffin reference weights equal those
measured by GC. We make the reference weights of multi-branched paraffin
molecular lumps consistent with the difference between GC/MS and GC

results. Because the reference weights arise from MS and GC analysis of each
LC fraction, we normalize each mass spectrum to its measured LC wéight, SO

that the reference weights {w, *} sum to the LC fraction weights, and to 100

wt% over the entire sample.

[00135] At present, mass spectromvbetry methods used in model-of-
composition;development are capable of ﬁleasuring only nominal masses (and
x-class). In all LC fractions detailed in Section 2, and in most of the x-classes
in each fraction, more than one molecular structure shares the same nominal
molecular weight. Therefore, we must decide how to partition each mass signal
among multiple structures. In the absence of other information, we partition
each mass signal equally among preferred structures. Less preferred structures

are assigned reference weights of 0.1% of the mass signal or less.
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measured by GC. W nmeke the reference weights of nmulti-branched paraffin
nol ecul ar |l unps consistent with the difference between GC/Ms and GC
resul ts. Wocawxsithe reference weights arise from M5 an#CEBDSanaloysps of
each LC fraction, we nornalize each nass spectrumto its neasured LC

wei ght, th ekerenc [ Lt ye .action weights,
and to 1%0%@& giﬁn%g] g;gﬁﬂ_c 1?1ts‘_‘!§ ggégl g% é‘}@%gﬁﬁn Nb?n}aﬁggﬁgﬁ os

spectronetry methods used in nodel - of éonposi tion- devel opnent are capable
of measur[08436h! y Thenpropertydwdascecomstraints svesgnforae ial the normalizatioms

detailed in Sectign 2, and, in nmost of the x-classes.in each fraction, nore
than one AEPEER éﬁqgatf%(g%eeé}]mmm@r%% %Iaﬁfené% Bropegisaieves ght .

Ther ef or ' - part hki.ap, e ' mul tiple
st uot ur 1t i ARG Same bRARG 0D R RT HERISN SBRs ATBES, s

si gnal eqiypldnts BFRA¢h B@ﬁﬁéﬁ&ﬂg@k’&;ﬁ?fdﬁtﬁé satuPHe fPARIon), Adwell ayedtal es are
assigned reference weights of 0.1% of the mass signal "or |ess.Property

Bal ance Gmadshasii nitogen denteit-offth€entiressample. Noe alsbibaidricerol¢fifit36] The

property bal ance constraints we enforce in the norpalization algorithm
( Equat i orydoagerceontantingiingrglass dractigns;andbayregpmhrdiogen caatediBnce

of “each 1108 et ThHPETRSradilint, fe Messiied b FEABIRONORE o) 05 Totar
and basi Casg'i!ﬁfnwg%fﬁl‘%% g&tafﬁ’étert Dotk P?op%’i"ﬁpf) an¥€consitaintlse8qapl ef i ni c
ot cl ass “fractions, and

hydr ogen ¢ ent Inrin ay region hydrogen content
in the 3 @I Theirvalgescaresssighad thearistic#ldy roebs vosdstbyt With\dachVe have al so
assigned a softness paraneter” to each property bal ance constraint (see
Tabl e C2)measue¢d pragleny’s repeatabdityned heuristically to be consistent with
each

[00137]  During normalization, we balance certain properties by methods
other than adjusting reference weights 6f molecular lumps in the algorithm
detailed above. H-NMR chemical shifts reveal the average branching and
methylation of selected LC Afractions, as noted above. We balance these
properties to the model of composition by adding appropriate numbers of
branches and methyl groups to each molecular lump within the LC fraction

after completing the algorithm detailed in Equations C4 and C6.

Table C1: Analytical Test Results Used to Set Reference Weight
Distributions In the Model-of-Composition

Analytical Results Fractions
Test -
GC W1t% n-paraffins by carbon number saturates
GC/MS Wt% molecules by molecular weight and | saturates
x-class :
SFEC Wit% Total paraffins, naphthenes saturates
LC Wt%-of LC fractions all
FIMS = |#Vt% molecules by molecular weight and | aromatic ring classes 1-4+,
-z-class - sulfides, polars
ESI-MS | 3¥t% molecules by molecular weight and | polars
- | x-class
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measured property's repeatability.

