SINTEF

0C2018 A-040 - Unrestricted

Final Report

Modernisation and updating of SINTEF
Oil Weathering Model (OWM)

Extending and recalibration of the Crude Assay (CA) module in SINTEF OWM

Authors
Per Johan Brandvik
Kaja Cecile Hellstrgm and Kristin Rist Sgrheim

Predicted vs. Reference

Predicted ¥ {lg-Visc50, Factor-5)
L] L~
@ o

L
=

»
)

2

1.8

4,2
Elements: 319
44 slope: 0,7745391
Offset: 0,7034365
3.8{ Correlation: 0,8788394 . .
R2(Pearson): 0,7723587 .
36 { R-Square: 0,7737735 .
RMSECV: 0,2060354 ¢
344 SECV: 0,2063649 . .. .
Blas: 0,0008918| . : .
3.2 chter g L

Reference ¥ (lg-Visc50, Factor-5)

‘2,1 22 23 24 25 26 27 28 298 3 31 32 33 34 35 36 37 38 389 4 41 42

Multivariate prediction of maximum water uptake in emulsions (EM%), based
on crude oil assay data. Predicted versus measured values (r = 0.88)

SINTEF Ocean AS
Environment and new resources
2018-05-15



SINTEF

SINTEF Ocean AS
Environment and new resources
2018-05-15



SINTEF

SINTEF Ocean AS

Address:

Postboks 4762 Torgarden
NO-7465 Trondheim
NORWAY

Switchboard: +47 46415000

Enterprise /VAT No:
NO 937 357 370 MVA

KEYWORDS:

Oil spill

Oil weathering
Modelling

Multivariate statistics

Crude Assay module

< SYSTEL
& *,

o
w0

&
E
<
Z =z

\\DNV-GL//

150 8001 =180 4001
QHSAS 18001

PREPARED BY
"“Per Johan Brandvik
el

A
&

PROJECT NO.
302003199

P\, i
7O X

Final Report

Modernisation and updating of SINTEF Qil
Weathering Model (OWM)

Extending and recalibration of the Crude Assay (CA) module in SINTEF OWM

REPORT NO.
0C2018 A-040

VERSION  DATE
2018-05-15

PROJECT NO.
302003199 Final

AUTHOR(S)
Per Johan Brandvik
Kaja Cecile Hellstrgm and Kristin Rist Sgrheim

CLIENT(S)
Statoil and Norwegian Coastal Administration

CLIENT’S REF.
Cecilie Fjeld Nygaard and Kristin @ye, Statoil
Silje Berger, Norwegian Coastal Administration

NUMBER OF PAGES/APPENDICES:
52 incl. 1 Appendix

CLASSIFICATION
Unrestricted

CLASSIFICATION THIS PAGE ISBN

Unrestricted 978-82-7174-333-8

ABSTRACT

SINTEF har siden attitallet foretatt forvitringsstudier pa en rekke oljetyper (bdde norske og utenlandske).
Hovedmalsettingen med disse forvitringsstudiene har vart a predikere oljenes forvitringsegenskaper dvs.
hvordan de oppfgrer seg pa sjgen ved et eventuelt oljesgl (fordamping, emulgering, naturlig dispergering etc).
Det ble i perioden 1997-99 utfgrt et multivariabelt korrelasjonsstudie for Statoil av oljers sammensetting
(Crude Assay (CA) data) og forvitringsegenskaper (data fra laboratoriestudier) som var generert hos SINTEF
fram til 1997 (19 utvalgte oljetyper). En modell som beregner de input-data som SINTEFs Oil Weathering Model
(OWM) trenger for & predikere oljens forvitringsegenskaper nar forvitringsdata fra laboratoriet ikke er
tilgjengelig, er etablert. Denne modellen ble ogsa utvidet med et kalibreringssett bestdende av 58 oljer
gjennom et prosjekt finansiert av Statoil i 2005.

Prosjektet beskrevet i denne rapporten har styrket modellen og gjort den mere generell, dvs gjeldene for en
stgrre gruppe av oljer ved & utvide kalibreringssettet til 141 oljer inkludert rafineriprodukter. Dette gjgr at
forvitringsegenskaper ogsa for bunkersoljer kan predikeres basert pa enkle parametre (viskositet,
voks/asfalten, tetthet, stivnepunkt og kokepunktsprofilen).

For a forbedre denne muligheten til & bruke SINTEF OWM direkte har dette prosjektet fokusert pa:

1. Inkludere flere oljetyper/forvitringsstudier for a fa flere oljer (totalt 141) i de enkelte klassene

2. Dele oljene inn i klasser (med/uten stivnepunktsproblemer, raffineriprodukter, meget voks/asfaltenrike)
og predikere egenskapene innbyrdes i de enkelte klassene

3. Brukergrensesnitt med “warning messages” som gjgr at modellen ikke kan brukes utenfor det omradet
den er kalibrert for, samt angir forventet kvalitet pa prediksjonene og ”guiding messages” som hjelper
brukeren a forsta hvordan CA-dataene kan brukes optimalt.

4. Det er ikke mulig a predikere forvitringsegenskaper basert pa CA data fra lette raffeneriprodukter og
kondensater.

5. Ny funksjonalitet "Find model oil" som rangerer oljer i oljedatabasen etter likhet med oppgitte CA data.
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1 Summaryin Norwegian

SINTEF har siden attitallet foretatt forvitringsstudier pa en rekke oljetyper (bade norske og utenlandske).
Hovedmalsettingen med disse forvitringsstudiene har veert & predikere forvitringsegenskaper til ulike oljer
typer dvs. hvordan de oppfarer seg pa sjgen ved et eventuelt oljesgl med hensyn pa egenskaper som
fordamping, emulgering, naturlig dispergering etc. Det ble i perioden 1997-99 utfgrt et multivariabelt
korrelasjonsstudie for Statoil av oljers sammensetting basert pa Crude Assay (CA) data og
forvitringsegenskaper (data fra laboratoriestudier) som var generert hos SINTEF fram til 1997 (19 utvalgte
raoljer). En modell som beregner de input-data som SINTEFs Oil Weathering Model (OWM) trenger for &
predikere oljens forvitringsegenskaper nar forvitringsdata fra laboratoriet ikke er tilgjengelig, ble etablert via
en CA modul. Denne modulen ble implementert i SINTEFs OWM og har vert brukt nar forvitringsdata ikke
eksisterer, og ble deretter utvidet med et kalibreringssett bestaende av 58 oljer gjennom et prosjekt finansiert
av Statoil i 2005. Statoil og Kystverket er begge brukere av SINTEF OWM for & veere i stand til & predikere
forvitringsegenskaper til relevante oljetyper, og begge parter har bidratt til a finansiere dette prosjektet med
oppgradring av CA modulen med flere rdoljer (Statoil) og raffinerte produketer (Kystverket).

Malsettingen med dette prosjektet har vaert & styrke CA modulen og gjort modellen mer generell ved a
utvide kaliberingssettet med flere nye rdoljer og raffinerte produkter. Forvitringsegenskapene predikeres
basert pa 6 enkle CA parametere (produktdata /certificate of quality): viskositet, voks, asfalten, tetthet,
stivnepunkt og kokepunktsprofilen. Det har veert viktig & inkludere nye oljer i kalibereringssettet som har et
stort spenn i sine fysiskalsk-kjemiske egenskaper, samt at forvitringsdata for disse oljene var av god kvalitet
og utfgrt med sammenlignbare metoder og prosedyrer. Eldre forvitringsstudier ble derfor utelatt, samt at
noen av de raffinerte produktene ble utelatt pga. mangel pa asfalten - og voksinnhold. Totalt ble 141 oljer
(rdoljer og raffinerte produkter) valgt ut i det nye kaliberingssettet. Oljene i kalibreringssettet ble delt inn i
klasser: med/uten stivnepunktsproblemer, raffineriprodukter, meget voks/asfaltenrike, slik at
forvitringsegenskapene kunne predikeres innenfor i de enkelte klassene. Korrelasjoner mellom paramertre
for fersk olje og parametre som beskriver forvitring av olje pa sjg ble utfert via en multivariat
modelltilnserming. Basert pa dette beregner CA modulen syntetiske datasett med forvitringsdata som brukes
videre i SNTEF OWM for a predikere forvitringegenskaper til de aktuelle oljene.

