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ABSTRACT: Five biomass liquefaction oils (BLOs) comprising
four different lignocellulosic fast pyrolysis bio-oils (FPBO) and one
algae-derived hydrothermal liquefaction (HTL) biocrude were
subject to an interlaboratory study (ILS). Participating laboratories
were asked to analyze all BLOs after gentle sample mixing and
again but with vigorous mixing. Blind duplicates were included to
improve the statistical power. Requested analysis included CHN,
water, trace nitrogen, and sulfur (using solvent-miscible solvents)
and ICP by an independently developed method. Blind duplicates
applied in this study indicated that representative sampling was
achieved to the extent required for bulk composition analysis. More vigorous sample mixing did not yield benefits for precision or
reproducibility for composition analysis; however, the importance of consistent and precise sample mixing is underscored. Results of
CHN and water showed performance similar to those of previous studies. However, adapted trace nitrogen methods consistently
report 25−50% lower nitrogen content compared to ASTM D5291 and highlight the need for reconciliation. Poor performance of
ICP across eight participant laboratories further underscores the need for standardization. ICP sample preparation by dissolution is
generally ineffective for the recovery of more recalcitrant multivalent analytes. Digestion is recommended as the sample preparation
of choice for ICP analysis of BLOs.

■ INTRODUCTION
As desire to achieve net-zero emissions grows,1 application of
direct thermochemical liquefaction (DTL) of biomass to
produce renewable fuels and chemical feedstocks plays an
important role and may help enable GHG emissions
reductions.2 DTL facilitates the valorization of underutilized
materials from agriculture, forest, and waste sectors. DTL
facilitates decoupling of energy consumption from petroleum
extraction, without extensive retooling of existing carbon-based
energy carrier infrastructure (i.e., shipping, aviation, medium-
and heavy-duty land transport, rail, etc.). Prominent DTL
technologies include fast pyrolysis (FP) (typically applied to
lignocellulosic materials and dry waste)3−6 and hydrothermal
liquefaction (HTL).7−9

BLOs are complex mixtures of oxygenated hydrocarbons
with wide-ranging properties, depending on the feedstock,
process conditions (such as temperature and pressure), and
conversion technology used.10−13 Understanding the proper-
ties of these liquids is vital for their downstream upgrading for
the production of fungible biofuels14−18 or for their direct
applications in heat and power generation.19−22 Of specific
interest here is the composition analysis of BLOs. Adoption of
methods applied in petroleum product analysis for biomass-
derived materials has been common practice. In some cases,

however, methods are adapted for BLOs, or new methods are
developed to ensure suitability.23

Compositions of BLOs play a critical role in determining
their suitability for end use. Carbon and hydrogen are primary
contributors to heating value, whereas oxygen limits heating
value.24 These elements are prevalent as major components of
biomass constituents, from which BLOs are derived. These
major biomass constituents include but are not limited to
cellulose, hemicellulose, lignin, starch, sugars, extractives,
lipids, and fats.24,25 However, as more diverse biomass, such
as algae, are considered from increased competition for
biomass feedstocks, contributions to composition by nitrogen
and sulfur become significant in the form of universal
macronutrients.24 Water is inherent to biomass in the form
of moisture, in addition to being generated through
dehydration reactions during BLO production.3,26 In HTL
biocrude production, most water is phase separated from the
organic-rich phase.
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The large presence of oxygen and its removal in BLO by
upgrading has been a major research focus.27 However, the
presence of nitrogen and sulfur also poses critical challenges.
Regulations and environmental guidelines continue to demand
stringent fuel specifications requiring desulfurization and
denitrification to mitigate production of SOx and high
global-warming-potential NOx.

