ESTI MATI NG DETAI LED COVPCSI TI ONAL | NFORMATI ON FROM LI M TED ANALYTI CAL DATA
BACKGROUND OF THE | NVENTI ON [ 0001] The present invention is a nethod to
determ ne a dgi3il.fd-mpdel of conposition of a crude oilpey s?rfof’ﬁlﬁw?'l
distillate, or a petrol eumprocess stream The successful development of

t he technol ogy described herein will reduce the need for detailed

anal ytical anal ¥ IMArsNG DEIMKESACOMNYOS PTANIIN NMPERNMA T1QRIPRAMOf
refinery feeds, Tnternmediate sireans and products, and will enhance the
utility of Real Tine Optini zaLMEEBM&ﬂQ&M@bI e Refinery Mdels
(ORMB) by allowi ng nore frequent (easier, cheaper, faster) analysis of

actual feedst GAGKGROUPNDADE THE NVYBRIIFONry and Brown (US 5,817, 517)
dem)nstrat ed the use of FT-IR to estinate constituent classes of nol ecul es
(e.g. "l unps” d(ﬁ st [ AN féﬂn@érrtfd?ﬁgﬁ rhe@h G e¥erintneCd aatﬁtagnaaum Thi s
met hod does n t p ovi h etall ed conpositional information of the
current i nvent:omposrflﬁlOGB:_l, tiugh olbed arurdemudysuldt@momnetmtarry@r@ce@mp is an

lytical | d t f
arade of I of aPBategra S aREmsR e/t BeBnmiPer SeLBS L FERFIRINEGET, T 1o
is also used f6¢d fob @etYREtLhnADYti@DIRAPSIS, IecgnhrgmcxwmenlydwcatrmrSa@mtysu s. The

specific anal ytical protocol and the nolecular information contained in the

HDHA depend oﬂ{DHe\)tStflrﬁﬁfrﬂjy fepdgantsrmediatepieams and B@ﬂH%}S’aﬂﬁlél‘ylile"d‘ha“qﬁor a
napht ha strea I [ Msiks can be
acconpl i shed \Eﬁegﬂ bt %fp%r?g 8%&%5% in%gﬁﬁ%d%ﬁgfggﬂ%%&% M I:O) 5134, D
5443, and D GYQRMsDbﬁZBGWDrg mbﬂeefreqmemt (bmemrdtdapdsfas@hb&@l)&mmwlprovi de
conpl ete nol eg%dar descrl i ons, distinguishing anong isonmers. For a

ker osene st r e FONPEH WAPEHIUEE boi | | ng range of 350F. - 550F., a detailed

anal ysis can be acconplished using the nethod of an et. aI. I({US

2007/ 0114377 MNOP2Irhi s Pamilapd Bsowh {USHedii7shigs damﬁnﬁratfrdet gopeell ErlRt9pes in

t he kerosene, but does ot r e " ure.

An anal yti cal “PiteE rfStl 5Pt glnaﬁgggrpﬁl%i(e%ks # %&%@{P r}&?&éﬁ{sls%hﬁ {eetég\%een

appr oxi mat el yr&&@h‘fyncaadclatﬁgﬂﬁtts |”Ehldef&mltodmtés lnet pravide tmcpaﬁaﬁhcbes A-C. This
heavy HDHA (H HDHA) .is_a conp] ex prot ocol . invol ving various chromat ographic
separ ati ons fﬁ?mb‘%‘&m@i/mé?‘é??é‘r‘i’f‘at t%ﬁtﬂ‘rt“?élssnv%'ié?ﬁ ral anal yses of separated
fractions. Again, this analysis distinguishes anong nol ecul ar t pes but not
among i soner s[0008br v &ighsRctaslsd Hyrdsocarbonl Anapsis (Irli@ d%éﬂ memrc i ndi vi dual

nol ecul es can measured f t| r § Freund
and d nst ead Er@it(chﬁg r &eaS‘Frlﬁ?aﬁt?ﬂ?(gh On c‘%_n&fﬁ%gld’n aé%élrln%ﬁem dua,
Jaffe, StepheguBe distillgend petrloaind roﬁsﬁs&&@d TthrbﬁymHDHJAndalsEmged Chem
Res. V44, p. 9840-9852, 2805 )descrl bed how nol ecul ar_co |t| an be
inferred by efar rlspptﬂoé@hquiqmos@wwﬂu%wdérwa%lssahaép f st ent
WI th ot her Ni and

, average n'@% yﬁu ﬁle%kﬂgmﬂ"i% lﬁfoggr%{]%\’}gg%rg??%d%{e%g%g%}clg dﬁen%n %r?frar ed
(I R), ultra-vbalieg ramgsrolﬁtle; asorind isdiig @)alezedct r oscopy and separation
techni ques such as short path distillation, high performance |iquid
chr omat ogr aphy (HPLO) o %%aqtamagew@rabumg@amm Qs 350TRJki 1ity.  For
wi der boiling materials such as crude oil anal ysi s requires that
the total material be didstailed gvalysis oamb@mqqmplm@%‘se@és C‘%}aglatﬂgra d resid

fractions which are separate r¢§ d above.
The distillation can beu§@§6W%P?@% %?éxgégﬁggtﬂguc ﬁ%gpﬁﬁ%§2 92 and D
1160. The data for the iendo vt dthat steutasmeshddgenThmmnames proeida conpl et e
description of the w der b0|I|ng mat eri al , _éOOOﬁkH conposi t.ions are
current |y neasured on dicPP@lanmolscylas desaiptignsdistmguishingamangdgpmers.
conpositions are used in the devel opnent of SOL-based refinery process
nmodel s (see R J. QJannFandkSroaneslaa‘afrew(thradtonﬁmgbo(thman&ef%l)@@z 31,
2483- 2497 and Quann, Jaffe, . S B. Chem cal Engineerin cie vl n
10 pt A May 1996. p 161é59&}5ﬂ defaidgs!) analysep ?Bﬁ\?é‘cﬁ@’q%t“?‘&flélﬁgﬁé‘g CmElog op o
of typical stream conpositions. The HDHA net hod, while giving detailed
results, is also el aborate and expensive, and is not suited for on-line

i npl enentation. Therefore, when conposijtion of a sanple is required for use
in process control or optimzation, synthesis techniques (step 2 of the
current invention) are typically used to adjust a fixed reference tenplate
sel ect ed based on prior experience to match neasured property targets such
as APl and boiling curve. However, systematic reference selection

techni ques do not exist and the quality of the eventually estinated
conposition crucially depends upon the reference. Estimating conposition
fromproperties can be difficult to inpossible if poor judgnent and
crlterla are used to select the reference Ayallablllty of a mhole sanple

- . o p—— ge—




petrol eum but such applications have been largely limted to anal yses of
napht ha range materials where the nunber of nolecular species is nore
limted, or t@obRHAal ysis of heavier feeds in ternms ofpdfR)sspbh@hos! UMPS -
groups of nol ecul es based on functional simlarities. The use of
spectroscopy to performstep 1 of the current invention on crude oils has
been previously descri bag (iyn,BtaMmUSUHGABR24167 B2) . Thr anatysiboes not di scuss
t he conbi nati on of the spectroscopic analysis with synthesis éﬁ%}ﬁp 2 of the
present invention) to prB¥ingdishes FRREARE QleqUuardYRES df ¢ SENEi Wh.

[0009] Currently, for petcfo%% ﬁmiWeﬂpéﬁd%t %f&%bﬂaﬁ@sorﬁ&%}%ﬁhcﬁf@ optim zati on,
a |l ess detailed nol ecular Tunping schene may be enpl oyed so that the

limted conmposition nmay pe estinmated based on fewer,, quicker and |ess
expensi ve neasurenent §. %?’@jﬂ&i“ Q@F%F,O?g’r&é?léﬁ‘l“g@a%B ‘?‘fa\?%hm & be

estimated once, and the FW&Q Iobt q}ngéliaﬁum dt1958% . suddsEshRiNteiow pnst ant
to all ow the use of thi sb(é i xe?pge({%ai ' ed conposition in mgcjel i ng, control
and optimzation. Step Apgendices pr@s&his hempeH Dk (ddADBA )us@dompleadj ust
this fixed detail ed conpositi,on t.o. match propert asur .1 The
present invention provi d’é%toﬁ%w‘mh‘ﬁngé’ﬁgf’?{%hé@rg?mé?”rggnstep %rrarrgg Sltggéalle(ril

i nstances where the strazmidrédisl sa0dhass Spbcwar arRdyses Ofscepavey fridtivhs. or where
there is insufficient information to establish a suitable reference for

Step 2. BRI EF DESCRI PTHaRiGthiyppalpradistiesyishes anjope geelecuardipiabui 8t henat i ¢
di agram of the procedur £ g&gn pgvention described herein. [0011] Figure 2
shows exanpl e target ( aRd T eference (VWD) boiling point distributions.

[0012] Figure 3 shows a plot conparjng the target (WF tef erence (VD)
cunul ative distributi bn§.0rr%&1§]#Wéﬁﬁaléiiadg‘gébﬁﬁﬁﬁ‘?ﬂ)ggf H@E‘GF‘?QO, used to
adj ust the reference weighiS13%a0hhas BY bR bPGe Rl boiiDRALET Giffe 5
shows a flowchart for the Iterative nodel-of-conposition synthesis

al gorithm [0015] Fi gur e Feewidand Qimsteai (Fxtensionof Steudtwee-OmenkgdC f or Exanpl e
1, Step 1 to the measured MXC. 16] Figure 7 .C res the-distillation
cal cul ated fromthe MOC E)'(‘ﬁr{%sg'cf!mgﬁgsﬁ&'ia’ Jgglfzﬁlgéeﬁrﬁaegsét}rg%ug?’sti |l ati on.
[0017] Figure 8 shows a pefwdrd; Qin@tcadWidlany.;the B Chom. Ruampi€pl, Step 2

using bulk targets to the nmeasured MOC. [0018] Figure 9 conpares specific
gravity cal cul ated from?SH&IREEL00Sp descrikpd BoW mplesplaseBPRsItiaRsgany ysing
bul k targets, and Step 2.ysingqf Skkdduiied thepResiPcoRpseoriRBIESEE SPeci fic
gravity. [0019] Figure 1 e%ﬁ?@%%ﬁ% ga{jcg%g(%le% fIr)oSmthe MOXCs for
Exanple 1 after Step 1, cGisistert withi othembdsutcamenes sichan ¢leBrantal 2nalysing
distributed targets to g@ u eﬂ s%&gr.ﬁ{aoozo Fi ure.]q]t GooRar es

ali phatic sul fur cal cul :H?Mt b yYas PR e USEEp 1, Step
2 using bulk targets, apgh Eﬁ@R@sdﬁ%ﬁé@(gMRt),rihﬁuﬁeaqm)abgﬁtsiote@vtsnﬂe nmeasur ed
al i phatic sulfur. WO 2009/ 051742PCT/ US2008/ 011796 [00211Fi gure 12 conpares
nitrogen cal cul ated frofVhdsibterspgatioseopyrasrseparatign ehmigees such & ep 2 using
bul k targets, and Step ] LSt 1 byt  Quili RE IBAS

nitrogen. [0022] Figure %%&Eh%&g@égﬁ%%{rn?ﬁ p é(;t?&g%h%%fr@#g%&e I\/[%B?%r
2, Step 1 to the nmeasur @dPMOL.gas chromatography (GC) and solvent solubility.

Exanpl e

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



100231Fi gure 14 conpares the distillation calculated fromthe MOC of
Exanple 2, Step 1, Step 2 using bulk properties and Step 2 using

di stributed p@Rgflkies to the neasured distillation. [0QR4kkb@slhG70%0
conpares the sulfur calculated fromthe MOC of Exanple 2, Step 1, Step 2

usi ng bul k properties and Step 2 using distributed properties to the

measur ed sul fur. [0025] Fi g erhtGlacofop dreciadivivhabtutpizaherccanbihed intahcul at ed
fromthe MOC of Exanple 2, Step 1, Step usj ng hul k properties and Step 2
using distributed proper$qreRleleslesssiptiop o€ ‘ﬁ‘dﬁig?‘ﬁﬁ‘é% teég‘f'fur. [ 0026] Fi gur e
17 conpares the nitrogen calculated fromthe MOXC of Exanple 2, Step 1, Step
2 using bul k (0e0ddrt i dEDHABIppitdne siengirgngy mepsirediop diffreentipsecesd t he

measured nitrogen. [0Q027],Figure 18 shows a I | ot _cq i he, MOC
for Bxampl e 2 SHeis, St gl farpostuias ars Wi e ioRbR S Pehafe Gur
19 shows a pakéfintrPpdteRINGtRld 38 RhE Nabnfad SERAMMB /7. ERgeOhdin URdsNY.
distributed targets to the nmeasured MOC. @%0029] Fi gure 20 shows a parity

pl ot conpari nd99%h8 1\483r 49 Tmnd PmaangR Jsiare,1S.Bo Gwioed Asgreer ingC.
[0030] Figure 2}

(003017 Qur e 34005 0B AP\ S, SOMSLSNS 10T e FiaTd, St P 2

conpar es the tienipidtd"adfi topicalatreamaioarpobitions. t Tiee NDE Ao mekhogipplhde giviggep 1 and
Step 2 to the ,neasured distillation. [[0032]Figure 23 sho a rity plot
conpari ng thedﬁffﬁe¥@Fﬁ§x§r%?%?lg?°r§eéﬁhfx? S’t"ﬁear}f@%’m%te .O‘FEB%B] Fi gure
24 shows a payg Dém@ﬁtﬁfio&oﬂm?éfbﬁgﬁﬁmgﬁc&ﬁ?ogi%n Sadmhfe b reqliedd fr use inhe
measured MOC. [0034] Figure 25 conpares the distillation calculated fromthe

MOC of Exanpl progessSpaisolioraptimdgtasipnpsynshesisdechnianges éderi? of el carticah.
0035] Fi 26 _sh i t ' , Step 1
Lo the noasur BN R A uBRAR Sell B REER AL ertrdfcd Chipleft sieddPbatetr, 21 P

for Exanpl e 5¢n ftiepexpetiendehe mmasmestrdd¥op¢rB0aTdds githas 2PIshdbsilmgpari ty
pl ot conpari ngg’ilhe MOC for Exa

le_ 6, Step 1 to the neasured, '
£0038] Fi Gur e SUvErBRESKepafRmatsBlorinsh3sibrig RIS codit E&lahwg}%éh%,
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



Step 2 to the neasured MOC. [0039] Figure 30 conpares the distillation
calculated fromthe MOC of Exanple 6, Step 1 and Step 2 to the neasured

di stillation. whogsRkFiQure 31 shows a parity plot conparchgstdigeVids for
Exanple 7, Step 1 to the neasured MOC. [0041] Figure 32 shows a parity plot
conparing the MOC for Exanple 7, Step 2 to the neasured MOC. [0042] Figure
33 conpares t hemgbstibh.| Thd areatlelbat@tplex,amdthaee 840Gany dExacheledulaSt ep 1
and Step 2 to the neasured distillation, [0043] Figure 34 shows sanpl e
honol ogous  sePedesdhptany mele¢ularappraxinatiqreidhs somposifienis essentirhY @ cores.
WD 2009105174 / . B 36 shows 1-ring aronmatic

l'{_rlfé%{r, g%gﬁ/’é)% ok f §? cL&gé&L&{ | M66) g

cores. [0046] shows ring aromati c” cores. [0047] Figure 38 shows
3-ring aromatic cores. [ 0048] Fi gure 39 shows 4-ri aronmatic cores.