CA modulen har sine begrensinger og noen typer oljer vil ikke kunne la seg predikere med denne
tilnsermingen. Dette gjelder spesielt kondensater og lette raffinerte produkter med hgyt fordampningstap,
eller oljer med egenskaper som ligger utenfor kalibereringssettet. Brukergrensesnitt med ulike "warning
messages” angir forventet kvalitet pa prediksjonene. Brukergrensesnitt med "guiding messages” hjelper
brukeren & forsta hvordan CA data kan brukes optimalt. Funksjonaliteten "Find Model Qil" kan for eksempel
benyttes for & finne oljer med visse likheteter i forvitringsegenskaper for den aktuelle oljen. En sakalt "fit-
faktor" beskriver grad av likhet inndelt i fargekodene grenn (hgy grad av likhet), gul (middels grad av
likhet), og radt (liten grad av likhet).

Det nye utvidete kalibreringssettet har blitt validert med flere oljer ved & sammenligne CA prediksjoner med
prediksjoner fra tidligere forvitringsstudier innenfor kategoriene naftenske, asfaltenske, parafinske og
voksrike oljer, samt noen raffinerte produker. Imidlertidig bgr Ca modulen brukes med noe forsiktighet,
siden usikkerheten i disse prediksjonene kan veere starre sammenlignet med prediksjoner basert pa
forvitringsstudier. CA modulen kan gi starre usikkerheter i prediksjoner som emulsjonsviskositeter, i tillegg
til at tidsvinduet for bruk av dispergeringsmiddel ikke er kjent, som igjen kan ha betydning for operative
beslutninger. Denne nye tilneermingen vil derfor ikke erstatte behovet for forvitringsstudier relatert til
beredskapsplaner og miljgriskoanalyser, men vil kunne veere et viktig operasjonsverktay i oljevernsaksjoner
der det er behov for raske prediksjoner hvor forvitringsdata ikke er tilgjengelig.
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2

Introduction and Background

The SINTEF Oil Weathering Model (OWM) relates oil properties to a chosen set of conditions (oil/emulsion
film thickness, wind speeds and sea temperature) and predicts the change rate of the oil’s properties on the sea
surface with time. The SINTEF OWM is schematically shown in Figure 2.1. The predictions obtained from
the SINTEF OWM are useful tools in oil spill contingency planning related to the expected behaviour of oil
on the sea surface. It is also used to evaluate the time window for operational response strategies in a spill
operation. The SINTEF OWM is e.g. described by Daling et al., 1989 and Daling et al. 1997, and in the user’s
guide for the model. Examples of weathering predictions of water content and emulsion viscosities for a
Norwegian crude oil as a function of time, are shown in Figure 2.2.

SINTEF Oil
Weathering Model

Lahoratory data of fresh and
weathered oil samples:

= Distillation curve {TBP}

+ Densities

+ \iscosities

= Flash points

+ Pour points

+ Water uptake rates (t ,-values)
* Maximum water uptake ability
Viscosity ratios

*  (w/o-emulsion/parent oil}

= Ignitability / burnability limits

+ Viscosity limits for chemical dispersion

Predicted oil properties by time at
chosen environmental conditions:

+ Evaporative loss
+ Density

* Viscosity

+ Flash point

+ Pour point

+ \Water content
.

.

Viscosity of w/o-emulsion

Matural dispersion

Total oil mass-balance

Time window’ for use of dispersants
Time window for in-situ burning

Criteria used in the model

Environmental conditions

(Wind speed, sea temperature,
oil film thickness, ice coverage,
depth, fetch)

handbokergratisk/ig-eng/model-col-sngZaei

Figure 2.1:

Property: WATER CONTENT

Qil Type: EKOFISK BLEND 2000

Description: TBP crude assay

Data Source: SINTEF Applied Chemistry (2000), Weathering dat

Schematic diagram of the input data to the OWM and the predicted output oil properties

@) SINTEF

OWModel 3.2
© 2009

Surface release - Terminal Oil film thickness: 1 mm
Release rate/duration: 1.33 metric tons/minute for 15 minute(s)

Pred. aste: Feb. 28, 2009

Wind Speed (m/s): 15
——=Wind Speed (m/s): 10
----- Wind Speed (m/s): 5
w=====Wind Speed(m/s): 2

Sea surface temperature: 10 °C
80

Figure 2.2:

Property: VISCOSITY OF EMULSION

Oil Type: EKOFISK BLEND 2000

Description: TBP crude assay

Data Source: SINTEF Applied Chemistry (2000), Weathering dat

SINTEF

OWHModel 3.2
© 2009

Surface release - Terminal Oil film thickness: 1 mm
Release rate/duration: 1.33 metric tons/minute for 15 minute(s)

Pred. date: Feb. 28, 2009

Wind Speed (mis) 15
——-Wind Speed (mis) 10
----- Wind Speed (m/s): 5
------ Wind Speed (m/s). 2

Chemically dispersible (<1000 cP)
Reduced chemical dispersibility

Poorly / slowly chemically dispersible (>10000 cP)

Sea surface temperature: 10 °C
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Prediction of water content (above) and emulsion viscosities (below) at different wind speeds

Most of the predictions made with the SINTEF OWM are based on laboratory weathering studies as
described in Figure 2.1. However, there have always been an option to perform predictions from a minimum
set of parameters describing the fresh oil (Crude Assay variables, see Table 4.1). Early versions of SINTEF
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OWM was based on basic algorithms and not laboratory data (Daling and Johansen, 1986). Predictions based
on only Crude Assay data (CA) were also possible after OWM was established, but the initial option was
based on weathering data from only five North Sea crudes (Johansen & Brandvik 1988, unpublished data).
However, predictions made by this approach resulted in many cases large deviations compared to predictions
based on laboratory weathering data (Daling and Kristiansen, 1997).

Statoil co-funded a research study in 1999-2000 that used a broader range of data (more oils) from
weathering studies as a fundament for calibration of a model to predict oil weathering at sea, based on CA
data (Brandvik et al., 2000). This calibration dataset was expanded five years later including additional oil
types (Brandvik et al., 2006). This study increased the accuracy in predictions using CA data, but important
oil types like condensate and waxy oils were still poorly represented.

Two related projects, also funded by Statoil, have focused on OWM predictions of "dynamic blends". This
option has proven useful in cases were compositions of blends in pipelines or offshore storage (FPSO) are
changing over time. These projects were linked to weathering properties of variations in the export blends
from the Gullfaks field (Brandvik et al., 2007) and the Norne field (Segrheim et al., 2010).

Table 1.1 below summarises earlier relevant projects for development of the SINTEF OWM with emphasis
on the capability to make predictions based on CA-data.

Table 1.1:  Overview of SINTEF OWM with focus on the development of the Crude Assay (CA) module.

1989 Initial study with 3 North Sea crudes Johansen/Brandvik

2000 Calibration based on 40 crudes Brandvik, Resby & Daling
2004 Extended calibration to 62 crudes Brandvik & Reshy

2003 EMSA Weathering study Resby, Daling & Reed
2005 Prediction from CA-data for oil blends - Gullfaks C Brandvik et al.

2009 Prediction from CA-data for oil blends — Tampen Brandvik et al.

2010 Prediction from CA-data for oil blends — Norne Brandvik & Sgrheim

2015 BP Global oil mapping — Identifying surrogate oils Brandvik & Sgrheim

As described above, Statoil has participated in the development of the model tool and is now a frequent user
of the SINTEF OWM. The Norwegian Coastal Administration (NCA) is also a user of the SINTEF OWM to
be able to perform predictions of oil types that could be relevant for events related to actions along the
Norwegian coast or in arctic areas, for example around Svalbard or Jan Mayen. NCA has also supported
weathering studies of selected refined products.

It appeared to both SINTEF and Statoil that the OWM model was in a need for modernisation and updates.
OWM was based on a software platform that were not supported anymore, so updating and further
development was not possible without a major revision of the source code. Statoil and SINTEF had in 2016
several meetings to discuss modernisation of OWM and extending the CA module with additional oil types.
A project was established, which included both a general modernisation of the OWM and addition of new
functionalities (new graphics, find model oil function, extended CA module etc.).