[ 00137] During normalization,

we bal a

certain properties by nethods other than adjusting reference weights of

nol ecul arwbunp#siT2zt he al gorithm detail ed above.
reveal the average branching and nethylatlon of selected LC fractions,
not ed above. Wb

addi ng approprl.’* 1 '
|l unp within the LC fractlon afte
Equations C4 and C6. Table O :

TR

Anal vti cal

H- NVR eherdseais/0stoé t S

"Ribdel V- PN by

the aI gorithm detalled in
Test Results Used to Set

Ref ef

Prop

Bropertyévalte, i stri buti

erty Bal ance Constraint

cSI_ﬂ’tﬂelss th
arambfege

Pidpeety-densitgr@psi ti onTabl e C2:
-of - Conposition Normalization Appen

D: Opti m zat ion of Wei ghts %}0138] en the mnul t i vari ate anal yt i cal dat g
suchpras— ptedw-th—other—propert stuch—as—APHgravity,;
vi SCDEPF\}W WQWW ul fur’_the re 4t T VT %OT%% % bf these data

rel at

refe
part

Leefragtidmetysul ti vari at

d.0Bi09 nmu

St ba futjalishetbcadesaisint fbaquicavi de

and
grav
sim
grav

Fence bl ends that yield the best estl &1e of conposition. In
cular, the adj ustabl e_pararret er| & be set for each prope
PRape salfuciDCTeddtion, if.160EI08 OphLi mMineight facién sulfor ofBidiédileq iP!

[001
qual

typig

branches, methyl groups per
molecule in each LC

fraction.

nting FT{IR with AP vity alone will typically be
gdrf?lv%ﬁr%blﬁgtgﬁlgdent i cal [to the opt #ﬁ%ﬁ%l ue of a for weighting API
ty when FT-1R is augngnted with| APFGPEtarwse. SinDis and Sul fur.
BGo FPRNEL TS he
B L SO B Lo S A T
fyon, 'total sample basis. - molecule i in  fraction j
a, =0 otherwise.
W1t% bay region protons in | 1.0E-03 a,, =weight fraction bay region protons of
aromatic ring class 3, 4+ molecule i in fraction j.
fractions, total sample basis. -a. =0 otherwise.
Ji
Average number of N/A N/A

nce

as

Dl ecul ar

di X

rty

Appendix D: Optimization of Weights

[00138]

When the multivariate analytical data such as FT-IR is augmented .

with other property data such as API gravity, viscosity, SimDis and sulfur, the

relative importance of these data relative to the multivariate data must be

adjusted so as to provide reference blends that yield the best estimate of

composition. In particular, the adjustable parameter o in [3] must be set for

each property and property combination, i.e. the optimum value of a for

weighting API gravity when augmenting FT-IR with API Gravity alone will

typically be similar, but not identical to the optimum value of a for weighting

API gravity when FT-IR is augmented with API Gravity, SimDis and Sulfur.

[00139]

Optimization of the o parameters requires an estimate of the

quality of the reference blends that are produced. Such an estimate is typically

obtained using cross-validation of the reference library. Each sample in the
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obt ai ned using cross-validation of the reference library. Each sanple in
thelibrary (e.g. the multivariate data such as FT-IR and correspondi ng
property weataomictizas APl gravity, SinDis and sul fur) i ecrarsessadifrpem t he
library and treated as an unknown, being anal yzed using the remaining

sanmples i@ th | ry. ' I 2} i . gy of this
I nventi oHFbrgﬂg(éaé'ﬁég éﬁ%‘ﬁ@é‘géﬁjﬁ“@%}%@égm?g&az’é’ﬁ%ﬁf’ %?%ggysw?ﬁjgp sane bl end
of the HRIRSs@éh 5§mgr§6i@acmnﬂaﬁ%ﬁ§sulﬁbyise&mmwomﬂenb?altymam conpar ed
to the nmeasured HDHA for t'hat sanple to produce a neasure of g;allty of the

est i mat edre¢atéd nean eankibwns heinigeariady zeel using the emdiping sanaples imthe t he process
I's repeated for another other sanple in the Ii brairf¥ until each sanpl e has

been | ef tlikyary.afdblgnd iscalquigtrcbusipg dha pjethodolgey of this Anvenions and dat ed

f b tified.usi tafisti h ]
Coet 11 ¢ anterpes HIMAR domeditiSh 5 cABlath b they s fRpb R ABCHISUA orin
vector (%E*ﬁeﬁk@r{e%@angpgés. ThE eBtimitd "EDI2AT S TRADEbRPart ot fsedsbRA vect or,

then the correlation efficient cc 1s given by [DI] and d is given by

[00141] AADEPA ifot dait sampld io presinre huneasuoe of gusalityssfithetestdmmseda conbi nati on
of the cc or d for the sanples in the library, and is mnimzed using
st andar d refaren¢ez aThe samplenisirgbused i@ theakibrary azidiihe Prosgss is sepepbesh ior)