[ 0049] Fi gure i@oéﬁoms IPFYsg “Bg?’g‘é’_.“ I’[‘@Y)‘gfﬁ ﬁ"ﬁwgq&ﬁesgﬂ%g&q cgﬁ’a‘ie res.
[0051] Fi gure 4gdehorsop&itich G JnithORA eRLerl! The edtRRRRhh@H6@i3eBows an
exanpl e of an anal ytical schenme for neasuring the MOC of a vacuum gas oil.
DETAI LED DESCRV®IeEN The fMisEstARErRERREDUFENBODRIERTS! [Gbsapeatdhdseum ni xt ur es
are made up of edi ngl v . e i D vi

component s THREROSHPE S it Bl R oty kAHhIGLCURY oFREIEEH Rl

mol ecul ar speah#igsis, liak. peytrosebpy pluarAMpgementabddtavitbsithandZanipdling i on i s
essentially a m)caeal , I.e. a m)_d,el-o,f-corr?osi tion. Such a

rmodel of - conpoSY b FASHYEPNIBIIE! FRINMAIR Ot FRINRATI AN G- %Fﬁﬁ“@ﬁ@m cal

transfor mat i opsybsdiorPGEILE it ré@fdneeT Yn MeQEEsRESep, B rdfbrefSd | ML e the
properties of the various petroleumfeed and product streans. Analytical
met hods for appnpositie is mefinadghupoeh iah egtimizapos plgooithun tpadipstitee wmpbaer ol eum

m xtures as a |arge, but finite, er .of opents_al read ist. For
i nstance, Hi gﬁmf%%étfqneta w&ti’ Bégrﬁﬁ‘q&ﬁg@fﬁi@?@l&% &ipsr%1 erggso acl)?él used in
ExxonMobi |t o"tagpises€ta giotitRn dreimelhed mistillxtio esrvapsodds tb previdwa | y

consi stent set of conmponents. The HDHA protocol for a pgtrol eum_m xture

yi el ds a nodefelbsensistand godelef copissision far e ykrara matesisk khg spedlfs (see for
exanpl e Ghosh e , ! P anen tailed
Gasol i ne Corrpt(z)ig eﬁ %Sjr??%g?eédse&&x{hagrt]e %%%EFS&ﬁe]éyp Ené.%Che’m nggésy ﬁ’1&21 06, 45,
227-345. and Ghgdepdadinglaf the ultSnie usé Dethaicbmpogtiop detat Tha-aesignibdel f or
Predicting the Cetane, Nunber of Di.esel, Fuel s", Ind. Eng. Chem Res. 2006,
45, 346 381, ) PR SHIR Gl PTG b i EePRe SRR o LR TS Bear ge
nunber of engimRAYingnABEUIRUSENRGS vHIRI daRin DS taigetvasesP TR atplubdr zat i on,
raw materials acquisition and process troubl eshooting. Several of these

st r eam pr oper @fiaregegstior algetithen 19 adjnst dlog rederargeipmpositiprise fhatdt neaighey - | unp
property densj ?;,'Ng.ls L i W, (1€ Tty ikl V0 spect to
their wt % abu]%II an erEs)B%Sﬁy %E%gt?érlgéaeg%%%gﬁ -Sgﬁlglg%lérp%lginfr}lg%'?@égmé%lg}{ {)gn on
Property Cor rtbisahétbod isapported hosvangrics wihere thopimsial referedes miclasd tethede oi |
and plant stream anal ytical data to support.these activitigs.can,be tinme
consumi ng and“‘é@?ﬁéeﬁ OGP OSHgR aﬁgief‘?’f’fj’%f g‘”‘&‘éﬁ‘#ﬁé&’ glsrﬁgeﬁe%S% 5 OMNE " qui ckl y
and cheaply frh@igh}eidr@o}r%sgmunts of nmeasurenents on any given sanple would
enhance the applicability and utility of these applications, reduce
associated c an . 1] [T 1. woul d al so
facilitate dgégmprreg?&%?&gﬁ} I !rgl)oerﬁ%l%lr(rgl%)l;s(%ugelsa g%&%lgmgrtgﬁgé%%/%ftdc%%:%q\é’g t hat

coul d be usecdhydeodarfonapeciapipkludidg parsffsnadychs phadiins] nmadti-Gag ianemmaidspn ( RTO)
and may have applicabjlity tqQ on-1ine blending. [0054] The, c ent. i nvention
provi des a mﬂng VF&BWU“%?F&”P&%%Q‘B@W P%(emc?ﬁéﬁg‘?"gf’?ye% W‘Hﬁ't“ﬂg%gaarﬂjet ai | ed
conposi tion figy @ir&hYdGoRuN QLdOSHS ArfMMBIX S I wide®oflRointAngde first
step, a "reference” or "tenplate" conposition is estinmated from

mul tivari at e feanahighlcudladketGy hyldoerarbass t¢ norvsdasilp asnhekendst Besailedal | set of
measured properti usi_ng,.the of Br. . 4 , this
reference cor?%cr)né}lo ?1 ?’833 iag@%yé§iogg>§fr?l§9%§ Sﬁ{lgﬁg%rt &ég?mrrg%’gﬁ}?ééﬁgéﬁ%ggrti es

usi ng an opt ipgtraRuinOfiRedst@aims | fondefrainigtht uiashiliyyofifeasirsdmofor uselii ng". W
have found that this "reference” (or "tenplate") conposition (defined in
terms of a specified nodel of conposition) of an unknown petrol eum crude or
fraction, can be obtained through the yse of (1) multivariate anal ytical
techni ques such as FTIR alone, or in conbination wwth a small set of
appropriately chosen property neasurenents of the sanple whose conposition
is sought, (2) a library (database) of simlar sanples that have neasured
mul tivariate anal ytical data (FTIR), neasured HDHA and neasured properties
and (3) an optim zation algorithmas described by Brown which constructs
the reference conposition for the sanple as a blend of simlar sanples in
the library so that the nultivariate (FTIR) and property data for the
blend is consistent with the nultivariate (FTIR) data and property made on

—— o o o - v N o



.Step |I: Estimating the "Reference" Conposition [0056)Brown (US 6,662,116
B2 and US 2006/ 0047444 Al) described how an unknown crude oil can be

anal yzed as aybl,§3fs©9p known crude oils based on fittingdhRd5dathBsSpPeECt rum
of the unknown alone, or in conmbination with inspections such as API
gravity and viscosity as a |inear conbination of spectra and inspections of
reference crugesmarith@umifidesrddsprogeds, tfer destiophigerassayndiafmefyanodéis,

unknown crude based on the calculated hlend and th ssarééqa;tg of the
reference crudddforsppirolling gnd ppiimizigg KERINEROEES s cd PG Y rfiE e a

reference HDHA, i35 A5k Ps kBGt6AdIBRh BduDli@Rd and the
nmeasur ed HDHA g%g{rﬁ%]%e#eralrégﬂg{gcgﬁggﬁs]. Theame% r{od_ {cangta{% so be érrpl oyed for
anal ysi s of pebdmsahengmidegensive, pnddudt dgtitedznompobitiosidats veas seldos r ef er ence

HDHA can then be ned. t sured . assay _properties t ield anaccurate
estimte of tﬂ@‘ﬁ@@d??‘é‘&?}égﬁglﬂ?ifgf 8‘??‘%?’}/{‘% ‘“gn%%rﬁﬁo%&h%‘éﬁ%‘??“eg?n‘% [0057] | f
the FT-1R spegiksiidventise dsedlspeirostBNintcdmbaigiby stith 4 Rvolelatiselyhe

m ni m zation of the difference between the FT-1R spectrum of the unknown
and that cal culcapengivesand mepifl prenerty aoalyPesdeipeeyids detpidedreptimries et ra of the
blend of the r 2nce [ . : : " is a colum
vector contali ﬁ?gﬁgésﬁ‘aognﬁéﬁ&%? Barr%%ﬂlétagﬁkfr?%)%él%Jr)%glgi,(m%%a%CIQ %igl]sld(t he matrix of
FT-1 R spect r aopmizagon.ef erence crudes. The FT-1R spectra are neasured on a
constant volune of crude oil, so they are blended on a volunetric basis.
Both xu and Xgyg) O t RBEINAELSFAchs!ReS BpRSEE BitTofipRSiBbhalnRBLXEM al s,

wat er vapor spectra, and |liqui'd water speCtra) as described in US 6,662,116
B2. [0059] To petsalewmitvssuchapplicatiansihavoheandpieglydiratied © anslyspeght i ve, the
mnimzation is.conveni entl.y, don sin - LVE: s. The
anal ysi s prov PR30 ﬁng%eé%{ss %‘F’ %5 ulgrﬁbgeérg ?Q‘Sﬁ?‘%ﬁ{ %ﬁé%?ﬁﬁoﬁ%mﬁgﬁg’r ence
crudes that nesto tht aseyyis ofticahies fédds iritetragsf mehpalae hingwsnsgpupse spect rum of
t he unknown crude. [0060] US, 6, ,662iL16,and U$g12006¢?8047444 Al al so. descri bes
an anal ysi s ofokicules based opdfupeiiong! smikapties ¢ theusg oL SeEofF Py RBP4 vity and
Ki nematic Vi sgosh Y e digrefl SOLANSHBRLLESBAShisDeBh PiidRI DR cibdd By ence
between the dat'a for the unknown crude and that cal cul ated for a blend of
ref erence cruBesviudihge6712p B2)- Brown dges mitidiscpsithe compination af @1/ 11, (APl ) w
APPi u(Am w vi SCA: u(viso W Vi .. A(VIiSC). M SGil. V] . [ um
vector cont ai ?ﬁeﬁkﬁo%ﬂ%‘cﬁﬂyﬁsf“gfh ¥ g‘%ﬁﬁ%@\% % rﬂt(fdée,%gégﬁgl e ﬁ‘gh)ttﬁg%rr\g?ri x of
FT-1 R spect r aaPimprbeed &tigfatnsfeonipidton. The FT-IR spectra are neasured on a
constant volunme of crude oil, so they are bl ended on a volunetric basis.

Both xu and ort i&gge [ {l Jol EndOhtARATSh,S
wat er vapor soggfﬂr a, ggggﬁq%tfl \}\/Igo?eeur%)gf)ogg%srrg?&lxg’ai&ghgugnen ed ‘b;} addi ng
two additi onalesedaaibmnt mokeoulhhkinping scheofe mipebeehploped skibenie limitgdd w

viseAu(vise) /linp.and i].."(vis are the vol.upetri,gal | d- abl e
versi ons of t%“%gvﬁloﬁr‘a@f {’%/e%ﬁaé?féﬁéﬂf’f‘if%wﬁr E\vis ‘f}ﬁ)‘m}gﬁ%lss\?lX gég'{osgéty for the
unknown, and peARlImdaR AlMhnasVel Rl £ddidiRdcRhIpRSiion tdybevatintmsd drea) | y
bl end- abl e i nspections for the reference crudes. | VAN andgvvx% se aje the

S

wei ghti ng f acansthe pempesidon iidssumpstiothesnificiqily congtant pallg §uge P e
estimates of Wﬁai}eﬁxseﬂgfﬁariféglcgﬂ oéigﬁf? gﬁf\?lr%?@&ﬁ%l%gdto EmEAkicH! 8t bi near

conmbi nati on h coefricrents c ear conbination is preferably
cal cul at ed usthagraemtanviegiahicue bk @sst tosliimt this fikegoddtaitad comiposiiondgdt s, w, in

[2] have the for 3. 2.77a e w= | Ris.the reproducibil.ity of the

| nspoct  on deaich Brkisediement ey dhe PRV SRR ST SorRE IR Vzed. o
i's the aver aggnBff oRPcltreMPrAdAREiPhstahes SletetettteiiRIMIRIyEPEcCt ra in X
and is set to 0.005 for crude or internediate_ stream spectra collected in a

0.2-0.25 nmm cetries waddly ouer tiag.os tveisrethses i Aguéicient inforpaBREP GYablish a
opti m zati on g gLedu &g RES Y. bel ow



100611For anal ysis of kerosene and gas-oil petrol eum streans using FT-1R
augnented with Sinulated Distillation (SinDis) data, algorithmof US

6, 662116 was ®Rboddegdd 0 al l ow for use of inspections inghdbfgeqitgs where
there i s nore than one val ue per sanple. Wen using three Inspections, the
current invention mnimzes W 2009/051742 (- xu WAPPi u(AP1) Xu W

APl i tu(APl)  IBRIEMPESCRIIIONOF/ ISR 008 WINTGS6 Xu W AP121. (API) - W
E3004( E300) WE300/ 114( E300) WE3004( E300) |V E300au( E300)  WE4004( E400)

VE4001L( E400) [0010] Figure 1 shows a schematic diagram of the procedure of the

invention described herein.

[0011] Figure 2 shows example target (W) and reference (Wp) boiling

point distributions.

[0012] Figure 3 shows a plot comparing the target (Wr) and reference (Wp)

cumulative distributions.

[0013] Figure 4 shows a how the factor, ¢, used to adjust the reference

weights varies with boiling point.

[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.



WE4004( E400) \AE4002u( E400)  \AE500; 12u( E500) \AE500/ 1, ( E500)
WE5002u( E500) WE50011v(E5) min \AE6002. su( E600) \AE600" 16( E600)

VIEG002( E600 E600) W E700Au( E700)  VEZ00, 7004
E700) (V\E70)0/‘1V}3E(§%§7%1)174y(V\E800)4( ESM) H{ET00) A 01 05700

[0021] Figure 12 compares nitrogen calculated from the MOCs for Example
1 after Step 1, Step 2 using bulk targets, and Step 2 using distributed targets to

the measured nitrogen.

[0022] Figure 13 shows a parity plot comparing the MOC for Example 2,
Step 1 to the measured MOC.

[0023] Figure 14 compares the distillation calculated from the MOC of
Example 2, Step 1, Step 2 using bulk properties and Step 2 using distributed

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 aliphaﬁc 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 plotﬂ 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.



WEB002u( EB0O0) WE800/i u( EB00) WES8OOA" ( ES00) WEQ004( EOSM  WVEQ002u( E900)
WEQOO, . 1: 6( E900) WES00111/ ( ESN) VEI 000/ . (E1000) - WEI000/11, 1( E1000) _
VE1000/ i i, (ELRQ@®%)0e0sMEL10001u( EI000) WB1; 1:, (Su/) WBUL2Y(=bdddn1 1 WBA( Si d)
WBuP( Sul )

[0031] Figure 22 compares the distillation calculated from the MOC of

Example 3, Step 1 and Step 2 to the measured distillation.

[0032] Figure 23 shows a parity plot comparing the MOC for Example 4,
Step | to the measured MOC.

[0033] Figure 24 shows a parity plot comparing the MOC for Example 4,
Step 2 to the measured MOC.

[0034] Figure 25 compares the distillation calculated from the MOC of
Example 4, Step 1 and Step 2 to 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.



[3a] XC' 4(API) = A(API)Cu /i0(E300) = A(E300)Cuiiu(Sul) = A(Su()Cul[3Db]

[ 0062] The Au(E300) represents the volunetrically blend-able SinD s data.
SitnDis data {yg hooRseal |y reported as tenperatures for fioxrd.008h G0t Percent
off, and is thus cannot be used not directly. The SitnDis data 1s converted
to a volunetrically blend-able formin two steps: (1) the SinDis curve is
interpol ated (6045 a dipire 368hewpdiriig Momatidedréee curve is eval uated at

poi nts spanning the tenperature range of interest, for instance at 300,
400, 500, 600, , 8 bRLS,. : ; if the SinDis range does
not span thesémtyﬁgper %%%rgge SE%\BQ%E%% airgrggttﬂcéérlrgg{ed with zeros bel ow or 100%
above to ensure 4l?(ioper}T.beh gi Er og t he cubti.c i nterpol ation at the

endpoi nts. (2J9%%¢ wei dﬁﬂfeg FERHY O BHMELPBIY Wishor at ed at each tenperature
is multiplied by the sanple specific gravity to give a volunetrically

bl end- abl e vaI[Q!é.sl A( EXogyre 38 Sgﬁés tomgasroif ¢§edat a for the reference
sanples. 4(E300) is the estimate of) , (E300) based on the linear blend with
coefficients ¢049pu(. Fighre 40 shdwsmilfidcedrby bl endabl e sul fur data for the
unknown, generated as the wei ght percentage sulfur tines the sanple

speci fic graviggse) Al SdhSe i NShGN paiaPQREi. ng data for the reference sanples,
and iiu(sur) iIs t!]e estimate of Ari(sui) based on the |inear blend.