28 For BLO upgrading, removal
of sulfur is required to prevent downstream poisoning of noble
metal catalysts.29,30 However, with low sulfur feedstocks,
denitrification becomes a priority for removal.28 Nitrogen is
particularly more difficult to remove than sulfur.31

Inorganics in BLOs originate from feedstock contamination
with sand or soil,3 heat transfer media,32 feedstock
preparation,33 catalysts,34 and attrition of process equipment.35

These inorganics are also intrinsic to feedstocks as plant
macronutrient (N, S, P, K, Ca, and Mg) or micronutrient (Fe,
Mo B, Cu, Mn, Zn, Ni, and Cl) requirements. The disposition
of BLO inorganics comprises soluble ions in solution, insoluble
precipitates (i.e., salts) in condensed solid inclusions (i.e., small
particles), organometallic compounds or complexes, and
adsorbed species on charged or partially charged adsorption
sites of condensed solid inclusions (i.e., char).35

The presence of inorganics has several implications. In prime
mover applications (ICE and turbines)22 and in stationary
combustion applications, inorganics cause fouling on engine
linings and boiler tubes and lead to corrosion.22,32,36

Furthermore, inorganics poison catalysts and can promote
coke formation during catalytic upgrading.22 Thus, measure-
ment of inorganics is vital to understanding and mitigating
associated risks.
As DTL technologies have matured, standards have been

developed that recommend specific test methods for evaluation
of BLOs’ suitability for specific applications such as ASTM
D7544 (Standard Specification for Pyrolysis Liquid Biofuel) or
EN 16900 (Fast Pyrolysis Bio-Oils for Industrial Boilers).37,38

With important implications and decisions dependent upon
measurements of BLO composition, it is critical that the
performance of applied techniques is understood. Specifically,
insights into the accuracy, repeatability, and reproducibility of
measurement techniques for various properties of BLOs are
fundamental to understanding and developing DTL technol-
ogies. The inability to measure BLO properties accurately and
precisely can be a barrier to their market adaptation.
To better understand the analytical requirements of these

BLO samples, the International Energy Agency’s Bioenergy
Task 34: Direct Thermochemical Liquefaction has conducted a
number of interlaboratory studies (ILS), the last one reported
in 2020.39 This study purported to include a blind duplicate
sample among those distributed to the laboratories. In fact, this
blind duplicate had been prepared in a different subsampling
campaign from that of the original sample. As a result,
statistically significant differences were observed for the
majority of physical and elemental properties tested on the
supposed duplicates. This study raised concerns related to
consistency in subsampling and sample homogeneity.
A further challenge raised by the 2020 study was the analysis

of nitrogen using elemental analyzers, following ASTM D5291.
This analysis technique has a lower reporting limit of 0.75 wt %
(or 0.1% for nonvolatile samples by one specified instru-
ment),40 while many BLOs have nitrogen content below this
threshold (particularly Fast Pyrolysis Bio-Oils (FPBO) from
clean virgin stemwood feedstocks). Despite this, it is the
recommended analysis method by EN 16900. As nitrogen

content is an important factor for process sustainability during
downstream upgrading,31 accurate nitrogen analysis is
critical.41 For this reason, analytical methods developed for
samples with a lower nitrogen content were considered in this
study.
Similarly, determination of sulfur content by the often-

practiced ASTM D1552 implies a method with a lower
reporting limit of 0.22 wt % (although in our experience
laboratories can typically achieve a limit of quantification
(LOQ) around 0.05 wt %).42 The European specification EN
16900 recommends sulfur determination by ISO 20846, a
fluorescence method with a significantly lower LOQ. The
sulfur content for BLOs derived from clean stem wood sources
can be in the mg/kg concentration range, requiring
fluorescence techniques for determination.43 Furthermore, if
BLOs are upgraded to or used directly as transportation fuels,
then this process would require accurate sulfur determination
(and possible desulfurization) to meet local limits on sulfur
content.41

Inductively coupled plasma (ICP) techniques (including
OES or MS) enable the detection and quantification of
inorganics. To the best of the authors’ knowledge, no existing
standard on ICP specifically addresses BLOs.22 However, the
most closely related standards include CSA ISO or ISO 16967,
IP501, and ISO 11885. The 16967 series of standards address
solid biofuels, specifically their digestion or complete
solubilization of sample inorganics or its calcined ash at
525−550 °C prior to application of ICP variants or flame
spectroscopy.44 IP 501 involves application of ICP to digestate
of fused ash of residual fuel oil.45 The final standard specifies
determination of dissolved and particle-bound elements in
various aqueous mixtures but may be extended to digests of
water and wastewater sludges or sediments with careful
consideration for additional interferences.46 For this reason, a
relatively new standard test method has emerged from NREL
for BLOs47 but has yet to be the subject of ILS to produce
repeatability and reproducibility values.
The primary goal of this study was to develop precise

