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Abstract. Extended Slow Heating (ESH) pyrolysis is applied to assess oil fractions in reservoir rocks. It
offers a novel approach to estimate oil saturation, as presented by a case study from the Nini West oilfield
(Danish North Sea). This method enables cost-effective saturation estimation from minimal sample sizes,
using cleaned core plugs to evaluate cleaning efficiency and adjust for porosity underestimation due to
incomplete cleaning. ESH involves gradual pyrolysis of 50 mg dry, ground samples (100-650°C at
10 °C/min) using a HAWK Pyrolysis and TOC analyser calibrated against oils with known gravity and API
standards. Hydrocarbon release is continuously measured during pyrolysis, and oil fractions were defined
based on their densities. ESH-derived oil saturation and API values aligned with direct measurements,
confirming the method’s reliability. Saturation values in scCO:-flooded plugs were significantly lower,
suggesting that lighter hydrocarbons were removed, leaving heavier, immobile fractions (solid
bitumen/asphaltenes), although with minor quantities. The study, combining ESH, chromatography,
porosity measurements, and cleaning techniques, reveals that solid bitumen and asphaltenes remain post-
scCO; flooding and cleaning. ESH is a rapid and effective method for determining oil composition,
saturation, and API gravity. Its low sample requirement allows for spatial oil composition analysis from
cuttings, offering advantages over traditional core analysis methods.

extracts lighter hydrocarbon fractions—such asthe diesel-
range nCi11—nCz; components — while leaving behind
heavier, viscous oil fractions with lower API gravity [8—
10]. These residual heavy fractions, including asphaltenes

1 Introduction

Crude oil varies in physical and chemical properties due
to differences in the quantity of nonidenticalhydrocarbon

fractions having different sizes and compositions [1].
Efficiency of crude oil extraction is both dependent on
crude oil composition and reservoir properties, lithology,
porosity and permeability. One of the techniques that has
been used to enhance oil recovery (EOR) is the injection
of supercritical CO; (scCO). Triggered by the global
climate change, geological carbon capture and storage
(CCS) hasemerged as a cornerstone strategy in mitigating
rising atmospheric CO: levels [2,3]. Among the various
CCS technologies, subsurface CO: injection — especially
into depleted oil and gas reservoirs — offers a highly
practicaland technically feasible approach due to existing
infrastructure and  well-characterised geologic
frameworks [4].

However, scCO: injection into hydrocarbon-bearing
reservoirs brings a dual effect: it supports CO:
sequestration while also mobilising remaining
hydrocarbons.In EOR applications, scCO: dissolves into
the remaining oil, reducing viscosity and improving flow
properties [5—7]. Simultaneously, scCO: selectively
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and solid bitumen, may accumulate within pore networks
and cause clogging, posing risks to injectivity and long-
term CO: storage capacity [11-15].

In a CO; storage context, it is therefore important to
have an understanding of the saturation and composition
(oil fractions) of the remaining oil in the reservoir
considered for COz storage. Recently, the impact of scCO:
injection on oil composition has been explored for
depleted sandstone and chalk oil reservoirs in the Danish
North Sea [13,14]. These studies employed a combination
of ESH pyrolysis, gas chromatography, organic
petrography, and porosity measurements to investigate
the remaining oil composition. The mobility of the
hydrocarbons was examined by scCO: flooding
experiments conducted under reservoir conditions.

ESH pyrolysis, introduced by Sanei et al., provides a
refined thermal program that enhances the resolution of
oil fractions during slow ramp heating [16,17]. Its ability
to quantify oil fractions from small sample sizes (e.g., 50
mg of ground rock) makesit a cost-effective tool for both
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core and cuttings analysis. The ESH method, comparable
to the modified Rock-Eval protocol proposed by Jones
and Tobey [18],has gained wide application in evaluating
reservoir quality and hydrocarbon composition for
various purposes, including hydrocarbon-stained core and
cuttings in conventional systems [19], hydrocarbon
retention and recovery potential in shale mudstones [20—
24], indicator of complete removal of hydrocarbons
during shale cleaning [25,26], and hydrocaibon
composition in depleted oil fields considered for CO2
storage [13—15]. In the latter studies, ESH pyrolysis
proved to be particularly valuable in assessing the spatial
distribution, composition, and APl gravity of the
remaining oil before scCO: injection, and the change in
oil composition after scCO: injection [13-15]. In the
context of scCO: flooding, the ESH method wasalso used
to assess the cleaning efficiency of core plugs used for
restoration to original oil and brine conditions before
flooding [14].