[ 00631For the Lghti of Si DS _daf,a i.n t he adj ustabl e
par aneter, a, [‘iﬁ;?be E&‘mf %ﬁ ?ﬁoewss(g%n\% théoghgp g(?%S'Si nDi s points.
Al ternatively since the SinDis data is |east accurate near the initial

boi i ng poi nt 10858l f i n&lsUWof shRyv s srempinef apeanghitisalycheag fer measnEag t hat

fall bel ow so @[ﬁlj‘mag Lefdas 68 9- 5% of f) or above sone maxi mum cut of f
(e.g. 95% of f fl\gpt e unEnové?Sbei ng anal yzed may be set to zero so as to

use only the ace i D f rm ned by an
optim z;ti on %L ﬁgéé@mmme refere%ce

HDHA. One such ogti m zati on procedure is described in Ap&gndix D.

[ 0064] Once t hE083kf f i Bpteplewmanixtures arg madg|upred apcsceedingly rgegnumbgs ofpHA f or
t he unknown i ; I i Igl—le? f the
ref erence san%ﬁgzada@%&# ﬂazt&?‘? oﬁﬁg&gﬁggé;%egﬂﬁsgkeg%ﬁce&ﬁ%%gng raru %‘?vari ate
anal ytical tenhny disenauodicadarispedity thithanycaeletular gppreximation ok theepr esent
volume fractions of.the references . in. the bé?ng. Si nce thg HDHA % a wll
typical ly be SHHRBLOEIS 6HR iag’i’i‘f’d‘_t’)lr L BT FeRRPSHanpauchia medels or si on
from vol ume ter weh@Rftionas ised 18 sif@lHictBE physicalahdBclRn¥islitRinsRmhlibiy data for
a reference sanple, then h can be convert'ed fromweight fraction (or

per cent age) tthatasicuig refingry ipoeresess, gnalrte eftimate thaoprogenics phticagtinue| enent  of
h by the specjti Vi f +h rre j I l'i zi ng
the’resul ¢ ngeidl Lo Brods EoeRRbisT SRR A PROSE x SpoARiind BROBET, |
represent at i afetdfedtchmpbbdtidnal Preficaf perdleim uaires & 4 hrgd, bet fisiter ences are
conbined in the proportions indicated %y f he cogjrf%}:llbi entaﬁgu to produce a
vol unet ri ¢ HBMARFECE E9mpalentsabreany Fgin FOERSHnes: ehlef Al dresarnn i s

mul tiplied byagdieiS@eOHA)Gs §pAXbEN uddd hTxeAMBARG REPrBGEnTRREIk e, and the
vector is renornalized to sumto unity (or 1009 to produce the weight
fracti on (or Rsé&oteant midyrebas el intEdkalle sorisinang s¢text componeknovhe HBHép 2:

Synt hesi s: Reg ildn nal ytical Measure S . Modgl - osition
0065) The sedindceloh? prPateit RS R TR DaledSie e Sty

measur ement s gredich groped s imddletsqOEaRS ekarfple GHospar.; Hivkkark.Ji, heffersdpl, - of -
conposi tion nust reproduce all neasurenents in the anal g/tl cal pr?t col as
closely as pos¥ieremenif adpeteed GasplineiGrmposttioatljasgd QetansMpdepe 'tﬂﬁ

bal ances, e gene TSR, RAN2606 8132 360BROBRLULD: IEHL B DRERCAT OPEr'tY

bal ances are eXpressed as a systemof |1 near equations, e.g. b. Eaj,w .
Here, the medsummditicalBasedMaoded for. PregictmetheyCetanet Memper ¢f Digbeddwelsi'ss bj . The

ol ccul ar 1 R CORE REC2PEoNE> 345 ot Fhives Al ol shBSRORRET

either conmputed directly fromeach lunp's el enental conposition, or are
correlated to neasurenents conducted on sanpl es of known conposition

[ 0066] One enbodi ment of this reconciliation procedure is to treat it as a
constrai ned optim zation problem we optim ze the nodel -of-conposition's
fidelity to the test results of the analytical protocol subject to the
property bal ance constraints. Another enbodi ment of the reconciliation
procedure is successive substitution, an iterative procedure in which the
nodel - of conposition is adjusted to match the results of the anal ytica
protocol in a prescribed sequence until changes in the nodel -of -conposition
between iterations fall below a prescribed tol erance. a) Reconciliation by
Constrained Optim zation [0067]In the constrained optimzation enbodi nent,

- .. o " o Y




1=1j=1\1=1 (4) [0068] The first termin Equation (4) is the Shannon
i nformati on entropy content of the nodel -of-conposition's weight percents

fw, 1 relativeywoulhats0f the reference weight percents pWysiohsé386 €- 0.
Cover, T. M and J. A Thomas, "Elenments of Information Theory", p. 18. J

Wley & Sons, 1991) is the Lagrangian multiplier of the j-th property
bal ance const ngédin.a INReiunttee of eigieeriighad badings apglicatiolduehaeplanbnsi der ed

inreconciliation., Nis the nunber of .nolecular | ur’rgs in the m)dail of
conposi tion. PREMIZREGPRTGVARaterials acquisition and pIREFss {1eubleshqotitendF veral of onar y

condi tions ar ‘?lbe%@Tst'réafrﬁ g&igexﬁeﬁ gpe%o?ﬁé)utecpfr&w' correffiond mwHih molechiar-lumpP

[ 0069] From n= we rec r near property balance equations Ea jiw.
We eval uat e t peopertpcenstied takiesimpl blowdisg ruléweus ilingary alithukspsciab their i at i ons
(see e.g. Davis,, H T., "Statistical hani cs...of ,Phase | nter ses and
Thin B e etdttendinses Gty BadslotpBuetion s SERlon QT PERERESST
Equation (6), dohelafibad B&B&I\%H@%déhidéﬂelbpméiﬁ otide\ditiEd exjdle-olltdndalgritor |
=1,...,N.1=1 (6) [0070 xt, we substitute the stationary solution (7)
into the propéiream pagl deta tasunpas thess astYiheande tHEC GRIHBURE #d ght
percents tw, 1; Ea . * -1+ = . tohk=1 (7)
100711 sol vgxé \%ﬁﬁbn ﬁ%b?é??éﬁgé'ﬁ?tgﬁ"é&‘g‘gﬁa talsglnogg ?[}de_n Hzg ‘ Fgﬁlal conput er
for the Lagr atigiited amouhisplf neasurg@ints Jonasy giyveNesampte wowdehbgshcece we have

| ved th tion system(7) for these L ' | tipliers,
SUbstl tut e NBRRIAPGY Wil GHIBY POHEFS SRR BT ICEY* e BT SPHor R Tl g

percents of tRerHeeIOGHES; Hﬂﬁﬁht%f’.flt BRI J fabilitdt¥ddvelopMnt of on-line
20091051742PCT1U8200810117£§6 [0072] I n the above enbodi ment of the

reconci | i at i oporapegdtidn infrenderpsetocels tpé coyld b uset® iaprend appticatiges siete
Lagrangian L (s n, Cf ) ). CONVeX: %) --gﬁtrc f el ght
percents {w, }gsolggarlﬁﬁlgga I@/ﬁ%%%?%g ot?gl’ f‘ﬂ?/d %Bglgﬁ’l@é; pﬁk@lﬂ%ﬂsl e F?gf ! (see e.qg.
Cover, T. M BRfldidg. A Thomas, "Elenments of Information Theory", p. 14. J.
Wley & Sons, 1991). Thus, linear property constraint equations are
preferred in jges4pbovaheshoelitifventioh ptdvéddsaanoeirapidtandriesalegperisiiem  However ,
nonl i near property bal ances congtraints may_be used. In t h'i s _enbadi nent,
the Lagrangi ameansfggdmating 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



NP Lw, * In(w, / w*) +Ai/ (b Al ({w, })) i=1 where the property function
A ({w}) is any twice-differentiable function of the nolecular |unp weight
percents {w, o BeRERILS i nclude: nonlinear al gebraic eg¢qlis@igse g the

out put of any algorithmthat takes the nol ecular |unp weight percents {w}
as inputs. In the latter exanple, the first and second derivatives of the
property functFDIR)And pfopelty data flor thesppent is consiére suithathe InurpvaseitgtdRYy, can
be approximted by finite-differences (s e. Nunerical. Anal ysi.s, Burden,
RL., J. D FA&pagad ppepetty f%{?rﬂ?ﬁg%t S@%’@iﬁ; "The sirtthesis algortha) ‘éﬁ‘%ﬁé’é’:'w%‘ Schri dt
(publishers), twcgust% referéncktopositioh o faet I&do’@ﬁﬂfroﬁiﬂ% bPthBunRiRAdi nent, we
recover the propérty bal ance equations I), = A dw,Dfromthe stationary

sol uti on condisampla. e diffateansteppoltbis procadhee dre fhusiaied schensatisahly im Eqn.

(7a). Si m'Iarh:Y t?e stationary solution condition 51, I Sw = 0 reads (414
aA ) w, = w, gé‘)‘i% “1+A. 1 j=141, (7b) where the unknown wei ght percents
{14,, } canno e readily elimnated as, unknowns, as i _the | i

const r ai nt err{()‘l Phent qj&géé(?qeétéf %%Wé.’“er’ﬁs‘{ss‘ga‘w?ﬂ?el aen(ﬂfu magﬁncshf/&skte@fr% (7b) and
the property BalRpGmiRd ¥ APYsavity=vibedsity Wisth)atioh ot sibtulated 0GCRd i teratively
for both the unknown wei ght percents e Lagrangian nultipliers

w, and th
{M Newton's #istileipnci éﬁ?rﬁ?l’ligﬁaﬂ‘%‘fi%éTMeI?§§§@k5‘§§ﬁéﬁﬂtepfa D{UFRECRr oper t y
bal ance funct]i | r | L& | Ent\WiHR ﬁ,%p@ tusk@ the
wei ght percen%@ﬂgﬁtﬁl{@éﬁég‘%}g@ec)%PEeﬁ%\%geg?%lé??I%gﬁlle@(glrtopertyp? nctﬁl%our?s Ow, D
are nonl i near in dtéyel hagrbanhge samd osdiffarent frofsthose(uded imstyp 3r may not be
convex, and nultiple solutions to the unknown wei ght percents {w, , and the
Lagr angi an nuBtepl iEstignaBing the 'Referenadi®imposiilonReconci | i ati on by Successive
Substitution 10073]As in the constrained optimzation reconciliation method
descri bed aboypsef hi SBRERR AISBY620f16tELanEOSR006/0847442 ATRRSEHBER HRIws O
starts wi th nodel of -conposition whose reference nol ecul ar | unp wei ght -
percents {w, &)} umkstawn quddeil casd analyzed a5 Sblgnd bn kngpinsarndeils hased pe wei ght
percents*1 arg,.do j e nce, ch..e. the r nci. ' cents {w, }
conputed fr onﬁ?’l’i‘gqqu # ﬁgﬁﬁggﬁgjﬁ' ;(/) f Ehael “%%%ﬁgg@%rgr’e&tlh ggrrn\g?dea?ig}rll 8§ﬂ{mei ght
percents {w, ihkpeetiohdidichnbs AR gpavigemidyidrakignasea lilkak ovmbinades of sfretraei ght
percent adjustnent faqorrulae for a scalar. and, djstributed property targets,
Bnd the succedd BepesipRt AitBiTaie caidshe 1 his oo ﬁﬂ@%f? M??Hfrpﬂéf) Sonfatp

Property Tar ggf she rfRBédh SrfleMastd OPBletldaRSiIA &K Sledd S Bk Qsiy BT offthE the
entire sanple. Sinple ratio properties [00751A sinple ratio property is

linear in weimgfitrepercoetess Similarly tioip enathoddendictuged to estimeads areferene®| ect ed

nol ecul es, a ual s. zer,o for others, aml e i i operties
i ncl ude el ernen]ﬂp‘gffk ?"6 SURROSH Crl’l‘%? E?Fﬂﬁgéher aatl?ugatgé 8%8?9%‘@%’?@%%885 ine the
property bal aHDEIAWL the 2efleRinat chdes PDiad methodican alsb drmpld Aot Sutysisve have
adj usted (ratioed) the weight percents of nol ecul .es that ess the sinple

ratio proper t§fjpetigieugiesd and prodiet rvemsofn Bise Znlivesiprsace §3hE¢E" possess

this propert yge 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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-14), = 14), * 100_ EW all>0 EVKk* aik -0 fora
(9) Averaged properties [0077] Averaged properties are scal ar properties

whose propertyodgpnsiies a, # 0 for all nol ecul ar | unps derrdacoseniNe N

Exanpl es of such averaged properties include APl gravity, hydrogen content,
oct ane nunber, and pour point. For averaged properties, the ratio nmethod
summari zed in Equations 8 and f9=wWd,| not work. Instead, we have d¢usl oped a
factor O that is a continuous function of the averaged property] whose
target value equals bp This factor adjusts upward the weights of nolecul es
whose proper t Yoglgsi ¢ ¥, &'y touhfiScbPashdifle (R FIIR foRHASIKRBWn 3AMe]
adj usts downwar he wei ghts of nol ecul es ose property density a" is
greater than theXiatlgehatial of #ILIR Jgeetrnef theasfekrdnce srudes.sThd FT{Repectra
distribution of weights fw, toward a distribution that satisfies the
property cons@rADFRSIEE PR seapyplume of {"6‘67’@] %@eﬁémtflﬁ‘i%ﬁé’“faact or 0 takes
a cubic pol yngphalerddibdfie BEAPEThY XAk eihBeotiibdd to ArfdRiidiAdBasctinéd3b+ A4
(10) WO 2009/ 051742PCT/ US2008/ 011796 [ 0079] We det erm ne the four
constants Al pblyaoginlddyardriviapddupeted, lanwiliggi doeast spactrd)ss desamibed wal/Son of
total weight:100 =wlb(1la) 1=1 [ 0080] Snoot hness at extrene val ues of the
property j: 060£6244682. b = pni nj ab O=at b = b max,J ab (11c) (11d)

[0059] To ensure that the composition calculated is non-negative, the
minimizaticn is conveniently done using a non-negative least squares. The
analysis provides coefficients for a linear combination of the reference crudes
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]
'ill xll T i‘u xll
min| || ward,en | —| wap A, aen WapiAy(arty | =1 Waprdycarh [2a]
Wi oAy (Visc) W yise AulVise) W sy (Visc) W i Ay (Vise)
n.3

%, =Xc,, Ajaen=Awrne,, and Ayic) = Apisc)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



[ 0081] After we inpose the constraints (1 | a-d)upon the factor bdefined in
Equation 10, the factors and adjusted weights {H , } are conputed as

fol lows: =1+ y@PheollsEa * Ab, NIN 3(b,,,,,,, | +bax, | ZRiri0%ec0s g1 1495 1-
JINall12i= N2 w* 1=1/\1=1 /N\ Ea jiw, * +3(b"th0 + b.., j) alli=1 N w =
w *(1 + yAb, ) for i =1, , N WD 2009/ 051742PCT/ US2008/ 011796 [ 0082] W

avoi d the occuiddrivag ¥mérdtdime bORbkIof thd@Iuhe, mﬂp%wnd angely.s ange (bl
bl). If the actual ‘target b is outside this range, roach this target

in multiple stips.andol83a) tm thereolomswicelly htsrhd1aplee/eaﬁr@tr é pABperavityt ar get s,

we may cal cul ate separate weight, factqors 0, for each tar ropert
However, we hdl® sReHiiegreyinn Kl b‘?‘é’é’ttié?"rét‘? ko, A&tj’)%&bdgma are

factor that %ﬁh&%@fsg&g%ﬂﬁmm gﬁt@e&f %lﬁ ns?%&{éﬂg?& thé RREChYe Lahget s “The

factor adds al I'ynom a oge uation 10, wth three

addi ti onal panapeiet 8, are thaolkighting dictorSdorsthe amtrspecrtxoﬁstuﬂihc Gparl are al so
used for each property. Final factors and wei ght adjustnents are simlar in
f orm t o Equat ipmaludPart She @tlstamsblfttmjsn@cmqneransi saeqjoms bpgdgAithe general , a

di stributed property target occurs when to be rratched varies
wi th some i ndépEREERIngarsoapiBatiopyity Fest t“sa Fxonﬁéﬁ y’@@é‘?ﬁﬂ‘t‘ HAEPR IS ed with
boi l'i ng poi nt s I

frequently engE mgi{y@fﬁ‘%&%‘% qrtlﬁ %gg?rg:lg #él ?stt égg%l (gpétg}sr{s\}%ggvu t%’t ution

met hod, we desi dn[2] lia'azettlwfoemt[tt}tt effectt vely "redistills" the reference
wei ght distribution {w, '"I'} during each iteration of the reconciliation
al gorithm we descri be bel ow w_.2.77;a-e