guidance for achieving sufficiently representative sampling for
BLO composition analysis. The scope of this study primarily
considers sample mixing immediately before instrumental
analysis. To this end, different degrees of sample mixing, one
low and one high, were tested to understand the impact on
repeatability and reproducibility. To assist with the possible
mistaken attribution of poor homogeneity that may actually be
a result of inconsistent subsampling and sample integrity or
vice versa, blind duplicates were included for all BLOs and
sample mixing. Thus, to a certain extent, the scope of the study
also extends to BLO subsampling from an initial bulk quantity,
which also includes impacts on integrity during sample storage
and distribution.
The secondary goal of this study was the performance

evaluation of emerging trace compositional analysis of BLOs
not yet subjected to ILS before. There has yet to be trace
analysis of a common set of BLOs that have been reproduced
by two or more independent laboratories. This is fundamen-
tally required for the validation of any proposed analytical
method or set of methods.
It is also important to highlight that specifics around

analytical methods and their protocols were not enforced.
Method development, which constitutes a coordinated effort,
falls beyond the scope of this study; therefore, insights into
improved or worse performance because of different method

Energy & Fuels pubs.acs.org/EF Article

https://doi.org/10.1021/acs.energyfuels.5c01309
Energy Fuels 2025, 39, 14223−14236

14224

pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.5c01309?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


specifications are limited. However, this study shares the
meaningful recommendations that are supported by evidence.

■ STUDY DESIGN
Participating Laboratories. A total of 14 laboratories

were enrolled in the round-robin (RR) study, although not all
enrolled laboratories returned data. Some of these are listed
alphabetically: CanmetENERGY in Ottawa (CE-O) (Canada),
Cepsa (Spain), Chevron (USA), DBFZ Deutsches Biomasse-
forschungszentrum Gemeinnützige GmbH (Germany), In-
notech Alberta (Canada), Karlsruhe Institute of Technology
(Germany), Scion Research (New Zealand), and VTT
(Finland). Additional laboratories from Europe and North
America participated but requested to remain anonymous.
Each participant lab was randomly assigned a unique identifier
code (01−14).
Instructions to Laboratories. Laboratories were recom-

mended to use ASTM D5291 and ASTM E203 for CHN and
water analyses, respectively.40,48 These methods have a long
history of application to FPBOs and have been used with
minimal modification for many years. For trace sulfur and trace
nitrogen analyses, laboratories were advised to use methods
such as ASTM D5453 for sulfur analysis (i.e., by combustion�
UV fluorescence),49 and D5762 or D4629 or similar methods
for nitrogen analysis (i.e., by combustion�chemilumines-
cence).50,51 Given the unique characteristics of BLOs,
laboratories were instructed to use a polar solvent for sample
dilution.
For ICP analysis, laboratories were invited to use a method

developed by NREL.47 However, most laboratories reported
ICP results acquired through their own in-house method.
Laboratories were guided to use a Pasteur (or disposable)

glass pipet, when possible, for taking analysis aliquots, instead
of using a syringe. It is surmised that homogeneous
subsampling of suspended solids in some high solids-loaded
samples is prevented by insufficient bore of syringe needles
normally used to obtain sample aliquots.
To determine the effect of mixing on sample results,

laboratories were provided two sets of samples and instructed
to either well-mix or gently mix the sample. The well-mixed
samples were to be warmed to 50 °C for 30 min, followed by
vigorous shaking or stirring for at least 30 s. If the sample had
any indication of nonhomogeneity, they were to continue
shaking, in 30 s intervals, until the appearance of uniformity
was attained. The protocol for gently mixed samples prescribed
gentle shaking for up to 10 s.
BLOs Studied. BLOs for this study were generously

donated by five organizations from across Europe and North
America derived from a diverse range of feedstocks and
conversion technologies. Four of the oils were FPBOs and the
fifth an algae-derived HTL biocrude.
BTG Biomass Technology Group BV provided a sample

from their rotating cone reactor derived from clean sawdust.
CanmetENERGY-Ottawa (CE-O) of Natural Resources

Canada provided a fluidized-bed FPBO derived from roadside
forestry harvesting slash from Quebec, Canada. More than 80%
of this residue comprised softwood branches. The FPBO was
produced in their pilot plant described elsewhere.3

Ensyn provided an FPBO from Kelly Group’s fast pyrolysis
plant in Renfrew, Canada. This plant produces over 11 ML
annually from forestry and sawmill residuals, including both
mixed hardwoods and softwoods.