The ESH method gives the oil fractions in volume%
(vol%) while reservoir engineers work with oil
saturations (%). In order to bridge this gap between
petroleum geochemistry and petroleum engineering, this
study presents a method to convert vol.% data derived
from ESH pyrolysis into saturation%. The method is
demonstrated by using the ESH data from the depleted
Nini West oil field in the Danish North Sea presented by
Petersen et al. [14] as a case study. Due to the small
sample amount required and the short analysis time, this
innovative method allows for an estimation of oil
saturation in not only a few core plugs but also large
quantities of cuttings samples. In addition, the saturation
estimates of the cleaned core plugs are used to
quantitatively evaluate cleaning efficiency and factorin
adjustments for the porosity underestimation due to
incomplete cleaning. This strategy outperforms traditional
core plug analysis, which requires core plugging,
extensive solvent extraction, and oil analysis.

2 Methods

2.1 Extended Slow Heating (ESH)

The ESH pyrolysis method represents an advanced
thermal analysis technique tailored to investigate the
distribution and composition of hydrocarbons in
geological materials. Initially introduced by Sanei et al.
and later adopted in studies such as those by Kurz et al.
and Hawthome et al., Steshej et al., and Petersen et al,,
ESH modifies the conventional heating protocol by
applying a reduced temperature ramp. [13—-17,24,27].
This adjustment enhances the separation and resolution of
different hydrocarbon fractions released from the rock
matrix.

Unlike traditional pyrolysis approaches, which often
employ rapid heating and risk underestimating heavier
hydrocarbons in the S1 peak, ESH uses a gradual
temperature increase, from 100 °C to 650 °C at a steady
rate of 10 °C per minute, executed on a HAWK Pyrolysis
and Total Organic Carbon (TOC) analyser (Wildcat
Technologies). The slower ramp rate enables more
efficient volatilisation of heaviermolecules, which might
otherwise be delayed or co-eluted with kerogen,
appearing as a shoulder or broadening of the S2 peak. In
this way, ESH delivers a more detailed and accurate
hydrocarbon release profile see Fig. 1.

During the heating process, hydrocarbon evolution is
continuously monitored usinga Flame Ionisation Detector
(FID), resulting in a high-resolution pyrogram. This curve
is analysed using the ESH Slice&Dice algorithm, which
divides the temperature spectrum into distinct intervals
[13,15]. Each interval corresponds to hydrocarbons of
increasing molecular size and density, with release
temperature serving as a proxy for molecular weight and
compositional complexity.
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Fig. 1 Example of an ESH pyrogram from a CO:-flooded core sample, illustrating the five temperature intervals defined by the
Slice&Dice algorithm. The corresponding hydrocarbon fractions—Ilight oil, mobile oil, semi-mobile oil, immobile oil, and solid
bitumen/asphaltenes—are identified based on their volatilisation temperatures. The black curve represents the FID signal (hydrocarbon
release), while the red line indicates the programmed sample temperature.
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Based on calibrated density values, the method
categorises hydrocarbons into five distinct fractions: light
oil (0-100 °C; 0.773 g/cm?), movable oil (100-200 °C;
0.807 g/cm?®), semi-movable oil (200-300 °C; 0.899
g/cm?), non-movable oil (300-375 °C; 1.022 g/cm?), and
solid bitumen or asphaltenes (375-650 °C; 1.2 g/cm?).
These classes are derived from the pyrolysis behaviour of
reference compounds and help interpret the types of
hydrocarbons present in the sample.

Quantitative assessment of each hydrocarbon fraction
is achieved by calibrating the FID response using known
standards. To ensure the highest accuracy, the HAWK
system is calibrated using Whole rock Type standard
(WT2), with acquisition parameters maintained within a
5% error margin. A proceduralblank is run prior to each
analysis to monitor and correct for background signals.
The method estimates hydrocarbon concentrations in
weight per cent (wt.%), which are then converted to
volume per cent (vol.%) by accounting for the specific
density of each fraction and the sample’s initialmass. This
transformation enables the volumetric estimation of
hydrocarbons per unit volume of rock.

Itis important to recognise that while the classification
system offers detailed compositional data, it is based on
pure compounds and does not fully capture the complex
phase behaviour seen in actual reservoir fluids, where
different hydrocarbon types often coexist with
overlapping physical properties. As such, direct
application to reservoir flow predictions requires caution.

In addition to hydrocarbon profiling, the ESH
technique can detect chemicalsignatures such as carbonyl
(C=0) groups, indicative of oxygen-rich or heavily
altered organic matter, including asphaltenes and polar
compounds. These insights provide additional
information on the chemical nature of the immobile oil
fractions.