R
[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
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[ 0085] Let W (BP) represent the cunul ati ve wei ght percent distilled off at
boiling point BP. The neasured target distributionis WI, and W, is

cal cul ated fre@bfgsief erence weight distribution {w, *}pc@fusidigoi®kecul ar
| unps. Both of these cunulative weight distributions are nonotonically

i ncreasing functions of the boiling point BP (see Figure 2). In practice,

the cumul ative wei gnr di sgributjipn W, is @gsured at di scretg boi #Y\ng
points. Also, we calgulate the{d|{striputiopn MW/, at: the |bpilin poi t|s of
each nol ecul ar | unp|||HoWEMEY” e né‘?”’%ﬁf”en ho t‘é"”ééf” n Wé%%”di s¢let e
boi | i ng poi nts usi ng||$Meet i Punct|i ére Bt | pfleLerve™Phy morBr o eal |y

i ncreasi ng nature of||awesdulat jlvE ‘Heodifto d| skl iMputticen. | |Al t Wraooduf£108

interpol ation, we detlemnisig:she [lawget.cab ST j|butidn T |as| esswfunect|ign of
the cal cul ated di st rfijbutign. atl Hhes 2| |d j_| liatd.on-bowl . ng«hqi Nts (see
Fi gure 3). Final I@¥n wa%('g:sé"ﬂgﬁ%&[a{e thEgog g?ﬁ 0 téd\ﬁéf";?&g) aswaét(!o 855‘08“ dn of
boi |ing point (see Hilgtretdy® Me||u&etHe” § Hetlor o 16 alj Ust*tHe 7 4f dr ence
wei ghts as fol | ows: ||1D@welas@( [BP]|) W amete R of Wbl X3P Ew HEBRPEP 351 wher e
BP, is the boiling Poj atedfieanl egubssideaom |i .|| @kokhenSUc tlessiteso
Substitution Reconc||l|,atian. & dof|iwthm,LBOBO]| | P, Ligkas] 5] | wik,.Hhaw |t He

typi cal enbodi nent gf 't%ejsu,c j=ss'| Ve f&gsf ti ignir(se;lg:orc ]iv%t,I n re a
ref erence nodel - of - E6npo¥itionis ad{'lsted”’t s match ‘oné di stti'buted’tar get

(boi ling point), and nore than one scal ar property targets. |n gehddal,

adj usting wei ght ;peicentis, ;e ABLeh £ach LRAEARL, LNIAGAIRRGE, di ST upisp]t he
previ ous match so’ that’ the wei ght“’percent adj ustnents are rel axed, or

danpened, to e c rael S )Shietdibd gorithm
d) Targets ba@ebgﬂlz)n rrqu%(%(gr%i?%? géggrgg:af/\etl ca génégggyﬁ?%ﬁgﬁ%‘e[%%}g?%ﬁé targets

used in recongimbDitdatis BRyicalIapstedaRasmpahtui® forl fiked edightpérbentmif,t i vari at e
anal ytical data used Step 1 of the_inventijon, he(%:ta ,targets may be
Bt s ir8

st
cal cul at ed bad¥tis drpsiopanetdedisedpet ‘HEﬁ?ﬂIS_S ithe §Hnla_ Ve_frFe(S‘rW Step 1.
Al ternativel yvolﬁfﬁeéfzaﬁ%%h%g%n% B9d g{e‘g&q@) ¥ BithBH Qi 9¢ ANniXRsithed

devel oped for this purpose. regression nodels can be devel oped using
st andard chemmieg a cebit adtnpolaties and dte arvaslevaluated at pRatyrspawiingitheM R) |

andar d . i
Vi o Cho et hol BB T OB Taea s, sl & 009l S6E 00, THERGR AR

anal yti cal dapdntsOdndt 00T fiLheBiaBid fanghdods vt gpan tedeabmperatuves, Bieep 1 are
regressed agai nst neasured target data to g‘orm a predictive npdel. This
nmodel may t hedftbis augmenied vith geqes balpwioy dPP % aboyaiaetsyre RIRBCTSRAYRRObei ng

moae! - oan be o b uBpLMiE i dSFol, RoPRe el pefEAI Smpfe T 000 Tl o
car bon cont erﬁvapexamdraedadiyteml}i&auﬁaiisjmnh@éﬂedﬂas thaisamtple epeesfid graviéy tm aromati c
£0088] The cargiunt vElinstisad Mo Hhe FeBh AAEaesivae SouSBMBOE ERAT  or
crude oil, or distillation cuts thereof. In Step 1, the nethodol pgy .of US
6, 662116 and thesrefersasotrmmens NEWI")s’SlE}éf‘e‘Ef“F@t%gé M‘ﬁ"t")ebaéegloéﬁl@ Ipear g?eé‘fjence

crudes for wh g nAoLs0f Gompast i 0RuNaS pREAM SRR & coF i, bl end of

t hese nodel s of comnposi gfves as a reference for subsequent synthesis
in Step 2. I fykhewhS gheraddd ashfb REig pbicédgd Sul QRGN Itha\Rdrkple ffjswiiﬁc assay
data was either neasured, or estimated using the nmethods of US_6, 662116 or
US 2006/ 00474ztdvidl, A (kfpgts the opreespbeding stafarfat te réfecance kampissleindof.sedsrposi ti on
mat ch those of the assay. In this case, the targets used in the Step 2

synt hesi s wi Ithe estimatabf Y, e bdsesitan thatiedarttdergbt s (property val ues as a
function of boiling point) rather than bulk targets (properties of the
whol e sanpl e) anpl . : ik d built using
bul K and di st0B ca 1o e FRfEnfigE ALY GnTAH R 0L AMRAULER, e s
denonst r at ed pasnfaén, ovwsmaytbd sdvtathe semeABlusrfodald SimBisqutintec Adigmagivelyy menber
of which had, (i) a neasured HDHA conposition, (ii) a nmeasured assay, (iii)
a FTIR spectrumand (iv) other bul k properties (including APl gravity and
viscosity). A series of test runs (known as cross-validation runs) were
conducted by selectively renoving one grude at a tinme fromthe library and
treating it as a sanple of unknown conposition, in order to estimate its
conposition fromthe remaining 72 crudes using the procedure outlined
above. Each test run consisted of three steps. First, a blend of the 72
crudes was constructed that best matched the FTIR spectrum APl and
viscosity of the sanple renpved using the nethodol ogy of US 6,662116 and US
2006/ 0047444 Al . Next, the HD}-JA based conpositions of the 72 crudes were
bl ended in proportion of the blend suggested in the previous step to obtain
the "reference"” conposition. Finally, the synthesis algorithmwas applied

Y o " o



Tabl e 1 Conponent % Conponent % VEST TEXAS | NTERVEDI ATE 17.89 WEST
TEXAS SOUR 4. 63 MESA 30 13.59 ZAFI RO 2.4 ELK BASIN HEAVY 12.71 URALS 2. 21
MARGHAM CONDENGARE 040436 OSO CONDENSATE 2. 19 QATAR MARI NerfisOifs AWKl NS M X
1.88 SM LEY COLEVI LLE 7.36 SYNCRUDE 1. 86

since the SimDis data is least accurate near the initial boiling point and final
boiling point, the weights of temperatures that fall below some minimum cutoff
(e.g. 5% off) or above some maximum cutoff (e.g. 95% off) for the unknown
being analyzed may be set to zero so as to use only the more accurate SimDis
data. The value of « is determined by an optimization procedure designed to

maximize the accuracy of the reference HDHA. One such optimization

procedure is described in Appendix D.

[0064] Once the coefficients ¢, for the blend are calculated, the HDHA for
the unknown is estimated as the corresponding 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 ¢, 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 .
weight basis is required. If 4 is a vector of HDHA data for a reference sample,
then % can be converted from weight fraction (or percentage) to volume fraction'v
(or percentage) by dividing each element of / 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, e.g.



OSEBERG BLEND 6. 39 FORCADCS 1.55 M DALE 6.2 VASCONI A BLEND 0. 74

[ 0091] Figure 6 conpares the weights for the nodel of conposition calcul ated
fromthis bl eggedief-gr ence (y-axis, MOC predicted afternpghRRoddiin those
measured for the MSO Ednonton crude (x-axis, MOC actual wt% . Brown
(US200610047444 Al) defined a Fit Quality Ratio (FQR) as a neasure of how

wel | the spectmdsinaad@lentapd CbinPositioh. (0Tfeny tese propeivp®akdoesnire kprssedmat ched
by the cal cul ated blend, a value of less than 1 being very good fits,

bet ween 1 and t gen varyes LodigaldeSired vRaObethf i LS.
An FQR of 1. Of}&ggﬁglgﬁgilﬁg%@?(ﬁlgﬁﬂ}sg% xg‘r’rpiyﬁ?idi cating et hé brend IS ea
reasonably good match to the_ sanple being analyzed. In Figure ? t he

di agonal par i P§oRertidn thegri@daiange sohp it sy SERMREHE I RElFcrRE lyppR:7 1S

estimated by ste } r ' i-on t ur he fact
t hat nost Nm%é'bﬁn%%r‘{‘gr{ é‘nﬁ]fdgﬁe %gzae@‘;f%{]%@ﬁgr??}ey F%a@éhgﬂg%ee t he
ability of theefltidd kasegteblefReH RAnPuBQAr idifeBoly Ofr6@Pledsle luhfy'sSicdithértslant

mol ecul ar trends of the actual conposition in the reference. The

correl ation ceemposifiemior e sqsealatethéo mspsurepets epnduied Strseapiasced knewe. 9467.
Despite this g&%go feenent, properties calculated fromthe bl ended
reference MOS are not 'in conplete agreenent with those neasured. For
exanpl e, the APl ar.auj t I . : ce MXC is
i aner than t RDOSD. o6 OfSaRtictinGR < P habne g A8 R AR E e aeR e e
distillation estist@ine&iogtithézation psdtdéin] waepticireshaniodelxafeddmypasttionts t he

measured distillation (Figure 7 en circles). [0092] Figure 8 conpares the
wei ghts for tﬁéelﬂfﬁé‘émeé?“g?ﬁﬁ'gégf&%ci’r‘i‘a]é'f‘f’%lrpr%‘)f’é‘bl[sﬁgl§§}']rff’Hg%PrsoPF’ay bm) k
properties (ybﬁﬁﬁé)coh?créiﬁ'@.s ANIRRS UhBddinRint bihe VRONEREAROH BRocedudss (X- axis) .

The step 2 synthesis provides only marginal inprovinent in the correlation
coefficient (6u®edhveatibgituigmuhdtsiative poededutdn MbBhtbanasicbot| osel y mat ches

exact Ty wi ¢ n PP BRE go U AP EREGor &2 5n e Bttty 20 °°

distillation peedrivddcequette GO chghigesn iy Boddlageboypositibn bosvereasur ed dat a
(open circles). Figures 9-12 conpare fhe property values for the nodel of
conposi tion aft¢rationstalh belopapiceerihsdiglesancet ep 2 synthesis to bul k
properties (dash-dot |ines), step. 2 synthesis to distributed properties

; ddptimigalloopen circles. Since the

(solid Ii nes)a)t Reconeiliaiion bydeonstaing

bl ended refer i's ery good appraximation of the conposjtion, the

di stri but ed pﬁﬁgg}rti e %‘ﬁ!C9n§Wé¢dsCFH%§HF‘Tt§P"cﬁWOl?W§“§’§}nYVﬁé@irg%pwgié AW i n
Figures 9-12. FQimsfoA&ahcse kORI midi QRER Lhis weldhe bBrcBAl (W Flodxaglily f er ences
between the estinmate property distributions generated using this invention
(dash-dot | i ns Yesang fohnStep Teasdxtode @RaMen $et beskighepaterto{w} hhaeare
properties that are used as targets. However, for synthesis to distributed
targets (sol i midiinaby Yiffdrérd fomn thrae efltherrefseency, it satisitbtheirsoparorbalanees ar get

properties agree wth those.t neasured data. The.re nstrates how
t he synt hesi S(Eezifrlﬂb%abf)g?'olzo %‘? % geﬁfp?rﬁgg% Yarye ?e\?é}% ILgErr”% galhr{? ng the
correct strucles Bed, N6l cOpmsiationbalVRRtibeaINethod¥D, Chapter 1,

2009/ 051742PCT/ US2008/ 011796 Table 2 Actual Bl ended Reference Tuned to
Bul k Tar get s MgReaw-HBIONYC, 18pYotdefingd bys 08 30. 45 28.98 28.54 .SAT we/ 0

64. 4
N NP N
L=>w, *In(w, /w,.*)+Z/11[bj —Zaﬂwj)
i= j=1 i=1
4
[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

16



65.2 62.6 61.5 n-PAR wt % 12. 05 11.23 10.8 10.16 i-PAR Wt % 12.37 15.93 14.3
13.6 1-ring 19.04 20.2 18.75 18.61 2-ring 12.55 12.25 12.32 12.66 3-ring

5.74 4.41 4. 8Q0%fnsi 2.11 1.07 1.33 1.32 PCT/US2008/011796

reference weight percents {w, *} (see e.g. Cover, T. M. and J. A. Thomas,
“Elements of Information Theory”, p. 18. J. Wiley & Sons, 1991) 4, is the
Lagrangian multiplier of the j-th property balance constraint. NP is the total
number of property balances considered in reconciliation. N is the number of
molecular lumps in the model of composition. The Lagrangian L is minimized
when the following stationary conditions are satisfied:

&L_, 2L

: =0 for j=1,...,NP
ow oA

j

)

[0069] From 8L/ 04, = 0 we recover the linear property balance equations
N

b, = Za W, - We evaluate the functional derivative SL/w using calculus of
i=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+2aij1jj 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
Zaﬂw,"‘exp(—l+Zﬂ,{ak,.)=bj for j=1,...,NP
i=} k=1 (7)
[0071] We solve the nonlinear algebraic equations (7) on a digital computer

for the Lagrangian multipliers {1, } 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, }.