timzation of ab th -val i dat | Lt be di fficult
due to{ O uRen RPIedn 7 DB it at8 APl A BeaeFl ARy vhen 1 hese

rel ati vela)ﬁameg%c%arrpl es are left out and anal yzed during crossvalidation,

[00140] - The quality of the estimated reference can be quantified using
statistics such as the correlation coefficient (cc) or the Euclidean distance (d).
If 4 is the measured HDHA vector (with element 4;), and h is the

corresponding estimated HDHA vector, then the correlation coefficient cc is

given by
, nihi};z -> h; " ,;i
cc = =L S
o2 (]88 (347
[D1]
and d is given by

4= > (- mif [D2]

i=l

[00141] - An optimization (fitness) function is constructed as a combination
of the cc or d for the samples in the library, and is minimized using standard

optimization techniques such as the Simplex Me;thod.

[00142] Optimization of o based on the cross-validation results can be
difficult due to the presence of relatively unique samples in the library. When
these relatively unique samples are left out and analyzed during cross-

validation, there is.insufficient information left in the library to generate
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there is. insufficient information left in the library to generateaccurate
predictions, and the resultant |large errors tend to dom nate nost fitness
functi onswo[20@1058]42To address this difficulty, the foll eerng2asoirmweati on
approach was devel oped. The Fast NonNegative Least Squares (FNNLS)

algorith i . - One-

Cross- vaﬁ@fﬁq%l??%‘?]{g‘@gﬁqé‘gg& %?%suiéﬁg%ggg &Bq&ngébgﬁ)\ﬁlﬁn g{é ’B?gtéi cting a

r ef er enceffdkiPrlirsiodson a |inear conbination of the other reference HDHAs
in the library. The correlation coefficient (CCHDHA) and di stanced ( HDHA)

bet t tigat HDHAsS h d HDHAs I t ed d
TN S ol N e R
02 o e Mol BRI S Aoty ikt [ om

better thgp éd’éﬁV@CWMﬁl?loy@ﬂQoQﬁré Rlagbidie-GaairbsFahdAtidic ainlysis@fdi st ances
(d i) were cal cul ated between the HDHAs estimated using this 1nvention, and

t he neasuhedefdbitte. HDHA ek, fiienprédicting réferenceldiMIA rbag@8pnankingad4] can
used to cal cul ate wei ghtings,_a, for_  APl,. SinDis or | fur, when used al one
or in corfsimbinptien of the ether geferencedIBHAS ipthepifrary plihe correletionver y sini | ar

resul ts were~obtal ned using.the correl ati,on. coefficier nce based
functi o_nsc.oe 98P€¢clch%’é% Sar}cﬂﬁlé{]qngﬁg (g'&%*%‘é bgﬁ\?vg? %&g(ﬁgﬁlﬁla er @F‘% | ar
si m | ari tah IRETHERBrEPHBHI RerdefdulafePMd fikehne r@;iarel_&l&' tfle Begshows
typi cal welight values used in the libraries of Exanples 3-7. [00145]
Separ at e mpbibik aedweanthavese dier dstained dioen ths setgofreferdnoed. INorimear
combination of references obtained from this invention could match (in a least
squares sense) the measured HDHA better than these results. The correlation
coefficients (ccn) and distances (dy;) were calculated between the HDHAs
estimated using this invention, and the measured HDHAs. Fitness functions of .

form shown in [D3] and [D4] can used to calculate weightings, o, for API,

SimDis or Sulfur, when used alone or in combination.

fo= Z":(M)z [D3]
i=l CChpra
n 2
fi= Z(ﬁ%ﬁiﬂ%) [D4]
i=1 HDHA

[00144] Very similar results were obtained using the correlation coefficient
and distance based functions. Other fitness functions based on cc and d or
other similar similarity measures can also be used in optimizing .. Table D1

shows typical weight values used in the libraries of Examples 3-7.

[00145]  Separate optimizations were performed for IR augmented with one
inspection ('XPI Gravity, SimDis or Sulfur) using [7]. Weights, a, calculated
from these optimizations were used as'starting points for optimization using

pairs of inspections, or using all three inspections.
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In composition-based modeling, a generic scalar stream property

P assumes a simple blending rule between wt% abundances,

W, and property

densities of each molecular lump, p,. Examples of these blending rules

include:

linear:

harmonic:

log-linear:

P=

N
Zpi
i=1

W,

' N
100/P =) W,/ p,

i=1

. N
InP =Y (W,/100)Inp,

i=1

where wt% abundances of molecular lumps in a stream sum to 100%.

