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The gasoline sample from 2015 had a lower boiling curve than the three
samples from 2013. As mentioned, it is natural for the properties of the
shale oil to vary due to variation in the oil shale used and differences in the
plant’s operation. Also, the boiling points for the first fractions from the batch
distillations (GD071013 and GD020215) were likely overestimated. These
fractions had boiling point distributions that were probably too wide, which
can affect the TGA method [53].

With the shale fuel oil samples the true boiling point curves fall along two
separate curves. The three distillations that gave lower boiling points used
the same initial sample (WF160914), and unlike the other samples this one
was from the newer Enefit280 plant. This highlights how the composition and
properties of shale oil can change depending on the pyrolysis conditions and
processing method. Similar differences can also be seen by comparing the
literature data for the properties of oil from different retorts given in Table 1.

For the lighter fractions, the density, refractive index, and average boiling
point all increase essentially linearly along with the average molar mass of
the fraction (see Fig. 2). For fractions above about 200 g mol™, the density
levels off at about 1050 kg m~, and the refractive index levels off in a similar
manner. These heavier fractions appear to have similar compositions: the
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Fig. 2. Basic properties of the fractions as a function of molar mass.
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hydrogen-carbon ratio is essentially constant at around 1.3. Also, the hydroxyl
group content decreases somewhat from the high concentrations in the middle
fractions, reaching a value of around 4—5 mass% in the heaviest fractions. This
similarity in composition likely accounts for the similar density and refractive
index values of these fractions.

4.2. Influence of phenolic compounds

Phenols are one of the main classes of compounds in kukersite shale oil,
and the concentration of phenolic compounds can differ depending on the
way the shale oil is produced and processed. To understand the impact of
phenolic compounds on the properties of the oil, and also to enable our models
to extrapolate better, we produced oil samples that were rich in phenols and
some that had fewer phenols (dephenolated samples). The properties of these
narrow fractions can be found from the data file in the OSF project page
(https://osf.io/fqjhd/).

The way in which the phenolic compounds affect the properties can be
better seen when including these phenol rich and dephenolated samples in
the analysis (see Fig. 3). The difference is especially pronounced for density,
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Fig. 3. Properties of all the narrow fractions as a function of molar mass and hydroxyl
content.
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for which it is clear that samples with more phenolic compounds have higher
densities. The refractive index also tends to be higher when there are more
phenolic compounds. For the average boiling point, though, it is not so clear
whether the impact of additional hydroxyl groups is high or not.

4.3. Correlations between basic properties

Generally, the molecular weight and hydroxyl group content are not measured
in industry. Instead, properties like the distillation curve and density are
usually measured. Therefore, we provide some correlations to convert
between different combinations of basic properties (Equation). This enables
more information about a kukersite shale oil to be obtained from properties
that are already available:

0 = Aexp(BO, + CO, + D6,6,)050F + G,

where 0 is the property to be predicted, 6, and 6, are the two input parameters,
and A through G are constants. Table 7 gives an overview of the correlations
available, and the constants for each correlation are given both in the Appendix
and on the OSF project page (https://osf.io/tvnmk/).

Table 7. Overview of correlations for calculating a property of a narrow kukersite
shale oil fraction from two other known properties*

I;rreoc;iec::; Unit | Input 1 Range Input 2 Range AAD** | ARD***
M g mol™! T, 317-682 p 0.691-1.148 59 3.1%
M g mol! T, 317-682 RI 1.395-1.593 6.2 3.1%
OH mass% T, 353-682 p 0.712—-1.148 0.7 -
OH mass% T, 364-682 RI 1.422-1.593 1.4 -

p gem? T, 317-682 RI 1.395-1.593 | 0.0096 1.0%
M g mol™! p 0.691-1.148 RI 1.395-1.621 17.5 7.1%
OH mass% p 0.740-1.148 RI 1.422-1.621 0.5 -

* The correlation form is given in Equation.