17



5-ring 0.5 0.12 0.16 0.16 6-ring 0.03 0.03 0.03 0.03 S W% 1.05 1.01 1.05
1.05 aliph S w%O0.33 0.32 0.33 0.33 tot N ppm 615.32 536.36 615.62 607.7
basic N ppm 183 ,4dhiB% 35 187.94 185.43 H2 Wt % 12. 81 12.,9/us2008/01179

[0072] In the above embodiment of the reconciliation algorithm, linear
property balance equations make the Lagrangian L (see Eqn. (4)) convex; i.e.

one and only set of weight percents {w,} both locally and globally minimize L

(see Ref. (see e.g. Cover, T. M. and J. A. Thomas, “Elements of Information
Theory”, p. 14. J. Wiley & Sons, 1991). Thus, linear property constraint
equations are preferred in the above embodiment of the reconciliation algorithm.
However, nonlinear property balances constraints may be used. In this

embodiment, the Lagrangian L reads
N NP
L= w*Inw,/w*+ Y 4,6, - 4,(wD) (Ta)
i=1 j=1

where the property function 4,({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/0A; =0 when imposed on the Lagrangian L shown in Eqn. (7a). Similarly,

the stationary solution condition 8L/&w = 0 reads
NP aA
w, = w, *exp| —1+z/1j—’— (7b)
= o,

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 &, = 4,({w,}) must be

18



12.75 12. 69 POLAR W % 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. 1ypRGh02D6 2.52 3.03 2.91 Ri(a70 PCT/US2008/011796

solved iteratively for both the unknown weight percents {w,}, and the
Lagrangian multipliers {1,}. Newton's method can comprise this iterative
scheme if the property balance functions 4,({w,}) are twice-differentiable with
respect to the weight percents w;, (see above). However, if the property
functions 4,({w,}) are nonlinear, the Lagrangian L shown in Eqn. (7a) may or

may not be convex, and multiple solutions to the unknown weight 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.c. the reconciled weight percents {w,} computed from the j-the
property balance become the reference weight percents {w, *} of the j+1-th

property balance. Below we describe weight percent adjustment formulae for a
scalar and distributed property targets, and the successive substitution 4

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 molecules, and equals zero for others.
Examples of simple ratio properties include elemental composition. For simple

ratio propert'ies, we combine the property balance with a total mass balance to

obtain:
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1.4703 1.4668 1.4716 1.473 %A 16.11 15.79 16.94 17.56 pour pt C 24.1 20.5
21.7 20.7 cloud pt C 31.8 30.8 30.4 29.7 freeze pt C 31.8 30.8 30.4 29.7

TAN ng/ g 0.2 Qo2ofdnd7$ 2 Exanple 2 [0093] A Brookl and crpgggisagoidnal yzed
relative to the 72 other reference crudes in the library. The blend

calculated fromStep 1 is shown in Table 3. Note in this case, the FQR
statistic is 2.43 indicating that, mecause of the snall library size, the
blend is not a good match t=thd grude bei ng f@nhal yzed. aps®Been in Fi gure
13, there is poorer agreement betweemw,the MOC wei ghts predicted fromthe
bl i nded reference (y-axis) and these nmeasured for the Brookl and crt(JéJI)e

[0076] Once we have adjusted (ratioed) the weight percents of molecules
that possess the simple ratio property j, we adjust the weights of the molecules

that do not possess this property:

100- > w,

W, =w, for a,=0
! ! *
PRZ
ay =0
€)
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,w, =b, .

i=]
[0078] The continuous factor ¢ takes a cubic polynomial in the property
value b:

d(b)= A,b> +4,b° + A;b+ A,
(10)
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(x-axis). The correlation coefficient is 0.9467. From Table 4, and Fi gures
14-17 conpare the properties calculated fromthe bl ended reference MOC
(Table 4, col ygn,3eaPh Figures 14-17 dashed lines) to theggrshRasYgd for

Br ookl and crudes (columm 2 and open circles). The nodel of composition for
the bl ended reference (curves) differs significantly fromthe actual
measured crudgodOf, pwe deetthiveltve four testmtoly, threugy apwith cheafotlosidgf i de
conponents. Table 3 Component cyo N' KOSSA 40. 99 MARGHAM CONDENSATE 34. 22
TENG Z 14. 82 TAmit®Igs:96 COOPER BASIN 1.01 [0094]Figures 18-19y show the
wei ghts for MOC results of step 2 synthesis to bulk and distributed
properties respectively. |n_bot e argets.4 n¢kuded gravi boi l'i ng
curve, sulfur, ali phaﬁy"é‘s%fﬁ?tfol?r&‘ﬁ‘?%f@f gﬁ] and %%’sTgﬁ%t rogen. (Eh{(lae)

synt hesi zed nodel s of conposition are nuch cl oser matches to the neasured
nodel of conposition, particularly with respect t@.,the aromatics and

sul fides. Figures 14- AVeEREAPRDSPECOYSURMI ct i nS X 6r¥Phe varidd® nodel s of
conposi tion (dashed curves for Step 1 MOC, dash-d&t curve for MOC after
Step 2 synt hegj ith I d curve for MOC after
Step 2 synt hez(?somths .é)?‘%‘}%%%@g%‘h%ré’%%éﬁ'?)gﬁﬁg‘%g’g?% Y6 those based on the
nmeasur ed nodel of conposition (open ci r%I es). Table 4 summarizes sone key
properties.. [0095] This exanple ill usadeafj-ea sthgf,  whil e the ref(ergnce

sel ection procedure may sonetines suffe@from | ack of adequate references
inthe FTIR-HDHA library, it can, with the synthesis procedure, stil
estimate the conposition to a reasonabl égdegr ee of accuracy. G ven the cost
of generating the MOC reference data,0+ht-satéxtignded appl i cabi l(l1g) i ncreases
the value of this two step procedure rel4tive to that of Step 1 (US

A 02 o SR T BB S B o 0

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

¢ =1+yAb,
_ (12)
N
jm Wi tay,
y=— i=1
Zaﬁw,. *Ab,
(13)
N , N )
* *
; ‘Z:l:aﬂw, 3(bmin,j +bmaxj) R ;anw:
ay, == 5 a; N
Zwi * Zw’ *
Ab, = ) (14)
Zaﬁwi *
+3(Bin; + b ))| @ —
2w

i=l

w, =w, *(1+yAb,) for i=1,...,N
(15)
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38.93 SAT W% 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 Napht henes 1-ring 23.06 23.79 24.49 24.94
2-ring 11.04 &b-650dkb12 11.94 WO 2009/ 051742PCT/ US2008/Q 44796011706

[0082] We avoid the occurrence of ¢<0 by restricting the property target

range (bmm‘ 2B ) If the actual target b,is outside this range, we approach this
target in multiple steps.

[0083] In the case of multiple average property targets, we may calculate
separate weight factors ¢, for each target property j. However, we have achieved
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 metho;i:

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 W, is measured at discrete boiling points. Also, we calculate the
distribution W, at the boiling points of each molecular lump. However, we may
interpolate between these discrete boiling points using smooth functions that
preserve the monotonically increasing nature of a cumulative weight

distribution. After this interpolation, we determine the target distribution ¥, as a
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3-ring 3.36 4.11 3.84 4.26 4-ring 0.41 0.76 0.72 0.87 5-ring 0.12 0.21 0.18
0.24 6-ring 0.060 0.030 0.020 0.020 S wt % 0.030 0.170 0.030 0.030 aliph S

Wt % 0. 010 0. 0R@ ,0fd394,0- 010 tot N ppm 53.330 144.070  peyyusaoosniirve

function of the calculated distribution W, at the same distillation boiling points
(see Figure 3). Finally, we calculate the factor ¢ = dW, /dW,, as a function of
boiling point (see Figure 4). We use the factor ¢ to adjust the reference weights

as follows:

_ 100w, "9(BE) o j=t,.. N (13)
Zw, *¢(BP))
=1

i

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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53.410 53.770 basic N ppm 18.840 36. 700 20.200 18.910 H2 wt % 14. 140 13. 740
14.170 14.040 POLAR wt % 0. 060 0.120 0.060 0.070 ARO+SUL wt % 11.27 17.77

11. 33 13. 34 AReLofndB8:9.- 36 7.18 8.06 ARC2 3.32 5.08 2. 7234506

used to estimate an aromatic carbon content target for the sample being

analyzed.

Examples 1 & 2

[0088] The current invention can be used to estimate a composition for a
crude oil, or distillation cuts thereof. In Step 1, the methodology of US
6,662116 and US 2006/0047444 Alis used to estimate a blend of reference
crudes for which models of composition have been measured. The blend of
these models of composition serves as a reference for subsequent synthesis in
Step 2. If the crude oil being analyzed is one for which crude assay data was
either measured, or estimated using the methods of US 6,662116 or US
2006/0047444 Al, 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
point) rather than bulk targets (properties of the whole sample). Examples 1 ana

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 outlined 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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1.31 2.15 1.09 1.35 ARC4 0.4 0.73 0.27 0.36 RI(.70 1.4384 1.4448 1.4377
1.4405 %CA 5.45 9.16 4.95 5.99 pour pt C 35.3 16.4 24.5 21.6 cloud pt C
57.3 38.8 43. gohhwhsiieeze pt C 57.3 38.8 43.5 PCT/US2008/011796

targets of the removed sample, such as gravity (API or specific), the boiling
curve, nitrogen, basic nitrogen, sulfur and aliphatic sulfur. The estimated

composition was then compared to the actual measured composition available

from the removed sample's HDHA.

Example |

[0090] An MSO Edmonton crude oil was analyzed using the method of this
invention relative to the remaining 72 crudes in the library. In the first step, the
spectrum, API gravity and viscosity of the crude oil are used as inputs, and the

method of US 6,662116 is used to calculate a blended reference. The blend

recipe is shown in Table 1.

Table 1

Component % Component %
WEST TEXAS 17.89 | WEST TEXAS 463
INTERMEDIATE SOUR

MESA 30 . 13.59 | ZAFIRO 2.4
ELK BASIN HEAVY 12.71 | URALS 2.21
MARGHAM CONDENSATE 10.36 | OSO 219

CONDENSATE
QATAR MARINE 8.05 | HAWKINS MIX 1.88
SMILEY COLEVILLE 7.36 | SYNCRUDE 1.86
OSEBERG BLEND 6.39 | FORCADOS 155
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
FQR 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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0.14 Hydrocrackate 12.00 Hydrocrackate 18.00 Hydrocrackate 35. 44
Hydr ocrackate 3.73 Hydrocrackate 25.28 Hydrocrackate 3.30 Coker Gas Q|

0. 12 FCC Feedw@ ke ocracker Feed 0.34 Crude Vacuum Gag,usSdosoQres4 Lubes

Extract 0.08 Table 6 Actual Step 1 Blended Reference Step 2 Tuned to Bul k
Targets APl 27.6
Table 2
Actual Blended Tuned to Bulk Tuned to Dist
Reference Targets Targets
API| 28.98 30.45 28.98 28.54
SAT wt% 64.4 66.2 62.6 61.5
n-PAR wt% 12.06 11.23 10.8 10.16
i-PAR wt% 12.37 15.93 14.3 13.6
1-ring 19.04 20.2 18.75 18.61
2-ring 12.65 12.25 12.32 12.66
3-ring 5.74 4.41 4.89 5
4-ring 2.1 1.07 1.33 1.32
5-ring 0.5 0.12 0.16 0.16
6-ring 0.03 0.03 0.03 0.03
S wt% 1.05 1.01 1.05 1.05
aliph S wt% 0.33 0.32 0.33 0.33
tot N ppm 615.32 536.36 6156.62 607.7
basic N ppm 187.14 187.35 187.94 185.43
H2 wt% 12.81 12.9 12.75 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 16.79 16.94 17.56
pour pt C 24.1 20.5 21.7 20.7
cloud ptC 31.8 30.8 30.4 29.7
freeze pt C 31.8 30.8 30.4 29.7
TAN mglg 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 FOR statistic is 2.43 indicating that, because of the small

library size, the 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 blended 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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27.8 27.6 SAT wt % 70. 16 69.87 69.77 Total Paraffins 17.31 18.4 18. 24 Tot al
Napht henes 52.86 51.44 51.51 Total Aromatics 29.84 30.15 30.25 S wt % 0. 00

0.00 0.00 ali g ,50k%0- 00 0.00 0.00 tot N ppm 19 34 38 JagisedhRRM 5 10

particularly in terms of the aromatic and sulfide components.

Table 3

Component %
N"KOSSA 40.99
MARGHAM 34.22
CONDENSATE

TENGIZ 14.82
TAPIS 8.96
COOPER BASIN 1.01

[0094] Figures 18-19y show the weights for MOC results of step 2
synthesis to bulk and distributed properties respectively. In both cases, targets
included gravity, boiling curve, sulfur, aliphatic sulfur, nitrogen and basic
nitrogen. The synthesized models of coxﬁposition 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

APl 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 wit% 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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11 ARC1l 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 PCLAR wt % 0.87 0.32 0.35 SinD st D2887 | BP 529 510 517 10% O f

30% O f 610 688 2000051742 PCT/US2008/011796
3ring |  3.36 411 3.84 4.26
4-ring 0.41 0.76 0.72 0.87
5-ring 0.12 0.21 0.18 0.24
6-ring 0.060 0.030 0.020 0.020
S wit% 0.030 0.170 0.030 0.030
aliph S wt% 0.010 0.050 0.010 0.010
tot N ppm 53.330 144.070 53.410 53.770
basic N ppm 18.840 36.700 20.200 18.910
H2 wt% 14.140 13.740 14.170 14.040
POLAR wit% 0.060 0.120 0.060 0.070
ARO+SUL 11.27 17.77 11.33 13.34
wt%
ARCH1 6.13 9.36 7.18 8.06
ARC2 3.32 5.08 2.72 3.47
ARC3 1.31 2.15 1.09 1.35
ARC4 0.4 0.73 0.27 0.36
Ri@70 1.4384 1.4448 1.4377 1.4405
%CA 5.45 9.16 4.95 5.99
pour ptC 35.3 16.4 245 21.6
cloud pt C 57.3 38.8 43.5 41.6
freeze pt C 57.3 38.8 43.5 41.6
TAN mg/g 0 0.1 0 0
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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604 685 609 689 50% O f 751 747 751 70% OFf 815 811 815 90% O f 902 899
903 EP 1018 1012 1013 Exanple 4 [00991A MLOO gas oil was anal yzed usi ng

the IRonly np@egoi7st ep 1, the spectrum of the gas oi lpcwasdbbiidg a bl end
of the spectra of 23 references. The FQR for the fit was 0.96 indicating
that the blend is a good match to the functionality of the sanple. However,
since the IR icqin@peowsirdays inahsB 13ne2060.60he candA6 3681 (P88 4 ¢é rareker ence

conposition that is estimated differs significantly Jrogn },he nmeasur ed
conposi tion f dfasyRbusgdSinge the absprbancesip fiose pnges opedsddne ipeaArdpIPPnis) ter ns

of boiling poifH,-Frdild FPYR dBR AT Bif-8ndRe 240502864 4 E}nﬂ%hngé'@?r%ﬂ&ruse@nce

this reference conposition 1s synthesized to APl gravity, Si s and sul fur
targets in Stepawid iterfastdestfitondatnmsplosict dadron dioxide,od dlatagredem®25.7Wi t h t he
measur ed conposijtion as shown in Fi gur.e 4. .The dt;lgs?' kl at Lon (ﬁsti mat ed from
the 2nd step KAC YRl PEFIRscayseafpqor TignAl-noli nGar BE Sk SEEMPRM h t hat
nmeasur ed (opeQuiekf. CiRSpectriRere\WRthdbSihliREPfRsHdE [thedivatedd @agdtrandNiquidivent i on
clearly provides a superior MOC relative to the one derived fromthe

bl ended r ef er &tss carrestions Fu¢ssribed inc§ 416621kl EnThe &t wps abtmned ysigg Ref er ence

IRy Step 2ot Raillud@i5idnt TPt e BRERIE nEHlE#ToRL er ence

spectrum of the unknown was augmented with volumetrically blendable data for
API (specific) gravity, SimDis and sulfur, and fit as a linear combination of
reference spectra which are similarly augmented. SimDis data was converted to
wt% evaporated 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 data{
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 reference 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, giving 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
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|R-Bulk Step 2 Tuned to Bul k Targets APl 23.8 23.7 23.8 23.6 23.8 SAT wt %
54.17 50.43 52.74 57.79 58.46 Total Paraffins 26.71 21.68 23.15 23.71 24.21

Total Napht heggs,Ris@48 28. 73 29.58 33.86 34.03 Total Ar ' 3 49. 6
47 57 4 43 4TORPhsli, Vs B rerof

Figure21. Note that since the sample contains no sulfur, sulfur did not need to

be used as a target in the tuning process.