Distributed properties, e.g. boiling point distributions, are computed by re-

ordering molecular lump indices such that the property density, €.g. molecular

lump's boiling point in a complex mixture, is monotonically increasing, i.e.:

J
cumulative wt% off (BP;)= Y W,BP,
k=1

where the molecular lump indices are ordered such that BP,_, < BF, < BF,,, for

all k=23,..

N -

1

- The property density of molecular lump 7, p, is often assumed to

vary smoothly between molecular lumps in the same homologous series, e.g.

p,=a,+b, /MW, +c, br,+d, me, | MW,
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P = m+ bmIMN1 + cnbr, + d nmme, | MWwhere ambmcm dm are constants
chosen for the honol ogous series mcontaining nolecular lunp , MMis the
nol ecul arweengsiae | unp , and br nme are the respecti vePorasedisiog7and

met hyl ati on indices of nolecular lunp . As nol ecul ar weight increases from

(e Lonesiugl soil ot uel A0LoLSARLGH o RRTRRRARHENS ARy DT e Y
Lo R O TR Bk e S TGP YA PR 00T ) 0 e
boi |l i i f i i zed ,by h I
s e e T
SOt T BTt el RS 1 °
coel {11 Ao ol PEcANHBA R BERIAR) MR Bl SRasRoocel of

wherei n sghatigéat aldesreabing racetd ahigh maldcalar weighy hsyaaptodet Bhisfirethdt abase
mat eri al s whose conpositions are known, and b) reconciling the reference

nodel of hasiseniobiserveddnmmalysep ob pura-remponentpropertisisyich as spgeificnet hod of
claiml further conprisjng.the .step of augmenting sai nul tivari ate

anal yt i ccaravisy andinormal badingpeiat o many ARG SODRAPdS ATEARZER Y hat sai d
augnent eqloq]%]%gbﬁs géx’ies"?ls a conbi nati on of
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mul tivariate anal ytical data augnented with property data of the database
materials. 3. The nethod of claim2 wherein said property data is sel ected
from t he woau/somagi sting of APl gravity, density, sulf®cTasnesnti7oaitrogen
content, aliphatic sulfur content, basic nitrogen content, and sinul ated

distill at¢§%g¥ conbi nati ons thereof. 4. The nethod of clains 1-3 wherein
said refe 'odel of conposition includes a conbination of |unps wherein
the fraction or percent of each lunp is specific. 5. The methods of clains
1- 4 wherein sai d rkcoAantthed f@trdptemlioimgiti?lesommsitiﬂmofamt@l@ﬁs or percents
to property targets. 6. The nethod of claim5 wherein said reconciling step
is carri e‘éPrBPﬁ‘S‘gﬁ: successi ve substitution.7. The nethod of claimb5 wherein
said reconciling step is carried out by constrained optimzation. 8. The
net hod of clai m5 whe2keifiitingimultivetiats analyfical dota of thermnatesiabta apy

constrained optimzation of .the infornmation ent f t.he distrihution of
mol ecul ar | unps in the COENIRALQYO IV%‘F&E&%[}&%F aﬁtarlglaa‘?qt%aﬁe Oits

initial value. 9. The mategﬁgblﬁg ngg}iaérﬁs\g@@%@%ﬁgﬁmaqioh%omol ing step is

carried out by constraine I'mzation suc t property targets can be
expressed as a set of |idesamined/referofdd moddal oBE@APoO$ition based baithé
equations. 10. The nethod of claim4 wherein said reconciling step uses
scal ar property tar get s canfficientiaidrthbgbspositimsrinythe datgbase, wherein

said database includes multivariate analytical data of

database materials whose compositions are known, and

b) reconciling the reference model of composition to match

properties of the material.

2. The method of claim 1 further comprising the step of
augmenting said multivariate analytical data with property data to form
augmented data such that said augmented data is fit as a combination of
multivariate analytical data augmented with property data of the database

materials.

3. The method of claim 2 wherein said property data is selected
from the group consisting of API gravity, density, sulfur content, nitrogen
content, aliphatic sulfur content, basic nitrogen content, and simulated

distillation or combinations thereof.

4. The method of claims 1-3 wherein said reference model of
composition includes a combination of lumps wherein the fraction or percent of

each lump is specific.

5. The methods of claims 1-4 wherein said reconciling step

reconciles the lump fractions or percents to property targets.