VTT of Finland contributed a wheat straw-derived FPBO
produced in their fluidized-bed reactor pilot plant.5

Pacific Northwest National Laboratory (PNNL), part of the
United States Department of Energy, provided an algae-
derived HTL biocrude.
The properties of the BLOs (excluding those properties to

be analyzed by each lab) were determined following ASTM
Standard Test Methods (with modifications, as required for
the sample type). Additionally, halogens were determined by
high-pressure combustion followed by ion chromatography of
the washings in a method similar to that of EPA 5050.
Sample Preparation and Distribution. Bulk samples of

BLOs (approximately 3 L each, five samples in total) were
amassed and stored at −20 °C until distribution to the
participants. Prior to subsampling, bulk samples were thawed
and then homogenized by heating to 50 °C in an oven for 1 h,
followed by blending with a shear mixer for 15 min. For each
oil, 64 subsamples, each with approximately 40 mL of size,
were prepared and poured directly from the homogenized bulk
sample bottle. Subsamples of each BLO were randomly
assigned one of four letter codes; two subsamples for
application of gentle mixing and the two others for vigorous
mixing (see Supporting Information Figure S1 for a sampling
and distribution diagram). This provided a blind duplicate of
each oil type for each mixing protocol. Laboratories would
receive a random numbered bottle from each lettered series,
thus 20 bottles in total (for example, Lab 6 was given sample
bottles F-16, I-31, Q-2, and T-21, which were the 31st, 61st,
5th, and 43rd pours of the CE-O oil, respectively). The
identity of bottles shipped to each lab is included in
Supporting Information Table S1.
Furthermore, each lab was provided a unique analysis order

to remove any sample carryover effect that could be
inadvertently observed had every lab performed analysis in
alphabetical order (Supporting Information Table S2). Each
lab was asked to analyze each bottle in triplicate and report all
results (excluding those errors with assignable cause).
To summarize, participating laboratories were asked to

analyze all BLOs in triplicate after gentle sample mixing and
again but with vigorous mixing. This was effectively performed
twice over all BLOs with the inclusion of blind duplicates.
Packages containing BLOs and documentation were shipped

to laboratories at the end of January 2024. One lab required a
reshipment of oils after the first was delayed by 2 weeks in local
customs quarantine. Analytical results were returned by the
laboratories in the spring and summer of 2024 and were
decoded using guides produced in the planning and sample
preparation phase.
Statistical Methods. Statistical calculations were per-

formed using Microsoft Excel, Python, and R with various R
packages52−56 employed to streamline the analysis process.
Wilcoxon and Student’s t tests were utilized to assess
differences in mean values for establishing significance. These
tests effectively yield a statistic, a p value, which indicates the
likelihood of two observed means to be different. Setting lower
p-value thresholds or stricter significance levels makes it harder
to conclude that the observed difference is unlikely to have
occurred by chance alone. Identifiable errors, typically related
to data entry, were resolved by cooperation with laboratories.
ASTM E691 Standard Practice for Conducting an Interlabor-
atory Study to Determine the Precision of a Test Method was
used to calculate statistics for CHN and water results.57
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■ RESULTS

BLO Properties. The analysis results of the specific
properties of five BLOs not analyzed by participating
laboratories are shown in Table 1. All results are reported on
an “as-analyzed” basis. The first four BLOs have properties
within the range expected for FPBOs. Similarly higher
viscosity, lower density, higher energy content, and lower
oxygen content fall within expectations for the PNNL HTL
biocrude.
CHN and Water. Laboratories were requested to perform

water and CHN analyses. Presumably, these test methods are
well-practiced and can serve as a reference for lab performance.
Consequently, they would provide a clear indication of impacts
from gentle and vigorous sample mixing.
CHN. A total of 11 laboratories returned CHN data. One

laboratory’s values were outliers for all reported parameters,
and another laboratory’s nitrogen results were outliers.
Summary statistics are shown in Tables 2, 3, and 4, with the
statistical outliers removed.