The work described in this report was a part of this project, and aimed towards making the CA module more
general by recalibrating it with 141 oil types also including refinery products. The implementation and re-
calibration of refinery products into the CA module has been funded by NCA.
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3 Objective

The overall objectives of this project have been to develop an operational tool for rapid prediction of

weathering behaviour for oil slicks at sea (evaporation, water uptake, viscosity etc.) by use of CA data of the

fresh oils in situations where laboratory weathering data not is available. Such situations could be:

o Re-check of oils. Determination of changes in oil properties of importance for weathering behaviour

o Spills of oil types which are only occasionally imported to Norway (laboratory weathering study not
available)

o Spills of blends which rapidly and significantly changes composition (weathering study of limited
significance)

e To widen and add robustness to the existing CA module improving the capability to predict weathering
properties for a wider variety of oil types.
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4 Experimental work

4.1 Oil properties - physicochemical variables

The fresh oil and weathering properties used to describe the difference between the different oils related to
weathering properties are listed in Table 4.1.

Table 4.1 Variables used in this study

Variables Units Method
I Wax content weight % 2-butanon/DCM at —10°C
g Asphaltene content weight % IP 234/84
é’. Viscosity of water free oil cP shear rate 100 s Physica MCR 300
s Pour point °C ASTM D97-77
S Density g/mL ASTM D4052-81
§ Vol.% evaporated versus vapour True boiling point curve Distillation
i temperature
o Maximum water content in emulsified oil | Vol.% Karl Fisher titration
% § Water uptake rate %% Internal SINTEF method
= g Viscosity of emulsion with 50%, 75% cP at shear rate 10 s Physica MCR 300
g g and max. water content

4.2 Selection of oil types

When selecting the oil types, it was important to cover as many different “categories” of crude oils and
refined products as possible. This increased the ability of the model to predict oil weathering at sea for as
broad variety of oil types as possible.

The criteria used for selecting the oils to be included in this study were:
e Obtaining a large variation in physical/chemical properties
e (Good data quality (consistence in analytical methods and procedures)

Some of the older weathering studies (before 1991) have therefore been omitted due to changes in laboratory
procedures. This has been done to ensure a good consistency in the data. Some of the refined products were
also omitted from the database due to lack of wax and asphaltenes for these oils.

The oil types that are selected and included in this study are listed in
Table 4.2. These 141 oils are divided into the following groups:

1. Crude oils
a. Asphaltenic: 10
b. Naphtenic: 39
c. Waxy: 25
d. Paraffinic: 34
e. Condensates: 14

2. Refinery products
a. Light (distillates): 6
b. Heavy (residual fuels): 13
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Table 4.2

©COoNOORWNE

Oils used in this study including crude oils and refined products in alphabetic order

ADO
ALASKAN NORTH SLOPE
ALPINE

ALVHEIM BOA 2008
ALVHEIM KAMELEON 2008
ALVHEIM KNELER 2007
ALVHEIM_BLEND 2009
AQUILA

ATLA

BALDER (IKU)
BALDER 2001

BALDER BLEND, 2010
BITTERN

BLANE 2008
BOARDALE

BONNY LIGHT (IKU)
BRAGE (IKU)

BRAGE 2012

BREAM 2010

BRENT BLEND

BRENT BLEND (IKU)
BRYNHILD 2014
B@YLA 2015)

CLAIR (IKU)
DRAUGEN 2000 (UTEN PROD)
DRAUGEN 2007
EDVARD GRIEG 2010
EKOFISK BLEND 2000
ELDFISK

ELLI

ELLI SOUTH

EMBLA 2000
ENDICOTT 2001

ERICH GIESE
FOINAVEN (IKU)
FORSETI 2001

FRAM 2012

FRAM 1999

FRAM B

FROY

GARANTIANA 2012
GAUPE 2010

GIZA

GLITNE 2001

MGO 10

GRANE (SINTEF)
GROSBEAK

GUDRUN

GULLFAKS A BLEND
GULLFAKS C
GULLFAKS C BLEND
GULLFAKS S@R (IKU)
GYDA 2000

HDME 50 2016
HEIDRUN EXPORT BLEND
HEIDRUN ARE
HULDRA COND.

IFO 180 NS

IFO 180LS FLUME KYV
IFO 380

IFO180 LS

IFO380

IFO-380 RUSSIAN BUNKER FUEL

IFO80LS

IVAR AASEN 2011
Johan Sverdrup
JORDBAR 2010
KRISTIN 2006 FLUME
KRISTIN KONDENSAT
KVITEBJZRN
LINERLE

LUNO 11 2014
MARIA
MARTIN LINGE CRUDE 2016

MARTIN LINGE KONDENSAT 2016

MARULK
MGO

MGO 500 PPM S 2016
MORVIN 13C
MURBAN ABU DHABI (IKU)
NJORD 2002

NORNE 1998

NORNE BLEND 2010
NORTH STAR
OSEBERG A (IKU)
OSEBERG A 2013
OSEBERG BLEND 2006
OSEBERG C (IKU)
OSEBERG S@R 2000
OSEBERG S@R 2000
OSEBERG S@R 2012
OSEBERG @ST 2001
OSEBERG @ST 2012
OSELVAR 2011
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To span out a broad range of oil types as possible with respect to oil composition, a limited screening study
was performed by the use of Principal Component Analysis (PCA). Qil types with the selected variables, as
shown in Table 4.1, were plotted in a score plot. The score plot was further used as a selection tool to select
the oil types and indicated that the oil types covered a broad range of oil properties with a reasonable number
of oil samples. An introduction to the basic principles of PCA can be found elsewhere e.g. Martens et al.,
1994, Esbensen et al., 1994, Brandvik, 1997 and Myrhaug, 1996 (Norwegian), and will not be further
explained here.
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5 Description of multivariate model

This chapter contains a brief introduction to the approach used in this study to model and predict “synthetic”
laboratory weathering data from available fresh oil properties.

5.1 Data available from weathering studies

The basic idea behind this correlation and modelling study is to utilise the information available from the
many weathering studies previously performed at SINTEF to predict oil behaviour based only on fresh oil
properties. Weathering studies from 141 oil types were selected and used as input to this study. Readily
available information (CA data and SINTEF weathering studies) was used to correlate the physical/chemical
variables of the water free oil (oil composition) and the variables describing oil weathering at sea
(evaporation, emulsification, increase in viscosity etc.). In other words, the knowledge from these previous
weathering studies is combined with information on oil composition from crude assays to predict a
“synthetic” laboratory weathering data set.

The relationship between laboratory study, fresh oil properties, multivariate model, SINTEF OWM and
prediction are illustrated in Figure 5.1.

Crude assay
data
Y
Mult: variate Lab
model \ / study
Input data to

weathering Model

SINTEF= ———#=| Predictions
weathering Model

BT BA] (S o o4 1. =

Figure5.1: A ““synthetic” laboratory weathering data set (input data), predicted from CA data
(physical/chemical data), is used together SINTEF OWM) to predict oil weathering
properties, instead of data from laboratory weathering studies.
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The following data from a weathering study are necessary as a minimum input to the SINTEF OWM to be
able to predict the weathering behaviour of an oil spill at sea. The basic input data are listed in Table 4.1. In
addition, the true boiling point (TBP) curve or distillation curve is also needed for such predictions.

Table 5.1 Basic laboratory data used as input to the SINTEF OWM describing the fresh oil and the
weathered fractions (150, 200 and 250°C+ residues).

Fresh 150°C+ 200°C+ 250°C+

Vol. topped (vol.%) * * *
Residue (wt.%) * * *
Density (kg/l) * * * *
Asphaltene content (wt.%) *
Wax content (wt. %) *
Pour point (°C) *

*

Visc. (waterfree oil)
Visc (50% emulsion) ?
Visc (75% emulsion) ?
Visc (max.water emul.)
Max. wateruptake (%)
Uptake rate (t'%, hrs)

9 Many of the refinery oil do not form 50 and 75% emulsions and predictions are performed without these data for them.

A k| k| | k]| *

O P BN P R N
O N T N S A

*

Based on the fresh oil variables, TBP and variables on the water free weathered residues, algorithms to
predict synthetic lab weathering data are established.