6. The method of claim 5 wherein said reconciling step is carried

out by successive substitution.
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11. The method of claim 10 wherein said scalar property targets include
density or APl Gavity. 12. The nethod of claim 10 wherein said scal ar
property wangetwsiisacl ude el enmental conposition. 13. ThepoEtuseahsmiizes ai m 10
wherein said scalar property targets include sulfur content. 14. The net hod

15 “The met hod of 1 arh T UEPEPRIBE ihetdh 4R Creshitihe i br@efied [

al i phati %Lﬁlﬂgfwnsﬁﬁm&rﬁ timPatibhe nmethod of claim 10 wherein said
distribute roperty tarpgets I nclude the fraction or percent distilled with

boiling point tenperature. 17 he. met hod qf c)] aim 10 wherein sai.d
di stributed property 'heﬁg@ﬂ%od H-E[F'@H@ éwgebeéﬂ:@? regPNNBNZHER, 1S SArHEd 4

function ol i .ng: poi k. : f ' erein
Lunoti on, SRS ik ARSIt BB FBBY B bt
mat eri al - GFmalccue lhdPs ¢h tHOtCoRBilEP del 8FREPoYTifon rkfative® ifSingal of
claim 10 wherein said distributed property targets include sul fur content
of the matadtué.al as a function of boiling point tenmperature. 20. The net hod
of claim 10 wherein said distributed property targets include nitrogen
content of the material as a function of bailin oi nt, t enper at ur.e.
9.  The method of claim 5 wherein saidgregonciaing srtrepp 1rs carried
out by constrained optimization such that property targets can be expressed as a

set of linear and/or nonlinear algebraic constraint equations.

10. The method of claim 4 wherein said reconciling step uses

scalar property targets and/or distributed property targets.

11. The method of claim 10 wherein said scalar property targets

include density or API Gravity.

12. The method of claim 10 wherein said scalar property targets

include elemental composition.

13. The method of claim 10 wherein said scalar property targets

include sulfur content.

14. The method of claim 10 wherein said scalar property targets

include nitrogen content.

15. The method of claim 10 wherein said scalar property targets

include aliphatic sulfur content.

16. The method of claim 10 wherein said distributed property

targets include the fraction or percent distilled with boiling point temperature.

17. The method of claim 10 wherein said distributed property
targets include the density or API gravity as a function of boiling point

temperature.
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21. The nmethod of claim5 wherein said reconciling step is carried out by
successi ve substitution such that property targets are the output of any
nunmer i calwal2gewvdsitan t hat i ncl udes the nodel of conpositipam/B00SOPLIVG. 22.
The nethod of claimb5 wherein said property targets include functions of

t he adsorption sp r rial. 23.
The net hod of cl ai ’r'ﬁ‘?]g}eéﬁ%(? gcgan%ugtﬁ%th%&{lgg?@;%?@ ge S i’ncl ude

i nt egral Sta%éﬂ @1&&@91%1&%1%@%%50&&0& be Eﬂeclfi‘l'ate?iyl fa§ aslﬂﬁéﬁéﬁ ofiboflin}g from
nucl ear et1 c resonance anal ysis of the material. 24. The net hod

of cl ai mepdinBtenfyssrature.sai d nul tivariate anal ytical data are infrared
spectra. 25 The net hod of claim3 wherein said augnenting properties

agrent i ng. pr oper (el P BIeGRE PF HeimCfd whefeif SR sRlird bRt °Loi I ng
poi nt teni,afg Pﬁ 7 d@Julm%n@a&tmhefmabﬁalna@a Rt RINOfSBHiHn paignt i ng

properties e sul fur content
temperature.

20. The method of claim 10 wherein said distributed property
targets include nitrogen content of the material as a function of boiling point

temperature.

21. The method of claim 5 wherein said reconciling step is carried
out by successive substitution such that property targets are the output of any

numerical algorithm that includes the model of composition as inputs.

22. The method of claim 5 wherein said property targets include
functions of the adsorption spectrum of electromagnetic radiation of the

material.

23. The method of claim 5 wherein said such that property targets
include integrals over a specified range of chemical shift spectra arising from

nuclear magnetic resonance (NMR) analysis of the material.

24. The method of claims 1-3 wherein said multivariate analytical

data are infrared spectra.

25. The method of claim 3 wherein said augmenting properties

include density and/or API Gravity.

26. The method of claim 3 wherein said augmenting properties

include fraction or percent distilled with boiling point temperature.

27. The method of claim 3 wherein said augmenting properties

include sulfur content.
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