One notable application of ESH is in assessing the
effectiveness of core cleaning procedures. When applied
to samples presumed clean, ESH can reveal residual
hydrocarbons that may occupy pore space and hinder
helium penetration during porosity analysis via He-
porosimetry. Such residuals canlead to underestimations
of effective porosity. Accordingly, ESH offers a method
to correct porosity measurements by accounting for these
retained hydrocarbons, thereby enhancing the reliability
of petrophysical data [28—30].

Following this methodologicaloverview, a derivation
is provided for calculating oil saturation from ESH-based
volume estimates. Additionally, a correction formula is
introduced to refine He-porosimetry-derived porosity
values by compensating for hydrocarbon volumes still
present in cleaned samples, contributing to more accurate
subsurface characterisation.

2.2 Saturation Estimate and Porosity Correction

The ESH pyrolysis yields the distribution of hydrocarbon
fractionsas volume per cent (vol.%), relative to the rock-
hydrocarbon system's total dry mass or volume, with
waterand gas content deliberately excluded. Which reads:

Vi
————100%
Ve + 2V, M

Vol.% (i) =
In this framework, the volume V hasthe dimension of
[L®], and the subscript R refers to rock, while i denotes the
i-th hydrocarbon species—specifically: light oil, movable
oil, semi-movable oil, non-movable oil, and solid
bitumen/asphaltenes. This volumetric data can be
interpreted as follows: for every 100 ml of bulk sample
(rock plus hydrocarbons), (Vol. % (i) ) corresponds to the
volume in millilitres of hydrocarbon fraction i, and the
remaining (100 — 2;_; V) ml represents the volume of
rock matrix. In contrast, saturation (S;) is the term that
defines the proportion of the pore volume occupied by the
hydrocarbon species i. To determine this, the porosity (¢)
of the rock must be known. Porosity is defined astheratio
of the pore volume (V) to the total volume of the sample
(ie., V, + V), where Vy is the rock grain volume. From
this definition, it is possible to derive the pore volume
associated with a given rock volume, and consequently,
the saturation (Si) of each hydrocarbon fraction:

¢ - Vol. %) 1009t
l %(100 — 3 Vol % ) @)

In routine core analysis workflows, helium
porosimetry is the industry-accepted method for
measuring effective porosity. This technique assumes that
all fluids have been completely removed from the pore
network, as helium is used to probe the available pore
space by expanding from a reference volume to the pore
volume. However, if hydrocarbons are only partially
removed, asis often the case,some pore volume remains
occupied by residual hydrocarbons. This leads to
underestimating the true pore volume and, by extension,
the porosity. The retained hydrocarbons artificially
increase the rock volume, causing helium gas to expand
into a reduced pore space. Therefore, the measured
porosity (¢,,,) from helium porosimetry is less than the
actualporosity (¢). The discrepancy can be corrected by
introducing a porosity correction factor,compensating for
the remaining hydrocarbon volume in the cleaned core
sample. Thus, the measured porosity, ¢,,, measured by
the He-porosimeter, can be expressed as:

Vp -VHC VR+VHc VHC
= =1 —+—"=== — =
m =" e = ¢ T G)

The term (—Vy/V;) is the correction factorneeded to
be added to the measured porosity. Conducting an ESH
measurement on a cleaned sample gives the amount of
hydrocarbon left in the core sample after cleaning. This
value can be used to calculate the error in the porosity
measurement and the correction factor as follows:

e 1009 (4a)
VHC

VR+

Vol.% (HC) =

where I}, is equalto the sum of the hydrocarbon volume
fraction, X, V.. Dividing both the nominator and the
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denominator by the total volume, the previous equation
reads:

Vol.% (HC) = £ —T—100% (4b)

Vr VR+VHC

Thus, the correction factor reads:

e — yol. o (HC) » BEVHC
%4 vr

V;’—C = Vol.% (HC) * (1 — ¢,,)) ©)
T

This correction factornot only improves the precision
of porosity estimations but also serves as a quantitative
metric for assessing the efficiency of solvent-based core
cleaning procedures. Higher residual hydrocarbon
volumes indicate incomplete cleaning, thereby guiding
the selection of more effective cleaning strategies tailored
to specific lithologies and reservoir conditions.