5.2 Prediction of properties for water free weathered residues

Different approaches were selected to predict the different variables in the synthetic data set. The properties
for the water free residues (150, 200 or 250°C+) are predicted based on the fresh oil properties and the TBP
curve, while the properties for the emulsified residues (water uptake and viscosities) are predicted by
multivariate regression.

5.2.1 Prediction of volume topped and residue

The TBP curve contains information concerning the evaporative loss (vol. %) as a function of temperature
(vapour temperature in a specific distillation set-up). The first variable in Table 5.1 (volume topped) showed
only little deviation from 50 degrees above the vapour temperature (150, 200 or 250°C), so vapour
temperature + 50°C was used as an estimator for the first variable. The two next variables (evaporative loss
and residual weight) could both be calculated directly from the TBP curve as a function of vapour
temperature (150, 200 or 250°C).

Evaporative loss and residual weight are calculated directly from the TBP curve and there is generally an
acceptable correlation with the experimental data from the weathering studies. The predicted density is used
to calculate residual weight. The correlation coefficient (Pearson) between the predicted variables and the
experimental data is generally above 0.9 for all three variables.

5.2.2 Prediction of density

A strategy using the value for the water free oil and the evaporative loss (from the TBP curve) was selected
for prediction of density. This strategy is based on the observation that the density of the oil shows a
systematic trend as a function of weathering (evaporative loss of the light components).
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By using the slope of vapour temperature plotted against density (6density /dvapour temperature), the density
for the weathered residues (150, 200 and 250°C+) can be predicted. The “density slope” (ddensity /dvapour
temperature) is dependent of oil composition and is specific for each oil type, see Figure 5.2. The “density
slope” is correlated with the “evaporative loss slope” (devaporative loss /dvapour temperature), since oils
with high evaporative loss also have high changes in density, see Figure 5.3 . The “density slope” can then
be predicted from the TBP curve via the “evaporative loss slope”. A calibration curve including the 141 oils
in the calibration set is used for this purpose, see Figure 5.3.

1050 - ®BALDER 2001 ® BRAGE (IKU)
EMBLA 2000 ® GYDA 2000
IFO 180 LS WRG
1,000
R? =0,62
0,950

—® R*=0,98
———

CO— 2 _
0,900 R*=0,93

R? =0,999
R* =0,96

0 50 100 150 200 250 300

Density (g/mL)

0,800

Vapour temperature of waterfree residue (C°)

Figure 5.2  Density for different oils as a function of vapour temperature of the residue. Only a limited
number of oils, both crude and refinery products (IFO180 and wide range gasoil — WRG), are
plotted to illustrate the main trends.
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Figure 5.3  The exponential relationship between the ““density slope” and the “evaporation slope" based
on data from the 141 selected oil weathering studies (see Table 4.2). A separate class was
identified for prediction of the refinery products.

This exponential relationship between evaporative loss/vapour temperature and density is used in the 50-
250°C region of the TBP curve to predict the density for the water free residues at 150, 200 and 250°C+. The
correlation between the exponential curve and the measured data for the 141 oils shows an acceptable fit
between the modelled and the measured data.

Using a similar approach also slopes for pour point and viscosity for water free oil were predicted from the
calibration set based on the correlation of these variables with evaporative loss.

5.2.3 Prediction of pour point

A similar approach (as for density) was used for predicting pour point. The exponential relationship in the
calibration set between changes in pour point versus changes in evaporative loss (see Figure 5.4.) is used to
predict pour points for the water free residues (150, 200 and 250°C+).
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Figure 5.4:  The exponential relationship between the “Pour point slope” and the “evaporative loss slope”
based on data from the 141 selected oil weathering studies (see Table 4.2). Two different
equations or classes are identified for the crude oils according to their initial pour point. In
addition, a separate class was identified for the refinery products.

This exponential relationship in Figure 5.4 (see equations on chart) is used together with the “evaporative
loss slope” in the 50-250°C region from the TBP curve to predict the pour point for the water free residues
(150, 200 and 250°C+). Two different equations are established, the first equation is used for oils with initial
low pour point (< -3°C, red), the second for oils with medium initial pour point (> -3°C, blue). The
correlation between the exponential curve and the measured data for the oils shows an acceptable fit between
the modelled and the measured data.

5.2.4 Prediction of viscosity

A similar approach was also used for predicting viscosity of the water free residues. The exponential
relationship in the calibration set between changes in viscosity versus changes in evaporative loss (see Figure
5.5) is used to predict viscosity for the water free residues (150, 200 and 250°C+).

It is assumed a linear relationship between density and pour point and evaporative loss. This linear
relationship is not true for viscosity since the increase in viscosity as a function of evaporative loss usually
shows an exponential behaviour. For this reason, it is not the “viscosity slope” which is predicted, but the
constant in an exponential equation describing the viscosity ratio between weathered residue and fresh oil
viscosity, see Equation 5.1. Variation of the constant in Equation 4.1 may give substantial changes in the
predicted viscosity ratio. Figure 5.5 shows the span in viscosity ratios for exponential constants for some of
the oils in the calibration set.

Equation 5.1: Visc ratio: = e Const - Vapour temperature (°c)
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Figure 5.5:  The exponential relationship between the viscosity ratio and the vapour temperature for
weathered residue, see Equation 5.1. The constant is varied between 0.005 and 0.026 which is
the range among the oils in the calibration set.

As illustrated in Figure 5.5 the span in the ratio between viscosity of weathered residue and fresh oil is wide.
To better predict the rise in viscosity of the water free oils (the constant in Equation 5.1 describing viscosity
ratios), the oils where divided into four different categories based on their fresh oil properties, as explained
below:
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1. Category 1: Oil with high wax content (High Wax)
These oils have a high wax content and usually a high pour point. As the light component evaporate, wax
particles precipitate and could make these oils semi solid and gives them high viscosity ratios. Three
different combinations of the fresh oil properties define the “oil with High Wax” category:

la: Wax > 5% AND Asp <0.20%
1b: Wax > 4% AND Asp <0.10% AND PP >-3°C
1c: Wax = 5% AND Asp > 0.20% AND PP > 3°C

2. Category 2: Oils with high evaporative loss that become “High Wax” oils when weathered (High
Evap & Wax)
Some oils do not satisfy the conditions in Category 1, but have a very high evaporative loss and a high
increase in relative wax concentration and pour point due to the large loss of light components. These
oils will also show semi solid behaviour for the more weathered fractions and have high viscosity ratios,
especially those with low initial viscosities. One combination of the fresh oil properties defines the "High
Wax when weathered” category:

2a: Evap > 0.20 vol%/°C AND Wax > 5% AND Visc < 5 cP (all viscosities at 13 °C)

3. Category 3: High viscosity oils (High Visc)
Some oil types have initial high viscosities due to high wax and/or high asphaltene content. These oils
have a low viscosity ratio and are defined by the following combination of fresh oil properties:

3a: Visc > 500 cP AND Wax > 5%
3b: Visc > 500 cP AND Asph > 1% (all viscosities at 13 °C)

4. Category 4: Oils with low wax content (Low Wax)
Naphtenic-, asphaltenic- or crude oils with generally low wax content do usually not give precipitation of
wax particles in the oil phase in the weathering range up to 250°C+ (approximate a week of weathering
at sea). In this study, all oils which do not satisfy the conditions for Category 1-3 above, were defined as
belonging to the “Oils with Low Wax” category.

The relationship between the viscosity ratio (constant from exp. equation) and the evaporative loss for the
141 oils in the calibration set is given in Figure 5.6 below.

As shown in Figure 5.6, the change in viscosity as a function of vapour temperature of weathered residue can
be much more complex than the changes in density and pour point. A low-viscous oil with high wax content
could therefore have a very steep exponential increase in viscosity as a function of vapour temperature if wax
particles precipitate and make the oil semi solid. Other oil types have active components like asphaltenes
which keep the waxes soluble in the oil and prevents high viscosities.
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Figure 5.6:  The exponential relationship between the ““Viscosity ratio exp. constants) and the
*“evaporative loss slope’ based on the data from the 141 selected oil weathering studies (see

Table 4.2). Three different equations or categories are identified according to the crude oils initial viscosity,
pour point and asphaltene/wax content and a separate class for prediction of refinery
products.