The measurements of carbon, hydrogen, and nitrogen for
the BLOs in this study correlate well with the results observed
in previous studies and reviews.39,58

When comparing multiple data sets and multiple parameters,
the requirement for true significance (i.e., p < 0.05) becomes
more stringent. In this situation, with five BLOs duplicated
across two mixing parameters (20 tests total), true significance
requires a p value of <0.0025.59 Based on Tables 2, 3, and 4,
only Ensyn’s FPBO carbon analysis showed a statistically
significant difference when comparing gentle and vigorous
mixing (t test, p = 0.00183).
Though the hydrogen content was generally higher in the

gently mixed samples, no statistically significant trend was
detected. Similarly, the mixing method was not found to have a
significant effect on nitrogen content. Notably, much higher
relative standard deviation (RSD) is observed in nitrogen
analysis of Ensyn and BTG’s FPBOs that contain the lowest
nitrogen content.
For each treatment comprising a unique combination of

BLO and mix protocol, laboratories received two sample
bottles. These two sample bottles presumably contained the
same contents acting as blind duplicates for one another (with

Table 1. Properties of Oils Used in the Round-Robin Study

BLO

property units test method BTG CE-O Ensyn VTT PNNL

viscosity (40 °C) cSt ASTM D445 31.47 123.3 73.73 42.19 655.1
viscosity (60 °C) cSt ASTM D445 11.48 22.37 22.35 10.16 189.3
density (20 °C) kg/m3 ASTM D4052 1206 1196 1229 1193 998.6
solids wt % ASTM D7579 <0.01 0.926 0.011 1.389 0.079
carbonyl mol/kg ASTM E3146 4.7 3.8 4.3 4.5 2.8
gross calorific value MJ/kg ASTM D240 17.840 19.565 17.900 17.400 36.060
TAN mg KOH/g ASTM D664 76.1 78.1 60.5 83.5 45.5
pH ASTM E70 2.32 3.25 2.84 3.31 7.72
halogens F/Cl ppm bomb combustion/ion chromatography 120/17 13/58 30/21 105/71 <10/18
ash (750 °C) wt % ASTM D482 0.014 0.182 0.177 0.859 0.307
oxygen wt % ASTM D5622 48.6 44.5 49.5 48.6 12.5

Table 2. Results of Carbon Analysis of Gently and Well-
Mixed BLOs (10 Labs Included, One Lab Dropped)a

sample/mix
carbon
(wt %)

standard
deviation Student’s t p value

Wilcoxon
p value

BTG FPBO
gentle

43.4 0.624

0.295 0.247
BTG FPBO
well

43.6 0.671

CE-O FPBO
gentle

47.0 0.897

0.581 0.581
CE-O FPBO
well

46.9 0.454

Ensyn FPBO
gentle

43.6 0.864

0.00183 0.0000892
Ensyn FPBO
well

44.0 0.613

PNNL HTL
gentle

72.0 0.528

0.572 0.371
PNNL HTL
well

71.9 0.560

VTT FPBO
gentle

42.1 0.569

0.100 0.116
VTT FPBO
well

42.3 0.673

aStudent’s t test and Wilcoxon test p values are shown comparing
gently and well-mixed datasets for difference.

Table 3. Results of Hydrogen Analysis of Gently and Well-
Mixed BLOs (10 Labs Included, One Lab Dropped)a

sample/mix
hydrogen
(wt %)

standard
deviation Student’s t p value

Wilcoxon
p value

BTG FPBO
gentle

7.64 0.216

0.0142 0.0710
BTG FPBO
well

7.52 0.322

CE-O FPBO
gentle

7.73 0.219

0.468 0.454
CE-O FPBO
well

7.69 0.270

Ensyn FPBO
gentle

7.53 0.174

0.0329 0.0399
Ensyn FPBO
well

7.43 0.288

PNNL HTL
gentle

10.4 0.196

0.0622 0.157
PNNL HTL
well

10.3 0.297

VTT FPBO
gentle

7.78 0.271

0.410 0.399
VTT FPBO
well

7.74 0.290

aStudent’s t test and Wilcoxon test p values are shown comparing
gently and well-mixed datasets for difference.
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two mix protocols, laboratories actually received a total of four
sample bottles with the same BLO). Laboratories were asked
to perform each analysis in triplicate, and most returned three
results per bottle analyzed (although some performed less or
more replicates).
To assess the consistency of sample bottle preparation,