3 Case Study - The Nini West Storage
Site

To demonstrate and validate the methodology for
saturation estimation and porosity correction, we utilise
ESH pyrolysis results from Petersen et al. [14]. The Nini
West storage site, also known as “Project Greensand”,
was developed with the aim of injecting and permanently
storing CO; in a depleted oil field in the Danish sector of
the North Sea. The project was initiated in support of
Denmark’s ambitious targets to achieve a 70% reduction
in greenhouse gas emissions by 2030 and net-zero
emissions by 2050[31,32]. The Nini West field is located
in the Siri Canyon in the North Sea (Fig. 2), and contains
a reservoir consisting of fine-grained glauconitic
sandstones, securely sealed by a 900 m thick succession
of mudstones (Horda and Lark Formations), providing a
robust seal complex with high integrity [33-36].

In 2024, pilot injection of scCO2 was successfully
completed in the Nini West structure, and upon full
implementation, the storage site is projected to achievea
storage capacity of up to 8 million tonnes of CO: per year.
CO: is initially transported by ship to the offshore
injection site, where it is injected into the reservoir at
depths of 1700—-1800 metres. As one of Europe's most
mature offshore CCS ventures, Project Greensand serves
as a strategic model for the repurposing of depleted
hydrocarbon reservoirs, offering critical infrastructure
solutions for regional and global climate goals across the
North Sea [32].

In the following section, we first provide a brief
overview of the geological characteristics of the Nini
West Field. We then introduce the dataset employed in
this study, expanding upon the sampling and analytical
procedures described in Petersen et al [14]. This forms
the basis for demonstratingthe application and validation
of the proposed saturation estimation and porosity
correction methods.

3.1 Geological setting

The Nini West Field is located within the Siri Canyon of
the Danish North Sea (Fig. 2a). The Siri Canyon itself, a
majorPalaeocene geological feature, trends east-northeast
for approximately 120 kilometres from the eastern edge
of the Danish Central Graben, extending across the
Ringkebing-Fyn High toward the Stavanger Platform
(Fig. 2b).

The canyon system formed during the Palacocene
through deep incision of the Cretaceous—Danian Chalk
Group. During Palaeocene and Miocene times, it was
progressively infilled by hemipelagic and turbiditic marls
and mudstones. Episodic deposition of sandy mass-flow
and turbidite sediments during the Palacocene—Eoceneled
to the accumulation of fine-grained, well-sorted
glauconitic sandstones [33-35].

These sediments were transported via turbidite
systems originating from the Stavanger Platform, and
their deposition was closely linked to the backstepping of
the Paleogene depositional systems. This resulted in the
deposition of several sandstones embedded in the pelagic
mudstones [33,34,37] (Fig. 2c). Owing to episodes of
post-depositional remobilisation and fluidisation, the
spatial arrangement of the sandstone bodies is notably
intricate [33,38], resulting in reservoirs distributed across
different stratigraphic horizons. Earlier deposited
sandstones are capped by units within the Rogaland
Group, while younger sandstones are sealed by extensive
Eocene to Oligocene—Miocene marine mudstones of the
Horda and Lark Formations (Fig. 2¢).

The Nini West Field itself occupies a structural
position on the western limb of the Nini anticline, a
structure resulting from halokinetic movements
associated with salt tectonism [39]. It forms part of a
broaderpetroleum accumulation thatis confined within a
combination of structural and stratigraphic traps.

Sealing the reservoir is a thick succession—
approximately 900 metres—of low-permeability
mudstones from the Horda and Lark Formations, which
provide an effective regional caprock system [34,36,40].
Thereservoir is encountered at subsurface depths between
1700 and 1800 metres, where the prevailing formation
temperature is around 60 °C. Petrographically, the
reservoir is dominated by fine-grained, well-sorted
sandstones in which quartz and glauconite are the major
components, with glauconite content ranging between
20% and 30%. Minor mineral constituents include
feldspars, micas, lithic fragments, and heavy minerals
[35,38,41].

A distinguishing feature of the Nini West reservoir is
its significant glauconite content. Detailed mineralogical
investigations by Weibel et al. [42] revealed that
glauconite grains predominantly exhibit a mixed-layer Fe-
smectite/illite structure. Additionally, the sandstones host
a variety of partially to fully glauconitised grains
originating from different mineral precursors. Thin
coatings of phyllosilicate cements, often developed on the
surfaces of glauconite clasts, may exert a considerable
influence on the reservoir’s petrophysical properties,
particularly permeability and mechanical behaviour
Importantly, the sands from this formation are markedly
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Fig. 2 A) Regional map illustrating the position of the Siri Canyon within the Danish sector of the North Sea; (B) Detailed location of
the Nini-4 well within the Nini West reservoir of the Siri Canyon; (C) Stratigraphic column highlighting the Paleogene sandstone
reservoir (Kolga Member) and the lower portion of the primary seal formed by the Eocene Horda Formation (Modified from

[33,34,36)).

distinctive, with glauconitic clasts exhibiting anomalous
behaviour during laboratory procedures. These grains
tend to remain saturated with hydrocarbons and often
retain oil even afterextensive cleaning, posing a specific
challenge in core preparation and petrophysical
interpretation [14]. This unique behaviour underlines the
need for careful assessment of cleaning efficiency, as

investigated in the present study.