Note! Annotations in the figure is different from the definition of the categories used earlier on page 16:
PPP = Pour Point Problems (Hi Wax)
"Oils with PPP" = "High wax oils"
"Oils with no PPP" = "Lo wax oils"
"Qils with PPP when weathered" = oils that become "High wax oils" when weathered

The exponential relationship in Figure 5.6 (see equations on chart) is used together with the evaporative loss
slope in the 50-250°C region from the TBP curve to predict the viscosity ratio for the water free residues.
The correlations between the calculated exponential curve and the measured data shows a very good to
acceptable fit between the modelled and the measured data.

5.3 Variables predicted based on multivariate models

The last variables needed to fulfil the “synthetic” laboratory weathering data set are the variables describing
the emulsification of the oil slick at sea. These processes are more complicated to describe and several
variables should be considered simultaneously. The predicted variables are the viscosity for emulsions
consisting of 50 %, 75 % and maximum water content, and the uptake rate of water in emulsion (see Table
4.1).

These variables are predicted using a multivariate Partial Least Square (PLS) algorithm using the
Unscrambler program (version 8.0). A description of the basic principles of this algorithm is given elsewhere
e.g. Brandvik, 1997 or Martens et al., 1994 and will not be further explained in any details here. Using PLS
algorithm for multivariate calibration is similar to using ordinary linear regression for univariate calibration,



SINTEF

the only difference is that several variables (both X and Y matrices) are taken into account. The basic idea is
to utilise the internal correlation between several x-variables to predict a limited number of y-variables. The
x-variables used in this multivariate calibration are the original variables from the CA and the variables
predicted from them are the variables on weathered residues listed previously in Table 4.1. Table 5.2 lists the
X-variables used in the PLS regression.

Table 5.2: Data used as x- variables for the multivariate calibration of the emulsification properties.

Variable Abbreviation Units

Evaporative loss Evap Vol.%

Residue Res Wt.%

Density Dens g/ml

Pour point PP T

Viscosity (water free oil) Visc cP, shear 100 s™

Wax Wax Vol.%

Asphaltene Asph Vol.%

A multivariate model was established based on the correlation of the x-variables and individual y-variables
describing the emulsification properties e.g. the viscosity of the 50 % emulsions. The model used data on
emulsions from the three residues of 150, 200 and 250°C+, and the data set consisted of totally 162 objects
(samples). Some objects were classified as outliers and omitted from the models, when it can be justified or
explained by difference in composition or unusual behaviour in the laboratory.

To include interaction and second order effects, selected cross terms of the x-variables in Table 5.2 were also
used. These cross terms are: Dens*PP, Dens*Visc, PP*Asph, PP*Wax, Visc*Asph, Visc*Wax, Visc? and
Wax?. Three of the original x-variables (Visc Asp and PP) were also transformed (logarithmic) to obtain a
more normal distribution. All the 15 variables (7 first order + 8 interaction terms) were normalised (variance
= 1) to avoid any unwanted scaling effects from different numerical ranges (viscosities in 1 — 30 000 cP and
densities in 0.810 — 0.950 g/mL).

Four different “quality describing” parameters were used to describe the results from the multivariate
calibrations and predictions in this section.

1. No of PCs: The number of principal components used in the model is determined by the complexity of
the modelled variable and is used to maximise the correlation between measured and predicted values.

2. Expl. x var.: Explained variance among the x-variables. This is the variance explained by the used
principal components compared to the total variance in the data material (x-variables).

3. Expl. yvar.: Explained variance among the y-variables. As described above for the x-variables.

4. Correlation: The correlation between measured and predicted values for this specific variable.

Tables and graphs for predicting properties for both crude oils and refinery products are presented in the next
chapters. The calibration coefficients for the multivariate linear equations are given in Appendix A.

The scatterplots illustrate predicted versus measured values (red dots) and the red lines is the best-fit line to
the data, while the black lines are the ideal line giving a perfect match between measured and predicted
values.

5.3.1 Viscosity of emulsified residues (50 %, 75 % and max. water)

Calibration models are built using the x-variables described above, giving totally 7 variables and 162 objects.
Three separate PLS1 models were established for each of the three viscosities (50%, 75% and maximum
water content). The PLS1 models were validated by cross validation (Martens et al., 1994) and refined by
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omitting outliers to increase the predicting property of the models and the unexplained variance. The output
from the Unscrambler program is a multivariate linear equation summarising the principal components used
in the model. This equation is together with the x-variables used to predict values for the viscosity for the
emulsified residues.

Variable: Viscosity of 50% emulsions
Crude oils:

no of PCs: 5

Expl. xvar.:  92%

Expl.yvar.: 78%

Correlation:  0.88

Note: The calibration laboratory data for the refinery products do generally not contain data for 50%
emulsions. Most refinery products do not have a water uptake of 50%.

Predicted vs. Reference
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Figure 5.7  Plot of measured versus predicted values for the 50% water emulsions for the weathered
residues. The correlation is statistical significant with a correlation factor of 0.88. Only the
validation samples with full cross validation are plotted and used in the calculation of the
correlation factor.
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Variable: Viscosity of 75% emulsions
Crude oil:

no of PCs: 4

Expl. x var.:  84%

Expl.yvar.: 61%

Correlation:  0.80

Note: The calibration laboratory data for the refinery products do generally not contain data for 50%
emulsions. Most refinery products do not have a water uptake of 75%.
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Figure 5.8  Plot of measured versus predicted values for the 75% water emulsions for the weathered
residues. The correlation is statistical significant with a correlation factor of 0.80. Only the
validation samples with full cross validation are plotted and used in the calculation of the
correlation factor.
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Variable: Viscosity of maximum water emulsions

Crude oils:
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6
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Figure 5.9  Plot of measured versus predicted values for the max water emulsions for the weathered
residues. The correlation is statistical significant with a correlation factor of 0.78. Only the
validation samples with full cross validation are plotted and used in the calculation of the

correlation factor.
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5.3.2 Water uptake (rate and maximum value)

A common calibration model is established for both the water uptake rate and the maximum water content in
the emulsion. This approach gives a more robust model with better predicting properties because these two
y-variables are strongly correlated. In general, high water uptake e.g. for paraffinic or waxy crudes will
usually also give rapid uptake rate, while low water content e.g. for viscous asphaltenic crudes gives slow
water uptake.

For some of the laboratory studies the data are adjusted based on observations from meso-scale weathering-
or field studies. In most cases the maximum water uptake from the rotating flask apparatus has been adjusted
to fit the weathering from meso-scale studies. The multivariate calibration in this study has been based on the
original data from the small-scale laboratory tests. We have tried to use the adjusted values, but the
correlation between the parameters describing the water free oil (especially viscosity and wax content) and
the water uptake parameters (t%2 and the maximum water uptake) became much weaker. A possible
explanation for the reduced correlation may be that when the adjusted values are used, only one common
value for maximum water uptake are used (for all residues) and the uptake rate is not changed. This means
that in some cases, especially with waxy crudes, the maximum water uptake could be overestimated (see
verifications in appendix A).