M — number average molar mass, g mol™'; OH — hydroxyl group content, mass%; p — density, g cm?;
T, — average boiling point, K; RI - refractive index

AAD** — average absolute deviation

ARD*** — average relative deviation

“—*“average relative deviation not calculated because some samples had OH contents of 0 mass%
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The reader may notice that the correlation for calculating molar mass from
the density and refractive index has a much higher AAD than the other molar
mass correlations. However, these AAD values cannot be compared directly
because the other correlations based on average boiling point used a smaller
range of data. This was because average boiling points could not be measured
for the fractions with the highest molar masses due to decomposition in TGA
[58]. So we also calculated accuracy metrics for the correlation based on
density and refractive index using only the data that also had boiling points
measured: the AAD was 12.4 g mol! and the ARD was 6.2%. Comparing these
values with those from the other correlations shows that using the average
boiling point does indeed lead to a better prediction of the molar mass. This
is to be expected because, as pointed out by Riazi [59], some oil properties
describe molecular size and some describe molecular energy. Since the molar
mass and the average boiling point are the same type of property, using one to
predict the other gives a more accurate correlation.

By contrast, note that the correlation for predicting hydroxyl content from
the same inputs (density and refractive index) actually is more accurate. As
shown in Figure 3, the density and refractive index are influenced by the
concentration of hydroxyl groups in the oil, whereas the average boiling point
seems not to be. This could explain why the correlations that use the boiling
point perform worse.

4.4. Connection with other project data

Other properties were also measured for some of these shale oil samples as
part of this project, including vapor pressures, viscosities, surface tensions,
sulfur contents, nitrogen contents, pour points, and enthalpies of combustion.
The additional data, as well descriptions of the measurement methods used and
analysis of the results, has been or will be presented in other articles [19, 53,
64]. Therefore, this article forms a base for the rest of the data by describing
the sample preparation and giving basic characteristics of the samples. The
additional articles extend upon this base by more deeply investigating single
properties and providing methods for predicting them.

In general, the other articles use the same identifiers provided here which
allows the data from different articles to be recombined for further use and
analysis. However, some of the earlier articles did not use the same identifiers.
One article gave the vapor pressures of three of the fractions [64], and in
that article Cut 1R is GR240513-5, Cut 2R is GR240513-8, and Cut 3S is
GDO071013-5. Another article described the TGA method for measuring
average boiling points [53], and the fractions measured came from distillation
FR210115. A third described the molecular weight distribution of shale oils
[19], and the Galoter SHC oil in that article is sample CG0614.
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5. Conclusions

The systematic study undertaken in this project provides the necessary data
for comprehensively modeling the properties of kukersite shale oil. The use
of vacuum distillation allowed the properties of even heavier portions of the
shale oil to be measured than have so far been studied. Based on this data, it
was shown that key thermophysical properties of a kukersite shale oil sample
can be reliably predicted if two basic properties of the shale oil are known.

By varying the amount of phenolic compounds in the samples, using
extraction, it was possible to see that the concentration of polar hydroxyl
groups has a significant effect on some properties, such as the density and
refractive index. A higher concentration of phenolic compounds generally leads
to an increase in the density and refractive index. Thus, it is likely necessary
to account for differences in the phenol concentration when modeling and
predicting properties of kukersite shale oil.
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Appendix

Table A1. Composition of kukersite shale gasoline (mass%) from different retorts

[34, 36, 40, 45, 47]
Chemical composition, %mass | Tunnel oven | Rotating | Chamber | Kiviter | Galoter
oven
n-Alkanes 18.7 34 9.2 13.9
Isoalkanes 0.9 0.3
17.4
Cyclopentanes 1.9 0.6
Cyclohexanes 1.6 0.6
n-Alkenes 329 10.2 40.7
Isoalkenes 1.6 0.3
Cyclopentenes 43 0.7 57.4
Cyclohexenes 4.6 0.8
Diolefins 0.5 34
Aromatic compounds 8.5 61.7 22.4 11.4
Sulfuric compounds 0.7 0.8
Unidentified saturated 38 02
hydrocarbons
Unidentified unsaturated 15 55.6 38
hydrocarbons
Unidentified aromatics,
oxygen containing and sulfuric 5 10.4 7.4 16.2 12.0
containing compounds
Included
Phenols i oxygen 6.7 1.8
containing

compounds
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Properties of kukersite shale oil
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