3.2 Data Set

This study employs a dataset of thirteen samples
previously analysed using ESH pyrolysis as part of our
previous study [14]. The samples originate from thirteen
core plugs retrieved from the Nini-4 well within the Nini
West Field, Siri Canyon, covering a depth interval
between 1774.28 and 1782.67 meters. The collection
encompasses preserved plugs, brine-stored preserved
plugs, plugs cleaned by three different laboratory
methods, a restored plug, and a restored plug subjected to
supercritical CO: (scCO:) flooding, summarised in Table
1. The conventionalcore analysis (CCAL) data—namely
helium porosity, nitrogen gas permeability, and grain
density—are available for most samples (GEUS in-house

data and [43]), although interpolation from adjacent
depths was necessary for two plugs, where direct
measurements were unavailable. Overall, the plugs
exhibit relatively uniform porosity values ranging from
35.00% to 35.83%, with a minor deviation observed at
33.80% (plug PB2), while grain densities span 2.690 to
27716 g/cm?®. Permeability values showed greater
variability but remained favourable, ranging from
approximately 1059 to 1249 mD.

The ESH pyrolysis program results are presented in
Table 2 and incorporate the volumetric fraction
composition of the saturating oil, as well as the estimated
API of the oil. Note thatthe sum of the oil fractions does
notequalthe totaloil volume fraction; this discrepancy is
due to a minor hydrocarbon fraction bound to the matrix.
For more information on the nuance of the method, work
program and discussion on the ESH results, the reader is
referred to [14]

3.3 Method validation and accuracy - Saturation
calculation from ESH

The restored plug, REST1, was selected as a reference
sample to validate oil saturation estimates obtained from
ESH pyrolysis and assess the method'saccuracy. A small
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portion of material was first extracted from plug HSEC2
for ESH analysis, while the remaining REST1 sample
underwent a complete restoration procedure.

During wettability restoration, REST1 was fully
saturated with synthetic brine formulated to replicate the
formation water chemistry. The plug was initially placed
under vacuum for two hours to remove trapped gases,
after which brine was introduced to achieve complete pore
saturation. Full saturation was confirmed using the
Archimedes method by submerging the plug in brine and
measuring buoyancy.

The plug was then drained to a target connate water
saturation (Swi = 30%) using the porous plate method.
This involved placing the sample in a core holder fitted
with a semi-permeable ceramic plate, using nitrogen (N3)
asthe non-wetting phase. The ceramic plate had an 80nm
pore throat, favouring water wetting, and a theoretical
Ny/water entry pressure of 35 bar. By applying a pore
pressure of 13.8 barg, a saturation of 32.79% was

achieved and later
measurements (see Fig. 3).

Following drainage,N, was replaced with Stock Tank
Oil (STO) under vacuum. Some brine evaporation
occurred during this process, further reducing water
saturation. The amount of water evaporated is adjusted by
modifying the time under vacuum before introducing the
STO. The STO, sourced from the Nini Field, underwent
centrifugation to remove dissolved water and high-
pressure filtration (7 pum) at room temperature to eliminate
suspended solids.

The plug was then brought to reservoir pressure and
temperature and aged for one month, followed by
continued STO injection under the same conditions to
fully restore reservoir wettability. Final fluid saturations
of Sw =30% and Soi= 70% were achieved and confirmed
by comparing the weight of the sample afterageing to the
dry conditions using a scale with an accuracy of +0.01g,
knowing the density of both fluids.

confirmed by gravimetric

Table 1. Characterisation of the examined core samples”