The output from the Unscrambler program is presented in the same manner as in the previous section.
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Variable: Maximum water uptake (EM%)
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Figure 5.10 Plot of measured versus predicted values for the maximum water uptake for the weathered
residues. The correlation is statistical significant with a correlation factor of 0.60. Only the
validation samples with full cross validation are plotted and used in the calculation of the
correlation factor.
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Figure 5.11 Plot of measured versus predicted values for the water uptake rate for the weathered residues.
The correlation has a low statistical significance with a correlation factor of 0.47. Only the
validation samples with full cross validation are plotted and used in the calculation of the
correlation factor.
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5.4 New functionality to identify "Find Model oil"

In some cases where only CA data is available it would be of interest to search the oil database for an oil
type with similar CA data and a full laboratory dataset (weathering study). The new approach is based on
calculating a parameter describing the correlation or fitness between the new oil and the characterised oil
present in the SINTEF oil database. This approach is only based on the available CA variables. How this "fit
factor” (ri) is calculated is shown in Equation 5.2 below:

n

_125 (Vk_oik )2
TN Lk e+ 0y0/2

= Equation 5.2
forrk=1.nandi=1.p

Where:
Vi: Crude assay variables from Table 4.1 (and Appendix B)
Oi: Oils characterized in the SINTEF oil database (weathering studies)
Sk: Scaling factor specific for each CA variable
p: The number of characterized oil in SINTEF database
n: The number of crude assay variables

A similar approach has earlier been used by SINTEF e.g. in a project for EMSA in 2005 (Reed et al., 2005)
and has (in a modified version) in this project shown to be a robust approach. Its simplicity is also appealing
compared to the more complex alternative described in the previous section. New oils are assigned to the
five different categories (paraffinic, waxy, naphtenic, asphaltenic and refinery products). Based on the "Fit
factor" described in Equation 5.1 above, an approach as shown in Figure 5.12 could be followed. This
enables the use of the CA data for new oils to calculate the "Fit factor" for all the oil in the openly available
part of the SINTEF database of characterised oils (weathering properties). The ten best candidates are shown,
and a colour code indicates their fit to the new oil (green, yellow and red).

Predict oil specific
weathering properties

1

"MATCH"
Properties known
in SINTEF database

Searchin
SINTEF
database

"NQO MATCH”
New or rare
propertiesin
SINTEF database

New Oil weathering
study needed..?

Figure 5.12: Overview of the approach based on the "Fit factor" showing how the CA data (Table 4.1) for
the new oil are used to search for a model oil in the SINTEF database with existing
characterised oils.
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The main user interface for the "Find model oil" functionality is shown below.

[H Find model oil 2|
[~ Crude Assay variabl
Viscosity 13°C (mPas): 10 Asphaltene content (%): [0,1 Density (kg/L): 0,853
Pour point (°C): 6 Wax content (%): 4,6 Evaporation (Vol%/°C): |0,19 2|
Find model oil
Rar .ung | Fit | Qil name | Viscosity | Pour point | Asphaltene |Wax| Density | Evaporation | il typel Yearl Region Source l:
1 0,22 BREN  BLEND (IKU) 6,0 6,0 0,13 2,40 0,839 0,172 Waxy 1993 NORTH SEA IKU Petroleum Research
2 0,32 SHAH DENIZ_2012_13°C_1000 5-1 14,0 9,0 0,04 4,68 0,811 0,238 Waxy 2012 NORTH SEA IKU Petroleum Research
041 | VITUND 15,0 6,0 0,02 7,50 0,834 0,149 Waxy 1998 NORWEGIAN SEA SINTEF Applied Chemistry
4 s | SHAH DENIZ_2012YS 18,0 9,0 0,04 4,68 0,811 0,238 Waxy 2012 NORTH SEA IKU Petroleum Research
5 0,41 | SHAH DENIZ 24 C NYE VISK 18,0 9,0 0,04 4,68 0,811 0,238 Waxy 2012 NORTH SEA IKU Petroleum Research
6 0,41 | SHAH DENIZ 6C NYE VISK 18,0 9,0 0,04 4,68 0,811 0,238 Waxy 2012 NORTH SEA IKU Petroleum Research
7 0,41 | SHAH DENIZ 13C NYE VISK 18,0 9,0 0,04 4,68 0,811 0,238 Waxy 2012 NORTH SEA IKU Petroleum Research
8 0,41 | SHAH DENIZ_2012 18,0 9,0 0,04 4,68 0,811 0,238 Waxy 2012 NORTH SEA IKU Petroleum Research
9 045 | VESLEFRIKK (IKU}) 15,0 6,0 0,20 5,10 0,839 0,190 Waxy 1991 NORTH SEA IKU Petroleum Research =
10 0,47 | FROY 9,5 12,0 0,20 5,10 0,836 0,192 Waxy 1996 NORTH SEA IKU Petroleum Research LI

Use selected ofl(s) Cancel |

The fit is calculated to all the oils in the SINTEF database and the 10 oils with the closest fit appear. A
colour coding indicates the degree of fit:

< 0.25: Good fit
0.26 - 0.40:
> 0.40: Unsatisfactory fit

The numerical values describing the degree of fit are determined by testing similarities and differences
among existing characterised oils: The ranges reflect the operational significance by evaluating weathering
parameters as the evaporation, water uptake, emulsion viscosity and time window for dispersant application.
This is calibrated towards oils with full weathering studies in the database. Crude oils that show a good fit to
each other (< 0.25), should have similar weathering behaviour, especially for the emulsion viscosity. It is
expected that the same strategy for oil spill contingency can be used for oil such similar oils. This indicates
that green oils could be used as model oils for the oil represented with the inserted CA variables. The use of
Yellow oils should be further investigated and use of Red oils as model oils is not recommended.

This approach using the CA variables to find a model oil could be an alternative to predicting the weathering
properties from the CA variables directly, especially for those oils that fall outside the calibration of the CA
module, for example condensates.

However, the boarders for the fit factor is mainly calibrated using crude oils and the uncertainty is expected
to be higher when comparing condensates or very light refinery products.
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5.5 Quality assurance for prediction of weathering properties on new oil types

The oil types selected for the calibration set have a broad variety of properties. Most of them are typical for
the five main groups; paraffinic, waxy, naphtenic, asphaltenic and refinery products.

Despite the calibration in this study was based on a broader selection of oils, new oils could still have
chemical composition (and weathering properties) which are very different from the oils used in the
calibration set. Using the CA module to predict weathering properties for such oil could lead to very
uncertain predictions. These oils should be identified as outliers because of high uncertainties. The CA
module in SINTEF OWM will for this reason not provide predictions for these oil types, but recommend
using the "Find Model Oil" option for predicting weathering properties.

A simplified message system is incorporated to help the user when predictions are based only fresh oil
properties (CA data). Based on the fresh oil properties three different message categories will be displayed
when running the SINTEF OWM

Red warning messages [{lll8l): Displayed if the oil properties are outside the valid range of the calibration
set.

Yellow warning messages (C1-C4): Displayed if the oil properties are inside the valid range, but some
combination of properties could give uncertain predictions.

Green standard message (Al): A general warning that predictions based on fresh properties only are more
uncertain. Displayed if the system detects no other warning messages.

The values of the fresh oil properties defining the messages listed below (Table 5.3).
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Table 5.3

Displayed warning and guiding messages.

Class

Conditions

Challenge

Examples

Ul Very high Visc The viscosity of this oil is very high compared to the oils used in the calibration set.
Crude > 2500 Cannot predict weathering properties with sufficient quality, based on fresh oil data only!
Refinery >30 000 Consider using the "Find Model Oil" option to select an oil with laboratory data.
U2 Very high Wax The wax content of the oil is very high compared to the oils used in the calibration set.
Crude >15 Cannot predict weathering properties with sufficient quality, based on fresh oil data only!
Refinery >14 Consider using the "Find Model Oil" option to select an oil with laboratory data.
U3 Very high Asph This oil has a very high asphaltene content compared to the oils used in the calibration set.
Crude >2 Cannot predict weathering properties with sufficient quality, based on fresh oil data only!
Refinery >10 Consider using the "Find Model Oil" option to select an oil with laboratory data.
U4 high Vax AND Vax Asp This fresh oil has a combination of high wax and high asphaltene content compared to the oils
Asph used in the calibration set.
>9 >1 . . . . . . .
Crude >8 >8 Cannot predict weathering properties with sufficient quality, based on fresh oil data only!
Refinery Consider using the "Find Model Oil" option to select an oil with laboratory data.
U5 This is a light oil, Condensate or a light refinery product with a very high and rapid
High Evap OR Evap Dens evaporation.
Low Density >025 ] <0.800 Cannot predict weathering properties with sufficient quality, based on fresh oil data only!
Consider using the "Find Model Qil" option to select a product with laboratory data.
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Use predictions

Only for crudes (NOT refinery products)

from predictions based on laboratory studies!