Table 5: Blend for IR-Only Analysis of Hydrocracker Product

Volume
Component Percent
Coker Naphtha 0.07
Diesel Fuel 1.08
Gofinate 0.14
Hydrocrackate 12.00
Hydrocrackate 18.00
Hydrocrackate 35.44
Hydrocrackate 3.73
Hydrocrackate 25.28
Hydrocrackate 3.30
Coker Gas Oil 0.12
FCC Feed 0.30
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 Buik
Targets
API 276 27.8 276
SAT wt% 70.16 69.87 69.77
Total 17.31 18.4 18.24
Paraffins
Total 52.86 51.44 51.61
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
ARCA1 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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1.56 1.48 1.56 1.49 1.56 aliph S W% 0.49 0.52 0.57 0.40 0.41 tot N ppm
1197 1139 1150 991 929 basic N PPm 359 333 281 257 231 ARCl 17.97 20.13

19.66 16.52 1Go3deonsABC2 14. 59 PCT/US2008/011796
50% Off 751 747 751
70% Off 815 811 815
90% Off 902 899 903
EP 1018 1012 1013
Example 4

[0099] A M100 gas oil was analyzed using the IR-only mode. In Step 1, the
spectrum of the gas oil was fit as a blend of the spectra of 23 references. The
FQR for the fit was 0.96 indicating that the blend is a good match to the
functionality of the sample. However, since the IR is not overly sensitive to
molecular weight, the reference composition that is estimated differs
significantly from the measured composition for the gas oil (Table 7 and Figure
23), particularly in terms of boiling point distribution (Figure 25, dash-dot line).
However, 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 23.8 237 238 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 4583 496 47.27 42.43 4176
Aromatics
S wi% 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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15.11 14.02 11.88 11.85 ARC3 6.12 7.05 6.96 5.89 5.91 ARCA 3.48 3.67 3.67

4.97 4.85 POLAR Wt % 3. 67 6.61 2.96 2.95 2.62 SinDi st D2887 | BP 633 407
498 611 WO 2009/051742 PCT/US2008/011796
ARC2 14.59 15.11 14.02 11.88 11.85
ARC3 6.12 7.05 6.96 5.89 5.91
ARC4 3.48 3.67 3.67 4.97 4.85
POLAR 3.67 6.61 2.96 2.95 2.62
wt%
SimDist
D2887
1BP 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] A vacuum gas oil was analyzed using the IR-only mode, yielding
from Step 1 a blend of blend of 25 references and an FQR of 2.26. The high
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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624 10% OFf 728 660 729 719 728 30% O f 776 749 776 771 776 50% O'f 806 805
806 804 806 70% O'f 836 865 836 836 836 90% O'f 869 956 968 878 868 EP 963

WO 2009/051742 PCT/US2008/011796

Again, the two step procedure of the current invention produces a significantly

better MOC than the one step blended reference.

Table 8
Actual IR-Only IR-Only
Step 1 Step 2
Blended Tuned
Reference | to Bulk
Targets
AP! 23.6 245 23.6
SAT wt% 56.78 56.38 55.97
Total Paraffins 32.51 29.01 30.3
Total 23.34 26.77 25.32
Naphthenes
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 146 139 155
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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1072 1016 988 951 Exanple 5 [00100] The sanme gas oil from Exanple 4 was
anal yzed using the IR-Bulk node, wherein the FT-1R spectrum was augnented
w th API gravh,to)é eas¥ s and sul fur. A blend of 12 ref engpgls0¥fswgbt ai ned,
the FQR for the ?It of 0.95 indicating a good match to the conposition.
Wth the use of these bulk properties in the blend cal culation, the

nol ecul ar wei goltifitdt folthhomeRurddi A fi@firs Sep @ syntesiSisgerforined asingch bet t er

match to that neasured for the gas oil as shown in-Table 7 g% b?s
conpari son of Aflgedty2 8irBismpngspuas targgts, @ﬁée%ﬁ?tms’é’@ﬁg lePshdar ¢ er

Step 2 is agaig_ i r. | 8owioheigegas oil
(Figure27). &Fg%%%eg%ﬁfho%%dﬂ %vgca%é%%gggagpmwsﬁanal yzgd using the
| R-only node, yielding fromStep 1 a by f blend of 25 references and an
FQR of 2.26. The high FQR val ue indicates that the gas oil is fairly

dissimlar to the references in the |Abrary R-Beid i |WRfB4kt [t he reference
conmposi tion agrees poorly with the mpasured S&B{rjmos ®Hh (Table 8 and
Figure28). The Step 2 synthesis is p rformzcif@gngg téf@ﬁ,kg avity, SinDi s and
Sul fur targets to give the conpositign shown I n Taptsge® and Figure 29.
Despite the rel ativel g *s-)%es zeg—conposition is in
rel gti vel y good agree?/relr[])t Aflth the mpasifPéd ¢ ot ;{%zr rrRgai n, the two
step procedure of the currstfﬁtw%nvpm'nnezr??rmmﬁiosa <B4 /8 icantly better MOC
than the one step bl ended PEtRyfEe | TANE s A0 28/ tnly Step 1 Bl ended
Reference IR-Only Step 2 K‘Z‘éﬁ&n;g Bul k “PdPget s4§8 | 23%984p4.5 23.6 SAT wt %
56. 78 56. 38 55.97 Tot al "TotélAreré}ics’T)’Z 5137%‘3‘. o+ §5"}20’3 Fotgé1 Napht henes 23. 34
S wt% 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 1827 17.39
ARC2 15.22 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

Coo
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26.77 25.32 Total Aromatics 44.15 44.22 44.38 S W% 1.36 1.25 1.36 aliph S
W% 0.24 0.20 0.20 tot N ppm 639 756 951 basic N ppm 146 139 155 ARCl 12.9

15.48 13.38 ARB20ndsl0.08 9.70 ARC3 9.32 6.82 PCT/US2008/011796

side chains of differing carbon number, arrangement and branching patterns.
Figure 34 shows the aromatic core structures for sample homologous series of

benzene, naphthalene, fluorene, and dibenzothiophene.

[00104] It is convenient to organize hydrocarbon homologous series by
hydrogen deficiency. Hydrogen deficiency can be organized into 14 classes (the

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

[00105] The x-class is the remainder of the "nominal” molecular weight
divided by 14. By convention the values -12, -13, -14 are replaced with 2 1 0 so
x-class runs from -11 to 2. Although several homologous series present in
petroleum 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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7.95 ARC4 8.59 7.72 9.45 POLAR wt % 3. 31 3.52 3.55 SinDi st D2887 | BP 563
261 409 10% O f 680 594 680 30% O f 754 722 754 50% O f 807 826 807 70% O f

873 910 874 o 2009/051742 PCT/US2008/011796

1 ring aromatic molecules

[00108]  Figure 36 shows I ring aromatic cores arranged by x-class. Preferred
structures are in bold. Some of these cores actually contain two aromatic rings
separated by naphthenic rings or alkyl chains (x-class -4, -2, 0 in Figure 36) but
are predominantly 1 ring in character. The alternate structures in x-class -4, -2, 0
have 4, 5 and 6 naphthenic rings, and are rare in petroleum. In the model-of-
composition, thiophene is equivalent to an aromatic ring. Thiophenes (x-class -4,

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

thermal or catalytic cracking.

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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90% OFf 983 978 983 EP 1100 1071 1092 Exanple 7 1001021A diesel fuel was
anal yzed using the IR-Bul k node with the FT-IR spectrum augnented with API
gravity, SinmDyg.aRdssw fur. A blend of 14 references is pgqhQsthaghs9i Vi ng
an FQR of 1.07. The fact that the FQR value is greater than 1 iﬁdigates
that the diesel fuel is somewhat different than reference sanples in the

I :c br ﬁry, sof t IEakh b thesaldX-dasswopasiohiaima aanbadic higrogert grvag (Wét1). kstha bl end

of these references, As seen in Table 9 and Figures 31 and 33, t

mol ecul ar wei GHACHPSEPMBRATHYH 2 [RRCTRRUS Tiple ‘ﬁF% %T‘ Vet“l‘?@'bfaélFé’r’té‘?ﬁ;eé‘qglfeend from
Step 1 is dififgrantabhait ERRhcE8srAttrubut@hal86nSbeivodhiphbmiesi s i s
performed using API” gravity, SinDis and sulfur as targets, the resultant
conposi ti on ( Falfiregroupsn @Th&Ehguokegodoseaiss c@Bining henzepywencprescirediessit h t hat
whi ch was neasured. . Table 9 Actual IR Bulk Step 1 Bl ended Reference
IR-Bulk Step 2 é&e{‘?c?@ﬁi”i?“‘?’a?%‘gtf’étcﬂﬁm"fﬁf‘n 29.4 29.4 SAT Wt % 62. 37 65.06

64. 78 Total Paraffins 20.25 24.01 24.57 Total Naphthenes
Sulfide molecules

[00112]  Sulfide molecules contain aliphatic sulfur, but they have neither
oxygen nor nitrogen. The cores shown in Figure 40 have x-classes that take the
even integers -10, -8, -6, -4, -2, 0, 2. Preferred structures are in bold. Alkyl
sulfides (x-class -8), and benzyl sulfides (x-class -2) are not preferred because
they are rare in petroleum. Sulfide cores in the model-of-composition have either
one or aliphatic sulfur groups. Some of these cores contain only aliphatic carbon;

others contain both aliphatic and aromatic carbon.

Polar molecules

[00113]  Polar cores shown in Figure 41 are organized into even X-élass 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 (ﬁot
shown) are less abundant in petroleum thén 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
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42.12 40.80 39.94 Total Aromatics 37.63 35.20 35.49 S wt % 1.37 1.08 1.37
aliph S w%O0.55 0.34 0.43 tot N ppm 190 204 194 basic N ppm 73 91 88 ARCL

18.27 18.27 1§03%0ARG2 15.22 13.01 12.73 ARC3 3.29 PCTIUS2008/011796

corresponding saturates core. Similarly, we could removed two hydrogen atoms
' from eachof selected 1 ring aromatic cores (see Figure 36, and from 2 ring
aromatic cores (see Figure 37) to create olefin cores. Thiophenes (see second
row of Figure 42) are created by removing four hydrogen atoms from
tetrahydrothiophene cores (see Figure 40). Olefin cores containing more than
one double bond, e.g. diolefins, are not preferred in the model-of-composition.

Such molecules tend to be highly reactive and are therefore rare in petroleum.

Appendix B: Analysis of Petroleum

[00115]  The petroleum industfy analyzes complex hydrocarbon mixtures
using a wide variety of techniques. In this appendix, we focus attention on
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 diagram of the analytical protocol for a petroleum gasoil appears in  ~

Figure 43.

Liquid Chromatography (L.C)

[00116]  Multiple liquid chromatography (L.C) 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 fraction is eluted from the si!ica gel column by injecting a suitable
solvent. Th,e(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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3.67 3.94 ARC4 0.53 0.49 0.49 POLAR mt % 0.32 0.65 0.68 SinD st D2887 | BP
253 316 317 10% O'f 485 481 485 30% OFf 583 584 588 50% O'f 629 619 629 70%

O f 665 646 w0 20001051742 PCT/US2008/011796

[00117]  The LC separations described above allow us to material balance the
model-of-composition according to molecular groups discussed above. Also, we

analyze each fraction collected from these separations with techniques described

below.

Analyzing Saturate Fractions

[00118] We analyze saturate fractions with gas chromatography (GC)
combined with mass spectrometry (GC/MS) to measure distributions of
molecules by molecular weight (and x-class) by boiling point. In saturate
molecules, x-class identifies the number of naphthenic rings per molecule (see
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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666 90% OFf 711 712 711 EP 811 833 834 Appendix A: Organi zing the

Model - of - Conposi ti on [001031The nodel -

of -conposition is organized initially

into four majQp.8RAkRs: saturates, aromatics, sulfides ggRds1798! ecul es.
Oefins are rare 1n crude petroleum but are generated in refining

processes that involve thernal
maj or group. Wthin each major group,

or catalytic cracking and conprise a fifth

we organi ze nol ecul es by honol ogous

series. A honolgggus ser|gs |is p|npliecul ar group that shares the sane
chem cal structyf® (core),| b has|.gdl kyl side chains of differing carbon
nunber, arrangéend@git and prlanching pdtterns. Figure 34 shows the aromatic
core structures |far slanpl § honol agpus|seri es of benzene, napht hal ene,
fl uorene, and dibgnzot hi apheg<e>.< [o:ggo4]u is convenient to organize
hydr ocar bon ho ggous ser|i es{by |hydr pgen defici ency. Hydrogen defi ci ency
can be organi zed,1|nt o I4] dl dsses [(ffHejpri mary x-classes) according to the
formula: x - clasqd = |(-18) +><nroF(l\/W14) .Al. [00105] The x-class is the
remai nder of thé” "noni nal " nol ejcylar i ght divided by 14. By convention
the values -12| 443, |-14 arexr\g‘Ed apgd|with 2 1 0 so x-class runs from-11
to 2. Although| skveral—hprolegous—sartes present in petrol eum share the
same x-cl ass, 5}“ molecu| gs vﬁjtm n>¢ach honol ogous series share the sane
x-cl ass becausg/dtre-otecygtarweirgnt—pf] a - CH2- group is 14. Saturate
Mol ecul es [ 181%_"55at dr at e |myPec|tfii e8%{cpntain only aliphatic carbons and
hydr ogen antheﬁ_r X-lcl asgeq. t ake kLhelgven integers -12, -10, -8, -6, -4,
-2, 0 2. Fi Gliir e 3% show sa .T<= saturatgs arranged by x-class. Reading from
right to lefj fhe|noliecul es|afg O Fijng |saturates, 1 ring saturates, 2 ring
saturates etg.| Notkcg that therleiase Eny simlar (but related) nolecules
present in é&hch|xqclass.| These mplequ|l gs are structural isomers sharing the
identical megs| ang—often—yeryrdiffiqurt to identify analytically in the
conpl ex m x E A ragpresgntiatijg jstirugture in each x-class (sonetinmes nore
t han one) tmen Becomgs the nodel {of {cprposition. The preferred structures
are shown i oA omgti T {vphetul&si {{00107] Aromat i ¢ nol ecul es have carbon
atons in ar & |Xi ngs.| Aranptfi ¢ pPKegul es found in petrol eum often
contain sul fg ant—nRgn-—basi-g—pHt ¢r—{- NH) groups. W have organi zed
aromati ¢ nokgecul es by riing glags) jiJel (1, 2, 3 and 4+. 1 ring aromatic
nol ecul es [ @108] Fi gure |36 shpws|{l nipg aromatic cores arranged by x-cl ass.
Preferred st ucturies |arg iinbelid] Sose jof these cores actually contain two
aromatic riggs searated b §§1§ph1 hémtc [rings or alkyl chains (x-class -4,
-2, 0in Figurle 3 hut |a e‘gj’i)rged)nqﬁméritly 1 ring in character. The
alternate sf{uétur®es |§n x{clfEy 148|1¢@| 0 have 4, 5 and 6 naphthenic rings,
and are rare i|l pédras e dbhtiBE Foolél - of conposi tion, thiophene is
equi val ent to (an %or@t@@ﬁlﬂ@g@w%@@enes (x-class -4, -2, 0) are rare in
crude petrol eym Hut %regﬁ%?;i@géfé@i ng processes that involve thernal or
catal ytic cradking@ 28riBeg %3 @rrggg allecul es [00109] Two ring aromatic
cores shown in Fi ¢furet 37282 [3xE @1|assis that take the even integers -10,
-8, -6, -4, -27 0 2] Threejof [the prieflerred structures shown in bold are
benzot hi ophengg (k-clasges 110, 8, [-6). I n the nodel -of -conposition, a
t hi ophene groyg is dui val ent| tlo| gn| agomatic ring. Ml ecul es containing the
benzot hi opheng§cof 3 *gg(-c,,as;s‘,,-@g n gé‘gure 37) are nmuch nore conmon in
petrol eum t hanf"t h:‘éﬁ;@:@iﬁ 8 BeE |25 & @referred structure,
phenyl napht hallene[” Bi‘phehl Fclédel [fiE8lass -2) are nore abundant in
petrol eum t harj;&r g tetrahydropheadnt hrene cores. However, in hydroprocessed
petrol eum st rqafs|& et r ahytl ophep@nEbr enes are nore abundant than are
bi phenyl s. B lE 82 5§ |22