Sample Sample
type name Description Depth ¢ Kgas Pgrain
m (MD) % mD g/em’
PF1 Preserved plug 1775.78 35.11 1065 2.702
o PF2 Preserved plug 1775.97 35.00 1059 2.707
g PF3 Preserved plug 1776.90 35.05™ 1325™ 2.695™
% PB1 Preserved plug in brine 1774.28 35.73 813 2.707
e PB2 Preserved plug in brine 1777.27 33.807 1080™ 2.69"
PB3 Preserved plug in brine 1782.67 35.23 769 2.699
DEC1 Diffusion-evaporation cleaning method 1776.88 35.39 1212 2.712
O CFC1 Cold flushing cleaning method 1776.85 35.46 1249 2.711
g CFC2 Cold flushing cleaning method 1776.88 35.39 1212 2.712
a HSEC1 Hot Soxhlet extraction cleaning method 1775.04 35.00 1180 2.690
HSEC2 Hot Soxhlet extraction cleaning method 1776.11 35.50 fractured 2.700
Restored REST1  Hot Soxhlet extraction, STO sat, aged 1 mth 1776.11 35.50 fractured 2.700
CO2 CO2F1A COx: flooded, STO sat., aged 1 mth, inlet A 1781.04 35.14 1122 2.716
flooded CO2F1B CO; flooded, STO sat., aged 1 mth, inlet B 1781.04 35.14 1122 2.716
"Data from the GEUS Database and the CCAL report [43]
*Data not measured on plug but derived from the nearest plug
Table 2. Results of ESH analysis (adopted from [14])
Sample Sample Total oil Light oil  Mobile oil ~ Scmimobile  Immobile Solid ESH API
oil oil bitumen
type name vol.% vol.% vol.% vol.% vol.% vol.% °
PF1 18.09 0.20 6.28 4.90 1.29 5.26 34
o PF2 16.16 0.17 6.38 433 0.99 4.14 36
% PF3 21.31 0.22 6.12 8.66 227 3.98 37
g PBI 11.57 0.07 3.91 2.95 0.68 3.8 33
a PB2 16.78 0.20 4.91 5.55 2.06 3.98 35
PB3 9.15 0.02 1.72 2.04 0.63 4.56 27
A DECI1 1.88 0 0.12 0.09 0 1.55 14
Q CFCl1 1.41 0 0 0 0 1.29 n.d.
% HSECI1 1.63 0 0 0 0 1.53 n.d.
= HSEC2 0.72 0 0 0 0 0.67 nd.
Restored RESTI 28.39 0.52 9.20 10.01 2.56 5.88 37
CO2 CO2F1A 2.02 0 0 0.01 0.08 1.86 n.d.
flooded CO2F1B 1.74 0 0 0 0.04 1.63 n.d.
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Fig. 3 Results of the porous plate drainage on the sample REST1, including: pore pressure (dotted line); target saturation (dashed line);

confining pressure (solid line); and saturation (circles)

ESH analysis of REST1 yielded oil saturations of
70.7% (including matrix-bound hydrocarbons)and 702%
(excluding them), both closely aligning with the
gravimetrically measured saturation of 70%. A porosity
correction of 0.43 porosity unit (PU) was applied before
calculating the saturation, establishing REST1 asa robust
benchmark for interpreting ESH results across the
remaining sample set (See Table 3)

3.4 Porosity correction results

The results of the ESH show varying amounts of
remaining hydrocarbons in the cleaned core plugs,
depending on the cleaning method (ranging from 0.72 to
1.88 vol.%). None of'the cleaning methodsresulted in the
complete removal of hydrocarbons (See Table 2). The
porosity correction factor for each cleaned sample is
calculated by applying the abovementioned procedure.
The porosity underestimation ranges between 0.43 PU

and 1.14 PU; see Table 4. However, the diffusion-
evaporation method is considered unsuitable for cleaning
the Nini-4 core plugs due to the presence of minor
quantities of mobile and light hydrocarbons. The results
from the cold-flushed plug CFC1 and the hot Soxhlet-
extracted plug HSEC1 are almost identical, suggesting
that cold flushing is the best method to clean the core
samples since applying the hot Soxhlet extraction might
compromise the integrity of the pore structure.

In the case of plug HSEC2, the hot Soxhlet extraction
resulted in an impressive removalofthe oil, in which only
1.3% of the pore volume was left uncleaned. This is
equivalent to 0.43 PU porosity correction, which is half
the porosity underestimation compared to the other
cleaning methods. This might be a result of the smaller
dimensions relative to the rest of the core plugs. Plug
HSEC2 hasa length of 1.5 cm, equivalentto 15.62 cc bulk
volume, while the other plugs are from between 5 and
7cm, equivalent to between 54.64 and 76.49 cc bulk
volume.