with care Challenge
C1 : Vale
low Visc AND <10 . e . . '
oW Visc This oil has a low initial viscosity, high evaporative loss and medium wax content. The Draugen,
medium Wax AND >5 L - . . . .
. uncertainty in prediction of water uptake and emulsion viscosity could be high! Embla,
medium Evap >0.18 Oseberg Sgr
Cc2 Elli South,
high Visc AND >100 L. e . . . . Balder,
g This oil has high initial viscosity combined with high wax or high asphaltene content. The Glitne
medium Wax OR >5 uncertainty in prediction of water uptake and emulsion viscosity could be high! Fortieé
medium asp >0,5 Alpine’
C3 . - . . N - . .
high Evap >0.20 This oil has a high evaporative loss. The uncertainty in prediction of weathering properties, mfmz Star,
(evap slope) ' especially water uptake and emulsion viscosity, could be high! Ajor d
sgar
C4 Borderline between
"High" and "Low" e - - " " "o P
wax content oil This oil is "borderline” between "High wax" and "Low wax" oils. The combination of wax,
asphaltene and pour point influence which algorithm used for prediction viscosity. A small
change in these variables could strongly influence prediction of viscosity.
Wax | <45,55>
AND Asp | <0.15, 0,25> : :
AND PP | <.3, 35 See user manual for further information.
Class Conditions
For BOTH crudes and refinery products
. These predictions of oil weathering are based on fresh oil properties only and could deviate
Al All conditions




SINTEF

5.6 Crude assay module verification

To verify the performance of the extended CA module predictions were made and compared with predictions
based on full laboratory studies. Weathering properties for different categories of crude oils were predicted
with SINTEF OWM based on;

A: Crude assay data
B: Laboratory data from weathering study

The new extended CA module was used on a selection of oils and the results from 10 different crude oils and
4 refined products are presented here as a verification test. The oils were selected to give a realistic picture of
the CA module performance. These oils are:

1. Naphtenic crudes:
Troll, Heidrun Blend and Draugen

2. Asphaltenic crudes
Balder blend (2010) and Oseberg @st

3. Paraffinic crudes:
Gyda and Statfjord A

5. Waxy crudes:
Ringhorne, Elli South

6. Refinery products
IF-380, IFO180, Wide range gas oil (WRG) and HDME

The oil listed above are used to verify the new extended CA module. Predictions of weathering properties
from the SINTEF OWM (test version 9.2) based on both CA data and laboratory weathering studies are
shown in Chapter 6.

For some of these weathering studies the predictions based on small-scale laboratory study are adjusted
based on observations from meso-scale weathering- or from field studies. This adjustment is in most cased
the water content for the emulsions which has been reduced compared to the results from small-scale
laboratory studies (rotating flask apparatus). The multivariate calibration in this study has been based on the
original data from the small-scale laboratory tests (see Section 5.3.2 for more details). In such cases also the
adjusted results (which also are the results reported in the weathering handbooks) are presented in figures in
Chapter 6 and marked as “Reported” or only “Rapp”.
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6 Verification of predictions based on CA data from SINTEF Oil Weathering Model
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Troll crude (message A1)
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Figure 6.1  Weathering properties for Troll crude (water uptake, water free- and emulsion viscosity)
predicted based on fresh oil properties or crude assay data (pred) and lab studies (lab &
rapp).
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6.1 Heidrun blend (message Al)
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40 60 80 100 120 140
Weathering time at sea (hours)

predicted based on fresh oil properties (crude assay data) and lab studies.



SINTEF

6.2 Draugen crude (message C1 og and Al)
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Figure 6.6.3 Weathering properties for Draugen crude (water uptake, water free- and emulsion viscosity)
predicted based on fresh oil properties (crude assay data) and lab studies.
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6.3 Balder blend 2010 (message: A1)
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Figure 6.4  Weathering properties for Balder crude (water uptake, water free- and emulsion viscosity)
predicted based on fresh oil properties (crude assay data) and lab studies.
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6.4 Oseberg @st (message: Al)

100
2
©
2
=
i)
c
o
o
2
]
=
—— Oseberg @st lab
------ Oseberg @st pred
40 60 80 100 120 140
Weathering time at sea (hours)
100000
a
w
9 10000
o
L
%
[}
L
= 1000
g 7
T
/
= /
Fo
7 |
N B
& 100 =
> (’ ——Oseberg Jst lab —
----Oseberg @st pred [—
10 T T T T T T
0 20 40 60 80 100 120 140
Weathering time at sea (hours)
100000
a
n
o
-
a~ 10000
2
c ===
2 L=
w -~
2 7
w ,’
> i/
= 1
2 1000 :' 7
H A ——Oseberg @stlab  [——
s / ]
[ ----Oseberg st pred
100 T T T T T T
0 20 40 60 80 100 120 140

Weathering time at sea (hours)

Figure 6.5  Weathering properties for Oseberg @st (water uptake, water free- and emulsion viscosity)
predicted based on fresh oil properties (crude assay data) and lab studies.
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6.5 Gyda (message: C3 and Al)
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Figure 6.6  Weathering properties for Gyda crude (water uptake, water free- and emulsion viscosity)
predicted based on fresh oil properties (crude assay data) and lab studies.
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6.6 Statfjord A (message: Al)
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Figure 6.7  Weathering properties for Statfjord A (water uptake, water free- and emulsion viscosity)
predicted based on fresh oil properties (crude assay data) and lab studies.
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6.7 Ringhorne (message: Al)
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Figure 6.8  Weathering properties for Ringhorne (water uptake, water free- and emulsion viscosity)
predicted based on fresh oil properties (crude assay data) and lab studies.
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6.8 Elli South (message: C2 and A1)
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Figure 6.9  Weathering properties for Elli South (water uptake, water free- and emulsion viscosity)
predicted based on fresh oil properties (crude assay data) and lab studies.
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6.9 IFO180 (message: C2 and Al)
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Figure 6.10 Weathering properties for IF-180 (water uptake, water free- and emulsion viscosity) predicted
based on fresh oil properties (crude assay data) and lab studies.
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6.10 IF380 (message: C2 and Al)
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Figure 6.11 Weathering properties for IF380 (water uptake, water free- and emulsion viscosity) predicted
based on fresh oil properties (crude assay data) and lab studies.
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6.11 Wide Range Gasoil (message: Al)
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Figure 6.12 Weathering properties for WRG (water uptake, water free- and emulsion viscosity) predicted
based on fresh oil properties (crude assay data) and lab studies.
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6.12 HDMES50 (message: C2 and Al)
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Figure 6.13 Weathering properties for HDMES0 (water uptake, water free- and emulsion viscosity)
predicted based on fresh oil properties (crude assay data) and lab studies.
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6.13 Summary of verification based on CA data

The new CA module in SINTEF OWM was tested with a selection of crudes and refinery products. The oils
are selected to cover a wide variation of the oils used to establish the algorithms and to illustrate the
different warning messages (Table 5.3). The quality or deviation from the predictions based on full
laboratory studies (weathering handbooks) varies strongly within the selected oils.

Naphtenic crudes:
Both Heidrun and Troll show acceptable predictions compared to predictions from a full weathering study.
No warning messages are issued by OWM for these predictions.

Draugen on the other hand has a large deviation in predicted water free and emulsion viscosities. The
predictions of e.g. emulsion viscosities are less than 50% of the predicted value with a full weathering study.
However, a C1 warning is issued because Draugen has a very low initial viscosity (1 cP) and a very high
evaporative loss.

Asphaltenic crudes:

The predictions for both water free viscosity and emulsion viscosity are generally underpredicted for the
asphaltenic oils. From 30% low (emulsion viscosity) for Balder blend to approximately 50% low for Oseberg
@st. No warnings are issued for these oils.

Paraffinic crudes:

The two paraffinic candidates vary in prediction errors. Gyda underestimate the emulsion viscosity (approx.
40%), while Statjord A overestimate the same with approx. 30%. This is representative for most of the
paraffinic oils which are seldom more than 50% away from values based on weathering studies.

Waxy crude:

The predictions of waxy crudes have been improved from the earlier version, mainly due to a broader variety
of waxy crudes in the calibration set. Ringhorne shows very good predictions 8 < 10% off), while for Elli
South the viscosity emulsions are over estimated. However, a warning is issued for Elli South (C2).

Refinery products:
Both for IF-380, IF-180 and HDME50 the CA module underestimate the emulsion viscosities. However,
high emulsion viscosities in the correct range are predicted for all three oils.