82 |2 3 g3 |M°

~a [O g zg¢

41



3 ring aromatic nol ecul es [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 benzot hi ophgasglXed asses -2,0,2), abundant in petr oly4bs:0d8Y 8796
three-ring aromati c character. Phenant hrene and ant hracene (x-class -4) are

both three-ring aromatics. Phenathrene is common in petrol eum anthracene
is conmon in HOAL9] 4 Allmpraebimex pasafifios écibe sefal wopie e cplleriedindhat i ¢ cores

shown in Figure 39 haye xscl es t.hat .te j =10, -8, -6,
4, -2, 0, 2, sy etfﬂaemgra»ﬁfﬁen@i%ne%%&?%ff Badé?afhgse ar-%wl-lg{&&g@{d%m Each of the
odd X-cl ass ceagity kienfiBédbypGoSiidely wei itlemifie mogoanghytpdraffins by at he

nodel - of - conposi tion, all aromatic nol eru{)es tegat ve non-lbas C nitrogen
take four ri ngfoRFEfARLFE applypis cgcbpiquedviglty ragfl} FRLHEES Ve Bie” or two

t hi opheni ¢ s Uéakg§te9ﬁa|aages 0 E@r tﬂm%rﬂgi%ﬁ?d $8hb-Bfetis Padifithg) WREAZOPY T ene
cores (x-class i'ncludes benzo(a)pyrene, a potéent carcinogen. Sulfide

mol ecul es [ 00hageSalrésodencedfNAER) meastiestthe phemdicalishifiscofdiydfagen (Hut t hey have

nei t her oxyg r nitrogen. s shown in Figure .40 have x-cl asses
that take thMrﬁ’ricﬁ’i 85%?@5@%%%& Eeﬁ?ec-t%fthﬁg%fpdlﬁgef erred structures
are in bold. &Nvishmestsfindetirdt¥ ntdl@stes; BYNMROIchbuneay frastidd bOiggirggencl ass - 2)
are not preferred because they are rare _in petroleum Sulfide cores in the

model - of - conpatems iromethxl es. sathdencogreursy Thps, PRYR revealy g aveage fesresSome of
t hese cores ¢ [ JQ]FQQ ]k i al i phatic
and aromatic @%&%{Sﬁfr’%&;ﬁ gr?d lém e dﬁ*f@g?%@ﬁ@ﬁf@f%fﬁ%%ﬁ@ﬂﬁg%@ n Figure 41

areI orgagi zed iqto eveg X cl .ac'lds P(ré l%,ns-& -6, -4, -2, 05 2), andf odﬂ
-cl ass asicﬁ%@%%%@mm—, =7, - 5, -3, -1, 1). Some of the
acid cores included in the nodel -of-conposition contain aliphatic sulfur.
Ot her pol ar detRMat esAramagic aidosigotlessdrastiony prorared By L&otcPaYRR) are | ess
abundant in netf.ol SRR RiAEn ARIAZ DR MRLoRPREMerbRrd Aibject

nodel -of-corrp05|f| on. AT "OaE%-Cl ass cores contain one basi ¢ Itrogen
group. A efi ngoramit drit phelas’Srdions v 4d ahlyticalnmotobolothhtediéesdr@s tidtown i n
Figure 42 have x-cl agses tteat 1:t,ake ge even integers -10, -8, -6, -4, -2,
0, 2. A efin *d8efurate Bpsians %ré&urﬁaé ar in Figure 66; preferred structures
are in bold. W have added a double bond to each of the preferred saturate
cores (see stlPURXIIr esWeofmeasungrtee 98furcontgnteefithe atpmaicdtacHorandofithe t he top

row of Figure.42. The formati.on of each I l olefin
requires the rwg%ﬁﬁ?rafﬁ?oqsv?\é' %gfaﬁf eec(ﬁma egﬁi&%{ﬁ%%?%?hgﬁlﬁ_ﬁgizslgﬂrg Q%ach of

t hese nono- olighiomatiemesletied WRohdasic] didlis toadenthtet ietheclar rigs plassdi ng
saturates core. Simlarly, we_ could renpved two hydrogﬁ‘n _ﬁto from each of
sel ected 1 riffgtian-oRati¢ pitrogeris quasentratesl indhgpolan factiqng Kinki ?Fﬂ‘g‘“ar omatic
cores (see Fi ; : ok I ] : cond row of
Flgure 42y arararodit il ABRTkiel fifuephiuol g IaRh i onen €

t et r ahydr ot hippphlenas.doueet® nisesenksi lgwerabi@yland@ refalive tosuwbBircwadaingt ng nor e

t han one doubl.e bond, e.g. .diolefins re not preferyed.in. the

model - of - comBBETPY tSHﬁe%H%H“Weé’c?ﬂnéeéﬁ f’g?ﬁ?n‘{a C%gr 'ﬂ?%ﬁlfajg/s frréeéz;lg%'?'ve and are
therefore rangtdd, petnicdkeidthe ARASARDI'SBiitrégk dmieht ) chahilohiiesednd®115] The
petrol eum i ndustry anal yzes conpl ex hydrocarbon m xtures using a w de

vari ety of t@ehhpdeBiogemcompRt bydietiopseenkabioBLy: attention on anal yti cal

t echni ques that enabl:e us to build nodel s-of -conposition (see sumary in
Tabl e B1). WOM23LusTherraalyticalanpiogelder prpmatis rpegdess faglens i@cgesi st ent

with the nmod e’ﬁmréﬁgf@%ﬁlesf WP stufaF g(?lﬁ%rﬁ?géeqﬂ%@ﬂg(ﬁ7 .tW%&EEﬁeQBécussed above.

A ej agr am of e anal'ytical ‘protoc or a peétrol éum gasoll appears in

Fi gure 43. Linguéctldtiweigtat(agt aohags (diGyibhtdets 6 M sioplaticIringslabs dfacoomt ogr aphy
(LC) separations, conprise the first st in.th | ytical protocol (see
i gure 67) . PRACUERBIaon anasa sarekostom il BISk: Srar BLS rOmAEREle  de, and
pol ar fracti gfsnd Bnlchehts Tom hontRRIMALONE WitE Friniiedl €on frAgmemARE 1 S

di ssolved in a solvent and added to two stacked LC col unms consi sting of
silica gel or other suitable agent. Neither colum retains the saturate
fraction, which is collected first. The first columm retains the aromatics
and polars fractions. The second colump retains the sulfide fraction. The
aromatic fraction is eluted fromthe silica gel colum by injecting a
suitabl e solvent. The polars is eluted by methanol. The sulfide fraction is
eluted fromthe second colum with a m xture of nethanol 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 thi ophenes is also

coll ected. WD 2009/051742PCT/ US2008/ 011796 [00117] The LC separati ons
descri bed above allow us to material bal ance the nodel - of -conposition
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unlike EI-MS used in saturate fraction GC/MS analysis (see above). Because
FIMS measures x-class distributions, the technique can distinguish between
even x-class molecules, and odd x-class molecules present in the 4+ ring class
fraction (see Figure 43). H-NMR counts the fraction of protons in methyl
groups, methylene groups, and in aromatic rings within each ring class fraction.
For samples where olefinic molecules co-elute with ring class fractions
prepared by LC, H-NMR also counts the fraction of protons in olefiinic bonds.

In ring class 3 and 4+ fractions, H-NMR also counts the fraction of protons in

bay regions.

Analyzing Sulfide Fractions

[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,iand 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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Appendix C: Normalizing Analytical Protocols to the Model-of-
Composition

[00126] Once we have analyzed a gasoil sample by the protocol described
in Appendix B, the model-of-composition must be reconciled to all
measurements in the analytical protocol. In particular, the model-of-
composition must reproduce all measurements in the analytical protocol as
closely as possible, and at the same time satisfy a set of property balances, e.g.
mass and elemental composition. We call this reconciliation procedure
normalization. The mathematics of normalization is a constrained optimization
problem: we optimize the model-of-composition's fidelity to the test results of
the analytical protocol subject to the property balance constraints. The model-
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 molecular lump {w,} , where the index i =1,2,..., N, the total number of
molecular lumps is N, and the units of the abundance 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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I= ﬁw, *In(w, /w,*)
N 1
[00129] The properties we force the model-of-composition to balance
include mass, e.g. total sample weight, LC or SFC fraction weights (see Table
B1). These properties also include elemental composition e.g. sulfur, nitrogen
content, weight or mole percent total hydrogen, or hydrogen of prescribed
chemical shift, etc. These properties are constant for each molecular lump.

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

{wi }

a,w,=b, for j=L2,...,NP

Jii

M-

Il
—

(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
LEZW,- *In(w, /w,.*)+z;/lj(bj —Zaj,.wj)
i= j=

i=1

(C3)

that satisfies
oL _, oL _

, 0 for j=1,...,NP
ow 04,

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

Equation (C2). From 8L /84, = 0 we recover the constraint Equations (C2). We
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evaluate the functional derivative &L/ &wusing calculus of 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 (C3), the

stationary solution is

NP
wi=w,*exp(—l+2aylj) fori=1..,N
=1
(C4)
[00131] Next, we substitute the stationary solution (C4) into the constraint

Equations (C2) and eliminate the unknown weight percents {w, }:

N NP
Za.,.wi*exp(~l+2/l,‘aki)=bj for j=1,...,NP
i=1 k=1

(C3)

[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-CS5) is under-constrained.
Newton's method solution of the nonlinear equation system (C35) for the
Lagrangian multipliers {4, } 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 solﬁtion (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 (CS5) to read

16
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where the softness parameter f, > 0 for soft constraints, and f, =0 for hard

constraints.

Reference Model-of-Composition

[00134] The analytical test results we use to set the reference weights {w,. *}

in a gasoil's model-of-composition are summarized in Table C1. Each
molecular lump in the model-of-composition is of known molecular weight

(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 monomethy! 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 spectrometry methods used in model-of-
compositionnvdevelopment are capable of xheasuring 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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LC fraction containing olefins and thiophenes is recovered (not shown in

Fi gure 67).

We anal yze these fractions with a protocol
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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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(C4) and obtain the weight percents of the normalized nodel - of -conposition
{w, 1. [00133] Werha %( : i j ; (C5), the
normal i zed We!pg fbr]per'ben %hf){)él)\lﬁ/@ﬁg e%ﬂ???ﬁgédfh#&rﬁgénsa%qua diaigflrllﬁ?dlctzg)lﬁgsnati sfy the
property bal atatistiGpuahiaptie doG2lativo creffiviant (qu) ecihsibimalid¢an digtamdet(¢). t he
measured val ue of each property, b , ha ncertai nty. due to measurenent
error. V\hereIfﬁésa%‘ﬁlnéﬁ‘é‘l‘fﬁdz"’rmé%‘sveﬁ?oé(g’ltSﬁreFIieé‘é?ﬁg,anpl‘fb‘SptﬁSperty bal ances
(C2) shoul d herreshlinCRARMIRIDEA JQGCHAMRAA R AR coEARKNt BERES 1 n the
normal i zati on al dori tnlgm we have heuristically nodified Equation (C5) to
read NP a wigivend®yp(-1+ E Aka ki) b exp(-4 Al ) for j 1, . , NP k=1 (C8)
where the softness parameter f, > 0 fqr soft constraints, and .1'1 = 0 for
hard constraints. Reference I\/bdghléj‘ Bi tion 1001341The anal ytical test
results we use to set.the reference weighfs tw_1 in a gasoil's
nodel - of - conposi tion ar m}ar' d\a m{g?le ~YHach nol ecular lunp in the
nodel - of - conposition is Sﬁl@nUV\&%a ﬁE i V\égg‘hg (and x-class). Hence, it
is natural to nmake the ref®8rence™wei ght'§*}condistent wth mass spectra
where avail able. W make the reference wei ghts of naphthenes andPpraffins
consistent wth the GO M5 spectrum neasured on the saturate fraction. The
ref erence \Neiag‘lﬁflésé‘f"e%}’ecul ar lunps in aromatic ring class fractions and
sul fides fractions are istent with FIMS spectra neasured on each
fraction. In polar fracti ,_ ¥ use FIMS, or ESI-M spectra . i

X ; hW JPZ! hose

avai | abl e. Normal and nmoypé paraffin reference weights equ
nmeasured by GC. W make the reference weights of nulti-branched paraffin

mol ecul ar | U@ 43PNS 1§ 5Rmhdish Etfed) RinRliEN K& oRSE RGN T MrbiRRToC

of the cc or d for the samples in the library, and is minimized using standard

optimization techniques such as the Simplex Mgthod.

[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



results. Because the reference weights arise from M and GC anal ysis of
each LC fraction, we nornalize each mass spectrumto its neasured LC

wei ght, so thgl . bfdgsi-ef erence weights fw, *1 sumto thgckfsbdo@slitogn
wei ghts, and to 100 wt % over the entire sanple. [00135] At present, nass

of moasur i ng SREPnBRAP et e eafian SRRy Rt ERE ARG, [one 7P ©

detail ed in Sggkidfineionand i n nost of the x-classes in each fraction, nore
t han one nol ecul ar structure shares the same nom nal nol ecul ar wei ght.

e orey MergBiEy CPehA8aernleu BRI O RIRRAE BRSRiALER AppaBNTa 1| Pl e

structures. | absence 0 Toor ma partition each mass
si gnal equal | §evaloped Phef syt NotNepatiret LvassSquaesFNNEISY aigadithnuged ir es ar e

assigned reference wejghts of 0, 1% of t he mass si nr%aj or. Ies?.. V%O
2009/ 051742PCYAE8I00S/ Hasiemrloprdin %/188&?'8%8“‘65ﬂ§tv Aafiqn anglysis o
Model - of - Comﬂmté héﬂn%ﬁcé\ﬁlﬂiﬁi 4zl i.é?fa;sre[o@&ﬂr{g@ rERGeRe APSHIYbA28H BRGineANSt r ai nt's

we enforce in e nornmalization I'gorithm (Equations C4, C6) are
sumari zed i ncofighnasiog2f Ry other referencadIBHAa e thei litspnyd d hesorkelasignpl e wei ght

00 A A o A AL 1, e

, and pbasi ¢ nitrogen content of

the entire safdltie méésuadd BIIPHAMGE: edlaflhted andyatten gerepeaitahé best ring cl ass
fractions, and bay region hydrogen content in the 3 and 4+ ring class
fractions, a§%ﬁémné‘élefb‘§?a‘i-¢w e Qlptaingd givan dhys é%tﬁf@#gffn&ess@fl? Hg‘é?é
parameterf i (QnAAHoRPREEIhAUANE FORThisHhntibs eouTatien (R ledtbel T

val ues are assigne euristically to be consistent with each neasured
property's regeatafdnse)the n{edfidy HDHA bgtterchamthiczcatesalts, The dvmtedation cert ai n

properties by hods, ot her, t.han adjustin ef ergence wej f ol ecul ar
lunps in the C&E@iﬂﬁ T Ebe ‘ﬁ‘ tan%f’ﬁgé '\Vﬁe%ﬁkulaﬁ%ﬁeggFe%%g?‘%QH% veal the
average branGhiimgteddingRhiYhAntion, il Hehesdued HOHAAR RS fundtionsaifed above.