Table 3. Results ESH analysis converted to saturations

Sample type Sample Total oil Light oil Mobile oil Semimobile oil  Immobile oil  Solid bitumen
name saturation saturation saturation saturation saturation saturation
(%) (%) (%) (%) (%) (%)
PF1 39.4 0.4 13.7 10.7 2.8 11.5
o PF2 34.6 0.4 13.6 9.3 2.1 8.9
% PF3 48.5 0.5 13.9 19.7 5.2 9.1
g PB1 22.7 0.1 7.7 5.8 1.3 7.5
e PB2 38.1 0.5 11.2 12.6 4.7 9.0
PB3 17.9 0 34 4.0 1.2 8.9
a DECI1 33 0 0.2 0.2 0 2.8
g CFCl1 2.5 0 0 0 0 2.3
= HSEC1 2.9 0 0 0 0 2.8
= HSEC2 1.3 0 0 0 0 1.2
Restored RESTI1 70.7 1.3 22.9 24.9 6.4 14.7
CO2F1A 3.7 0 0 0 0.2 34
COxflooded 3 k11 3.2 0 0 0 0.1 3.0
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Table 4. Measured porosity, porosity correction factor
(VHC/VT), and corrected porosity of the cleaned samples

Sample  Cleaning Method ¢ VHCNT  ¢eorr
name % PU %
DEC1 Evaporation 35.39 1.14 36.53
CFCl1 Cold flushing 35.46 0.83 36.30
HSEC1 Soxhlet 35.00 0.99 35.99
HSEC2 Soxhlet 35.50 0.43 35.93

3.5 Summary of saturation estimates and
comparison with other core samples

Following the implementation of suitable porosity
corrections, an average value of 0.8 PU was used to adjust
the porosity of both the preserved and CO;-flooded
samples. The correction factor for the remaining samples
was determined individually, as direct measurements
were obtained foreach cleaned and restored sample. Refer
to section 3.4 for details. The information in Table 2 was
then converted into fluid saturationsusing the previously
described methodology. The resulting values are
presented in Table 3. A comparison of oil saturations
between fresh-state plugs and those stored in brine
revealed the following observation: the majority of light,
mobile oil, and a notable portion of semi-mobile and
immobile oil were displaced during storage. This
displacement is attributed to gravity drainage and
capillary forces acting over time. In contrast, solid
hydrocarbon components, such as bitumen and
asphaltenes, remained largely unaffected by the brine
storage conditions.

An exception to this trend was observed in core plug
PB2, where no evidence of oil mobilisation was detected.
This anomalous result may be due to insufficient brine
contact during storage, possibly caused by incomplete
immersion, or the sample's location near the top of the
core, where gravitational effects would be minimised.

Interestingly, the restored plug REST1 displayed
higher levels of immobile oil and solid
bitumen/asphaltenes compared to the preserved plugs,
contrary to initial expectations. This increase is attributed
to the ageing phase of the restoration process, during
which a layer of heavy oil likely adhered to the surfaces
of glauconite grains, modifying their surface wettability.
Even after flushing the plug with fresh Stock Tank Oil
(STO), this adhered heavy oil layer was not displaced,
leading to an elevated immobile oil fraction within the
total saturation.

A core flooding experiment was conducted using a
composite core consisting of two plugs (CO2FIA and
CO2F1B) from the Nini West Field to simulate reservoir
conditions during CO, storage operations. The procedure
involved sequential injection of formation brine and
scCO, under reservoir temperature and pressure,
mimicking the intermittent injection cycles expected
during ship-based CO, transport and storage. Prior to
flooding, the cores were aged with stock-tank oil at
irreducible water saturation to replicate in-situ wettability
conditions. The CO,-flooded samples were later analysed
to assess changes in hydrocarbon content and
composition. A key motivation for comparing the
hydrocarbon fractions in this sample to those in solvent-
cleaned plugs was to investigate whether exposure to
scCO, induces asphaltene precipitation within the rock
matrix. By evaluating the enrichment or persistence of
heavier hydrocarbon fractions, such as asphaltenes and
solid bitumen, the analysisaimsto determine the potential
for in-situ precipitation caused by CO, injection.

The results show that the cores exhibited negligible
saturations of mobile, semi-mobile, and immobile oil
fractions. Notably, the solid bitumen/asphaltene content
in this plug was comparable to that in solvent-cleaned core
plugs, suggesting that asphaltene precipitation during
scCO: flooding was either minimalor entirely absent. For
a detailed procedure for the preparation and flooding of
core CO2F1, we refer the reader to Andrianov et al. [44].
To facilitate comparison across samples, saturations were
categorised into three groups: (1) movable oil saturation,
comprising light and mobile oil fractions from both
preserved and restored plugs; (2) non-movable oil
saturation, encompassing immobile oil and solid
bitumen/asphaltenes; and (3) semi-mobile oil saturation,
maintained as a distinct category due to uncertainty about
its precise contribution to overall oil mobility. The total
oil saturations, along with their respective breakdowns,
are summarised in Table 5 for both the preserved plugs
and the restored plug REST1.