- IF-180: 50 000 cP (70 000 cP based on weathering data)

- IF-380: 150 000 cP (350 000 cP based on weathering studies) and

- HDMES5O0: 7 000 cP (9 500 cP based on weathering studies)
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7 Conclusions

This report presents results from the last of several projects aiming towards an improved and simplified
approach to predict weathering properties of an oil spill at sea based only on limited compositional data
available from a crude assay (CA). The CA module in SINTEF OWM makes it possible to rapidly predict
weathering properties for a spilled oil with a minimum of information available. A CA is a "product
declaration” on crude oils and refined products (certificate of quality). CA is needed for oil trading and is for
that reason available for many crude oils. The recalibration of the CA module has used an extended number
of crude oils and condensates (141) including a variety of refinery products.

This approach uses a set of models or algorithms using both univariate and multivariate regression. These
models predict a “synthetic” laboratory weathering data set that is used by SINTEF OWM to predict
weathering properties as a function of time and environmental conditions. These models are implemented
into the SINTEF OWM. A test version of OWM, version 9.2 was delivered with the draft version of this
report (December 2017). A new official release of OWM (version 10) is expected during spring 2018 (mid-
June 2018).

It was not possible to give predictions of acceptable quality of the lightest products like the condensates and
the lightest marine gas oils. These oils are defined as oils with an evaporation slope > 0.25 OR density <
0.800. This is mainly due to the large evaporative loss for these products. When 60-70% of the product
evaporates during the first hours at sea, it is difficult to predict the weathering behaviour of the residue based
on properties of the fresh product. The "error message" system will tell the users that predictions are not
possible for those lightest products (most condensates and light refinery products), but will guide the users to
the "Find Model Qil" function. This function can be used to find a "model oil or a surrogate oil " with similar
composition, which is already characterised with a weathering study.

The SINTEF OWM, when it is used with the CA module, will issue warning messages if the fresh oil
properties are outside the calibrated range and predictions will not be possible. The users will also receive
warning and guiding messages from the model to optimize the understanding and usefulness of the system.

The predicted properties show a good to sufficient statistical significant correlation with the measured values
in the calibration set consisting of 141 different oil types in chapter 5.3. The multivariate calibration is
performed with the software Unscrambler (v.10) and full cross validation is used when correlations between
predicted and measured values are calculated.

The predictions from this approach should be used with care, since the uncertainty in these predictions is
higher compared to predictions based on a weathering study. It is not possible to quantify this increase in
uncertainty exactly, but the guiding messages should be used by the user to interpret the results. Prediction
errors for oils without any warning messages generally are in the 30-50% range, but exceptions occur. For
example, when predicting emulsion viscosity of a very light oil, a "warning" will be given that the
predictions are more uncertain due to the high evaporative loss. Moreover, uncertainty in emulsion viscosity
may have an influence on operational decisions, and the time window for dispersant application is also
difficult to quantify based on this CA module approach.

This new approach should therefore not in general substitute weathering studies in relation to contingency
plans or environmental risk assessments. It will, however, be a supplementary operational tool, both in
preliminary contingency planning and in response operations where rapid and predictions are needed and
data from laboratory weathering studies are not available.

This approach is therefore mainly developed for use in oil situations where a rapid predictions of weathering
properties are needed and a laboratory weathering study is not available, e.g.

o Spills of oil types, which are only occasionally imported to Norway

o Spills of refinery products without a laboratory weathering study
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o Spills of blends which rapidly and significantly changes composition
o For "re-checking" to evaluate if weathering properties have changed as a function of changing oil
composition over time

8 Recommendations for future work

Blends of various crude oil types are today transported both by pipelines and by tankers from offshore
production to mainland in Norway. The oils composition and ratios of the blends may change with time due
to shut-down/opening of fields, reservoirs or wells, in addition to possible long-term fluctuations in the
production. It will not be cost beneficial to perform weathering studies on all fraction of these combinations.
The approach developed in this study could therefore be ideal mapping weathering properties for such crude
oil blends.

The SINTEF OWM contains a Blend module to calculate CA properties for a blend as a part of the database
Editor. This functionality was previously developed as a part of an earlier Statoil project, but has not been
frequently used. The user-friendliness of this functionality should be improved.
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Appendix A: Multivariate coefficients

Prediction of maximum water uptake (%)
Regression coefficients PLS1 analysis of EM% with UNSCRAMBLER)

BO Topped Res Grav Ig-PP Lg-Visc  Lg-Asp
Crude 225,620 -0,189 -0,012 -155,228 -9,605 5,679 8,420
Refinery 42,1977 -0,1344 0,1439 18,5520 -9,8865 0,5619 0,7627
Prediction of wateruptake rate (T12)
Regression coefficients from PLS1 analysis of T12 with UNSCRAMBLER)

BO Topped Res Grav Ig-PP Lg-Visc  Lg-Asp
Crude -1,686 0,000 0,000 0,853 0,000 0,045 0,000
Refinery -0,9768 -0,0002 0,0002 0,6384 0,0000 0,0244 0,0290
Prediction of emulsion viscosity (50%)
Regression coefficients from PLS1 analysis of Visc50% with UNSCRAMBLER)

BO Topped Res Grav Ig-PP Lg-Visc  Lg-Asp
Crude 0,7219 0,0010 -0,0011 2,0626 -0,1423 0,0924 0,0605
Refinery 0,00 0,0000 0,0000 0,0000 0,0000 0,0000 0,0000
Prediction of emulsion viscosity (75%)
Regression coefficients from PLS1 analysis of Visc75% with UNSCRAMBLER)

BO Topped Res Grav Ilg-PP Lg-Visc Lg-Asp
Crude 0,27803 0,0013726 -0,0014443 3,049498 -0,086592 0,0634358 0,086565
Refinery 0 0,000 0,000 0,000 0,000 0,000 0,000
Prediction of emulsion viscosity (max water)
Regression coefficients from PLS1 analysis of Max-water with UNSCRAMBLER)

BO Topped Res Grav Ig-PP Lg-Visc  Lg-Asp
Crude -0,2127 0,0012 -0,0012 3,2460 -0,1825 0,1053 0,1490
Refinery -0,7192 -0,0062 0,0068 3,0383 -0,5758 0,1365 0,1276

PROJECT NO. REPORT NO.
302003199 0C2018 A-040

Wax
-0,407
0,5851

Wax
0,000
0,0090

Wax
0,0061
0,0000

Wax
0,001621
0,000

Wax
0,0089
0,0303

Grav*lg-PP
-10,091
-15,0275

Grav*lg-PP
0,000
-0,1375

Grav*lg-PP
-0,1202
0,0000

Grav*lg-PP
-0,0513129
0,000

Grav*lg-PP
-0,1456
-0,4341

Grav*Lg-Visc
3,241
0,4361

Ig-PP*Lg-Asph
7,767
0,5495

Grav*Lg-Visc
0,052
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Ig-PP*Lg-Asph

Grav*Lg-Visc
0,1061
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Ig-PP*Lg-Asph
0,0070
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Grav*Lg-Visc
0,07914744
0,000

lg-PP*Lg-Asph
0,03154665
0,000

Grav*Lg-Visc
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0,1330
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0,0642
0,0774

VERSION
Final

Ig-PP*Wax
0,565
0,4255

Ig-PP*Wax

lg-PP*Wax
-0,001882071
0,000

Ig-PP*Wax
0,0009
0,0328

Lg-Visc*Lg-Asph

Lg-Visc*Lg-Asph
0,0351
0,0000

Lg-Visc*Lg-Asph
0,04178378
0,000

Lg-Visc*Lg-Asph
0,0513
0,0310

Lg-Visc*Wax

Lg-Visc*Wax

Lg-Visc*Wax
0,001177484

Lg-Visc*Wax

Lg-Visc**2  Wax**2
-0,338 -0,007
-0,0138 0,0524
Lg-Visc**2  Wax**2
0,008 0,000
0,0035 0,0047 0,0014
Lg-Visc**2  Wax**2
0,0025 0,0160 0,0003
0,0000 0,0000 0,0000
Lg-Visc**2  Wax**2
0,01037058 0,0001123
0,000 0,000 0,000
Lg-Visc**2  Wax**2
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0,0084 0,0213 0,0012
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