We bal ance these properties to the nodel of conposition by adding
appropri ate rfombshevivin [B¥3dnohE04bert used kg aleplata peightingack IROABEUl ar. | unp

within the LG.fractign.after completing th I ithm detailed in Equations
C4 and Co6. Tgtl)?@ Fgﬁ%‘éﬂy efnclélegglleosnte R4 ’52‘%&@@% to Set Reference Wi ght

Distributions In the Mdel-of-Conposition Anal ytical Results Fractions
Test GC W % n- par af fi ng bx-(fcariencauptber W % nol ecul es by nolrggyl ar
wei ght and , c-cl ass sat uf‘at és\ s®jjifates GC/MS  SPC W% Total paraffins,
napht henes saturates LC . W% of LC fractions

fo= Zn:(i”_:_‘_lfwj [D4]

i=1 dHDHA

[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 o. 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 (API Gravity, SimDis or Sulfur) using [7]. Weights, o, calculated
from these optimizations were used as starting points for optimization using

pairs of inspections, or using all three inspections.



all FIMS AVt % nol ecul es by nol ecul ar weight and z,.:-class aromatic ring

cl asses 1-4+, sulfides, polars ESI-M5s W % nol ecul es by nol ecul ar wei ght and
X-cl ass pol ar go 2}{@,0219929/ 051742PCT/ US2008/ 011796 Tabl e CicrRisa3e61i3eBal ance
Constraints in Mdel -of-Conposition Normalization Property val ue,

Sof t ness paraneter, f Prgpert en5|ty, al | Total %TEB?&HPQS \%% 0 a =1

for all nol ecul edablell f Examplgof WVoighty e for Library | ecul es i
in fraction j al, = 0 otherws W%sulfur in ICfraction, total sanple
basis. 1.0E-08 all —\Aelqht fraction sul fur of nol i{in fraction j ai =
O otherwise. .i W%olefinic protons in LCf’aﬁ)El al sanpl e basi s.
1.0E-03 ai .., ---. wei g". £ 1 act-LiARedy Used lndiviqually pl ecul e i
infraction j aft =0 ot he %ﬂ—mrﬁ@é:u?' aromatic ring

class 3, 4+ fractions, f{ @faa,{y sagphsaghasis. |1. OE- 0B qigsig-wei ght fraction bay
region protons of SimDis - | 4465% | - 47.3509
‘ Sulfur - - 60.2162 | 17.1682

Property Correlations:

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:
N
linear: P= Z W,
: i=1
harmonic: IOO/P ZW ! p,
i=1
. N
log-lincar: InP =Y (#,/100)In p,
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, e.g. molecular

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

J
cumulative wt% off (BP;)= > W,BP,
k=1
where the molecular lump indices are ordered such that BF, , < BP, < BP,,, for
all £=23,..N-1

The property density of molecular lump /, 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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nmolecule i in fractionj. -aft --- O otherw se. Average nunber of branches,
nmet hyl groups per nolecule in each LC fraction. NNA N A Appendi x D
Opti m zation Qb Mblghis [00138] When the nul tivariate angloffjss@sodata such
as FT-IR is augnented with other property data such as APl gravity,

vi scosi ty, Sirg[is apd sul fur, the relatiye inportance of these data
relative to tW8Thfnt P riPatdEe W?nfﬁé‘f’s%’ef‘oéa]e O&YS €™ pr ovi de

ref erence bl ends.. t i b . i C L In

parti cul ar, the. %%%ﬁgé?%%%éﬁdgﬁrﬂgﬁb@lsgﬁ% Wla&eﬁé}g@??&ﬁ g%Pd each property
and property i i Jnti : i o i g AP
gravity when gﬁgmr%édr%? irtﬂnegjgf'—p‘ld-cfﬁRc 5\/4 P ﬁn%%%ﬁ%ylgl\?igﬁ}%gIng(gg&vx(n{flq{l(ﬂ?@phﬂ?gl y be

simlar, but nak melenflircMdightdnéragsed BlohMhe vadst eroddcubar naighveegitle fga AP
gravity when FT-1R is augnented with APl Gavity, SinDis and Sul fur.

[ 00139] Opt i i emelpgoustserigie PEOPSHY depsidosrredigigh feoen the aBeYs pRIFLAMAN t he quality
of the refere : kYRt Al pically
obt ai ned usiHg&§$%%§ggﬁf%§g%f%%%%?5&%§ﬁ@g?§§§ﬁ§§EPF§§§%§Er%%%ﬁe%%np|e in
the |ibrary Kasbgen oservedlit anayseato poat @nsponbntggopertiesuwhas spectfes pondi ng
property data such APl gravity, SinDis and sulfur).is remoyed fromthe
library and t%ré‘élfye?i’%:&orﬁ‘ﬁl %Hﬁﬂ%ﬁ%‘,m B%ﬁ"ﬂ‘@’ Q%T’Vfgﬂlpﬁg%quortg%z‘?de%i ni ng

sanpl es in thpldibsakY¥erid. bl end is cal cul ated using the nethodol ogy of this
invention, and a reference HDHA conposition is calculated as the sane bl end
of the HDHAs of the reference sanples. The estimated HDHA is then conpared
to the measured HDHA for that sanple to produce a neasure of quality of the
estimated reference. The sanple is returned to the library, and the process
is repeated for another other sanple in the library until each sanple has
been |l eft out and anal yzed once. 1001401The quality of the estinmated
reference can be quantified using statistics such as the correlation
coefficient (cc) or the Euclidean distance (d). If h is the neasured HDHA
vector (with elenment h,), and h' is the correspondi ng esti mated HDHA
vector, then the correlation coefficient cc is given by nnn nE hihi E
i=i1=1.n117 -(Ehiji[2nEhi - Ehi 1=11=11=1i=1 n \ 2 and d is given by

[ 00141] An optim zation (fitness) function is constructed as a conbination
of the cc or d for the sanples in the library, and is mnimzed using
standard optim zation techniques such as the Sinplex Method.

[0014210Cptim zation of cc based on the cross-validation results can be
difficult due to the presence of relatively unique sanples in the library.
When these rel atively unique sanples are |eft out and anal yzed during
cross-validation, there is.insufficient information left in the library to
generate accurate predictions, and the resultant large errors tend to

dom nate nost fitness functions. [00143] To address this difficulty, the
foll owi ng optim zati on approach was devel oped. The Fast NonNegative Least
Squares (FNNLS) algorithmused in VA and VIC was enpl oyed to do a

| eave- one-out cross-validation analysis of the reference HDHA data, i.e.
predicting a reference HDHA based on a |inear conbination of the other
reference HDHAs in the library. The correlation coefficient (cc) and

di stanced (dHDHA) between these estimated HDHAs and the neasured HDHAs were
cal cul ated and taken to represent the best possible answer that could be
obtained given this set of references. No |inear conbination of references
obtained fromthis invention could match (in a | east squares sense) the
measured HDHA better than these results. The correlation coefficients
(cc-n) and distances (d-n) were cal cul ated between the HDHAs esti mat ed
using this invention, and the nmeasured HDHAs. Fitness functions of form
shown in [D3] and [D4] can used to calculate weightings, a, for APlI, SinDis
or Sul fur, when used alone or in conmbination. f = (CC HDHA -CC 17
1=1CCHDHAI
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A2 "HDHA) 1=1dHDHA [D3] [ D4] [00144] Very simlar results were obtained
using the correlation coefficient and di stance based functions. Qher
fitness functions based on cc and d or other simlar simlarity nmeasures
can also be used in optimzing a. Table D shows typical weight val ues used
in the libraries of Exanples 3-7. [00145] Separate optim zati ons were
perfornmed CAIMS:augnented with one inspection (APl Gavity, SinDi s or

Sul fur) using [7]. Weights, a, calculated fromthese optim zations were
used as starting points for optimzation using pairs of inspections, or

using all threeqinspeact,] : - : ' <far Library
from Exanpl es 3-17 Pr%oltf)lg'irﬁtB ?/fﬁd&%:%ﬁg?%}hgﬁ%% brg%gfa? %k%ggo%%%%er
Property Wei ght Weighf Wecglstruvigigint mithPlestGnate iof yomboGd&0 of a mabetiab639

SinD s -

44. 6596 47.3509 sSul fur - -
ﬁttyng Lrlnultivariate analytical data of the material to a

combination of multivariate analytical data in a database to
determine coefficients of the combination so as to determine a
reference model of composition based on the coefficients and
the compositions in the database, wherein said database
includes multivariate analytical data of database materials
whose compositions are known, wherein fitting multivariate
analytical data of the material includes augmenting said
multivariate analytical data with property data to form
augmented data, said augmented data being fit as a combination
of multivariate analytical data augmented with property data of
the database materials, and

b) refining the reference model of composition by reconciling the
reference model of composition to match selected properties of
the material, wherein reconciling the reference model of

composition is carried out by successive substitution.

2. The method of claim 1 wherein said property data includes at least one
property group selected from the group consisting of API gravity, density, sulfur
content, nitrogen content, aliphatic sulfur content, basic nitrogen content, fraction or
percent distilled, boiling point temperature and simulated distillation or combinations

thereof.

3. The method of claims 1-2 wherein said reference model of
composition includes a combination of molecular lumps having a determined fraction

or percent for each of the molecular lumps.
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60. 2162 17.1682 Property Correl ations: I n conposition-based

nodel i ng, a generic scalar stream property P assunes a sinple blending rule
bet ween wt % abundances, W and property densities of each nol ecul ar | unp,
p,. Exanples of these blending rules include: linear:P = harnonic:100/P =

| og-linear:1nP = i (W /100)1n p, i=1 where w % abundances of nol ecul ar

l unps in a streém suhe ell@o%! chiimt’ whertimdajsk rgpencilingsthe eefgrengpimbilel@tpoi nt

di stributions re co te reordering molecular |u i.ndi ces such that
the. pr oper Yt §ORHEE e Henb SREHS R PSS bR el o comp ex

m xture, is nonotonically increasing, i.e.: cunulative wt%off (BPj) =El kB
Pk k=1 where the nolecular lunp indices are ordered such that BPk_, < BPk <
BPk+, for all k5= 2, 3he mefpodiofclaim 3 wherempsgidyeepretling the fprepeomoddiodcul ar
lump i, p, .1.S.0ften s lar lunps in
the sae” hSBP UL EE IR Prdytyl Upte SUREL e RIS EN, 20 TPE A
where a",,b,,c",,d", are constants chosen for the honol ogous series m
cont ai ni ng nol ecular_|unp i, nDIeQHIar wei ght of |unp and

MV is th I,
br,me, are the Pespedbs vethrdatRiaHy %nge]f?é‘% B aCRIgh ProRgHty darests ’l‘?ﬁi“éﬁul ar
lunp i. Asyiml gyh?q @ngi@ht increases fromthe | owest nol ecul ar wei ght

ono

feasible in a ogous “series, property densities predicted fromthe
above correlation change at a decreasing rate to a high nol ecul ar wei ght
asynptote. This_trend has been.observed in angl yses of pure-c onent
properties such’as sﬁ]é%in?qﬂl:odg?gﬁgf’? San‘e’f‘Fb“r ﬁ%{? %%liaf PR Xitﬁ‘igegsrpnﬁ’ﬁﬁ‘f/

or gani ¢ cogpREmdpcogRtioaed by honol ogous series. CLAIMS: 1.A nethod for
deteitnining the conposition of a material conprising: a) constructing an
initial estimte of conposition of a material by fitting nmultivariate

anal ytical datagof t mat.er to L .1 0 | .t variat | ytical
data in a dat ab%‘se tgﬁ%g%eel}or% %%Clgbnéfas f ig@lrg%h gélgfsg%ﬂ%;ep g%ﬁb&r%g{%e%nﬁggﬁgs to
det er m ne ailfuetedtemtce nodel of conposition based on the coefficients and

t he conpositions in the database, wherein said database includes

mul tivariate anal ytical data of database materials whose conpositions are
known, wherein §ittipg, g}éltﬁo'dv@f Labg Sa%leﬁéfﬂ cah data fgpeft?eta {seinkRbe

i ncl udes augnmenting said nultivariate anal yti cal apa wth property data to
f or m augnemtregerdamsent.sai d augnent ed data being fit as a conbi nati on of

mul tivariate anal ytical data augnmented with property data of the database
materials, and b) refining the reference nodel of conposition by
reconciling theygef ergnapuyRdst c18fm SOWRGRIL LA swaﬁw@b@%@%ei@lcm@pert i es
of the material, wherein reconciling the reference nodel of conposition is
carri ed owtliphgticsdiceseitont. substitution. 2. The nethod of claim 1 wherein
said property data includes at | east one property group selected fromthe
group consisting of APl gravity, density, sulfur content, nitrogen content,
al i phatic sul furi.contigntmetRASio€ dlhikd GyevhetdmMtAnt disiinatd QRogttypergant
distilled, boiling point tenperature and sinulated distillation or

conbi nat i oReludhBedictionorprcens disgHed ithibailing print toiBF&IUC-sai d ref er ence
nodel of conposition includes a conbination of nolecular |unps having a
determ ned fraction or percent for each of the nol ecul ar | unps. 4.
The net hod of cl2ai m Bhenhetleidn of ailaimr &c evhetdin rsgid kestrilmfted gnogertyo tegetof
conpositian reconciles the lunp fractions or, percents to property targets.
5. The netlﬁgag%&‘eé%?l%(g RV B4 n?té‘B’o?fr(holﬂi‘%’gp(’thée‘fng‘F [%¥ice nodel of
conposition uses scal ar property targets and/or distributed property
targets. 6. The nethod of claim5 wherein said scalar property
target s i ncl udel3densTlitey nethodPbf Glaim t5y wherein safd, distrebuied poebesty tdrgdtsn 5

wherei n Se}}lgu eC %1§‘r£e££1°€§r5f9¥sitﬁc?ﬂ %E%t ﬁlel rr]rg:awjtel'rl{ja e?sl % unntc 1|0n C(()) 8ﬁ{ntgl 8Qi'nt

temperature.
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8. The method of claim5 wherein said scalar property targets include

sul fur content. 9. The nethod of claim5 wherein said scalar property
targets include nitrogen content. 10. The method of claim5 wherein
said scalar property targets include aliphatic sulfur content. 11.

The method of claim5 wherein said distributed property targets include the
fraction or perdént dhetmtthed ofi thirbol lemgelpotiand digirntpetedt property targets 12,

densi by or S GHE pUAEo LN sifvia i ERER FRaRHF R ehfri, o7 1

13. The met hod of claim5 wherein said distributed property targets include
el emental conposition of the material as a function of boiling point

t emper at ure. 15. The nrgtbodreatheldinafS ovheren ssajheligiibutsdi riopsrst tamBets ed
property tal, gl%t LShigk %%L%ggteﬁtuéfftﬂe m%%gxtafeé}h R&lctﬁ(ﬂ\ dfrﬁ%ﬁlﬁ{(g: &Jmtacgma% Lipetion of

boi ling poin erein said
di stributed property targets include n|trogen content of the material as a

function of boiling point tenperature, gEt od of cleiqugt4
wherei n sai d reéonci Ihagethed o sfaindnwberpipgaid rsw%m&d fsfensneesmedsiofed out

by succeSStc?égp&ﬂ%t ts é%l”oét sﬁé&@%}sl\}y @tﬁlﬁ?t "GL Ry ?t@eﬂytt%ﬁs At any

nuner i cal orirthmt I ncl udes t conposi as I nputs.

17. The nebitputsof acy mm@rma\lt\bllgmeihm whai tcldepthe tmodebo @iy osiiohud enfutmct | ons
of the adsorption spectrum of el ectromagnetic radiation of the material.
18. The method of claim4 wherein said property targets include integrals

over a specifieg;rangge gltifodeTckan @hzht&llﬁéaﬁpbto@e@y kb9 idc I faG]oRar
magnetic resonance (NVR) analysis of the material 19. The net hod of

claims 1- 20fiheadiorpteai speetin pyelestaaraacnatic jadiation of sheamptatitludes i nf r ar ed
spectr a. 20. The nethod of claim2 wherein said property data
i ncludes density and/or APl Gavity. 21. The nmethod of claim?2

wherein said propper t“yhedﬁte&lo'dmfldwdﬁm fvhagdi eaid propeety aettsdhdtidd Ingsbrats t h
boi li ng point tenperature. 22. The nmethod of claim2 wherein said
property de¥eh 3 meeqided ranger of chgfpicahshift specira arising from nuclear magnetic

resonance (NMR) analysis of the material.

19.  The method of claims 1-2 wherein said multivariate analytical data

includes infrared spectra.

20.  The method of claim 2 wherein said property data includes density
and/or API Gravity.

21. The method of claim 2 wherein said property data includes fraction or

percent distilled with boiling point temperature.

22.  The method of claim 2 wherein said property data includes sulfur

content.
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