A particularly noteworthy trend emerges from this
grouped analysis. Although the classification into
movable, semi-mobile, and non-movable oil is based on
inferred mobility rather than rheological behaviour, the
measured non-movable oil saturations closely align with
residual oil saturation (Sor) values reported in the
literature. Specifically, the preserved core plugs exhibited
non-movable saturations ranging from 8.8% to 14.3%,
which falls within the 8—15% Sor range reported by

Table 5. Lumped saturation of the preserved and the restored samples

Sample Sample Total oil Movable oil saturation Semi-movable oil Non-movable oil
type name saturation saturation saturation
(%) (%) (%) (%)
PF1 39.4 14.1 10.7 14.3
o PF2 34.6 14.0 93 11.0
% PF3 48.5 144 19.7 14.2
(QD PBI 22.8 7.8 5.8 8.8
e PB2 38.1 11.6 12.6 13.7
PB3 17.9 34 4.0 10.1
Restored RESTI 70.7 24.2 24.9 21.0
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MacDonald and Mair (2003) [43] for the same reservoir.
Similarly, the non-movable oil saturation of the restored
plug REST1 aligns well with the residual saturaton
measured in plug CO2F1 (Sor = 19.7%) afterundergoing
water flooding but prior to CO, injection [44].

These findings suggest the potential of the ESH
pyrolysis method as a rapid, practical tool for estimating
residual oil saturation following water flooding. However,
the method's reliability for this application remains to be
fully validated, especially since ESH analyses have not
yet been performed directly on water-flooded samples.
Further experimental work is therefore recommended to
confirm the method’s applicability underthese conditions

4 Conclusions

This study demonstrates the effectiveness and versatility
of Extended Slow Heating (ESH) pyrolysis as a novel,
rapid, and cost-efficient method for determining oil
saturation, composition, and APl gravity in reservoir
samples. When applied to the depleted Nini West oil field,
ESH provided oil saturation estimates from small ground
rock samples that closely aligned with independently
determined values. The method also enabled porosity
correction by quantifyingresidual hydrocarbons left a fter
core cleaning, thus improving the accuracy of
petrophysical data. Beyond traditional core analysis
workflows, ESH offers a high-resolution, low-sample-
volume approach that can support enhanced reservoir
characterisation and optimise strategies for CO, storage
and enhanced oil recovery.

Experimental comparisons using preserved, brine-
stored, cleaned, restored, and scCO,-flooded core plugs
revealed distinct trends in hydrocarbon mobility. Movable
and semi-movable oils were largely displaced during
brine storage, while immobile oil and solid
bitumen/asphaltenes remained persistent. Anomalies,
such as the lack of oil mobilisation in plug PB2, were
attributed to incomplete brine immersion or positional
effects within the core. The restored plug RESTI
confirmed the method’s validity, with ESH-estimated oil
saturation (70.69%) matching the gravimetric reference
(70%). Notably, REST1 exhibited elevated immobile oil
saturation, likely due to ageing-induced wettability
alteration. The scCO,-flooded composite plug showed
negligible movable oil and no significant asphaltene
precipitation, underscoring ESH's ability to resolve
changes in oil fractions caused by reservoir processes.

While ESH pyrolysis has demonstrated strong
potential, its limitations must be considered. The
technique relies on calibration with pure compounds,
which may not fully reflect the complex behaviour of
reservoir fluids. Nevertheless, ESH can be effectively
integrated into both routine and special core analysis
workflows as a complementary screening tool. It requires
minimal procedural adaptation—mainly the inclusion of
pyrolysis analysis on small samples—and can support
sample selection, improve porosity correction. Future
work should aim to understand the sensitivity of ESH
saturation estimates to various parameters and

uncertainties and explore broader applications across
varied lithologies and reservoir types.

This research was conducted as part of Project Greensand Phase
2, an initiative focused on the safe and permanent storage of CO,
within the depleted Nini West oil reservoir located in the Siri
Canyon of the Danish North Sea. Project Greensand Phase 2 is
a collaborative effort comprising a consortium of23 Danish and
international partners from both industry and academia, working
collectively to advance carbon capture and storage (CCS)
technologies. The project is generously supported by the Danish
Energy Technology Development and Demonstration
Programme (EUDP) under grant agreement #64021-9005,
whose funding has been instrumental in enabling the scientific
investigations and technological innovations presented in this
study. The authors would also like to thank the reviewers,
Yingxue Wang and Reza Askarinezhad, for their constructive
comments, which have enhanced the clarity and quality of the
manuscript.
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