variability in carbon analysis for every bottle was analyzed. To
this end, the standard deviations (SD) of replicate carbon
measurements from every sample bottle was compiled and
averages shown in Table 5. For well-mixed samples, the

average SD was only 0.18 wt.%. When replicate measurements
are pooled across a pair of corresponding blind duplicate
sample bottles, the average SD does increase but only
marginally. For instance, the difference between single-bottle
and two-bottle-pooled average SDs for more vigorous mixing
was only 0.06 wt.%. Differences of means between blind-
duplicate sample bottles were also compiled, and the average
difference is of similar order of magnitude as the single- and
two-bottle-pooled SD. Nearly identical trends and figures are
obtained for both gently and well-mixed treatments.
Carbon analysis was also plotted as a function of actual pour

order per subsample preparation applied in this ILS (see
Supporting Information Figure S2). No obvious trends were
observed, such as consistent results above or below the mean
with increasing or decreasing pour order. The lack of trends
suggests a limited impact from sample bottle pour order.

Water. Results from eight laboratories are shown in Table
6. One lab returned only single replicate results (Lab 12).

Another lab returned multiple extra results. Both were still
considered in calculation of summary statistics. Slightly higher
water content of VTT’s FPBO can be attributed to high ash
content in the wheat straw feedstock (see Table 1), which
increases water yields during FP.5 This observation may also be
a result of feedstock moisture content.60

When comparing gentle and vigorous mixing, statistical
significance is approached only by the PNNL oil at a
significance of <0.0025 (t test, p = 0.0043). It appears that it
was highly influenced by the results from two laboratories. For
six laboratories, the difference in the average water content
between well and gently mixed was lower than 0.22 wt %. For
two laboratories, a well-mixed sample was found to have a
higher water content by 1.52 and 0.88 wt %. Student’s t test
showed that the difference was significant with a p-value lower
than 0.002.
Trace Nitrogen and Sulfur. An insufficient number of

laboratories returned results for nitrogen or sulfur analysis for
statistical determination of repeatability and reproducibility
values. The results of nitrogen analysis are nonetheless shown
in Table 7 with the standard deviations (SDs) of the analysis
from four laboratories. Relative standard deviations (RSDs)
ranged from 5 to 19%.

Table 4. Results of Nitrogen Analysis of Gently and Well-
Mixed BLOs (Nine Labs Included, Two Labs Dropped)a

sample/mix
nitrogen
(wt %)

standard
deviation Student’s t p value

Wilcoxon
p value

BTG FPBO
gentle

0.0896 0.0385

0.271 0.986
BTG FPBO
well

0.102 0.0633

CE-O FPBO
gentle

0.505 0.0434

0.450 0.627
CE-O FPBO
well

0.514 0.0716

Ensyn FPBO
gentle

0.0957 0.0465

0.948 0.531
Ensyn FPBO
well

0.0964 0.0388

PNNL HTL
gentle

5.00 0.0779

0.490 0.508
PNNL HTL
well

5.01 0.0915

VTT FPBO
gentle

0.596 0.0447

0.599 0.603
VTT FPBO
well

0.590 0.0707

aStudent’s t test and Wilcoxon test p values are shown comparing
gently and well-mixed datasets for difference.

Table 5. Comparison of Carbon Analysis Variability for
Single- and Pooled-Blind-Duplicate-Sample Bottlesa

mixing
protocol

single-bottle
SD̅A

(wt %, n = 100)

two duplicate-
bottle SD̅

(wt %, n = 50)

average duplicate bottle
difference

(wt %, npairs = 50)

well-
mixed

0.18 0.24 0.24

gently
mixed

0.20 0.26 0.25

aAverage standard deviation.

Table 6. Results of Water Analysis of Gently and Well-
Mixed BLOs (Eight Labs Included)a

sample/mix
water
(wt %)

standard
deviation Student’s t p value

Wilcoxon
p value

BTG FPBO
gentle

22.6 1.94

0.277 0.812
BTG FPBO
well

22.9 1.08

CE-O FPBO
gentle

21.4 1.39

0.343 0.147
CE-O FPBO
well

21.7 1.52

Ensyn FPBO
gentle

22.2 2.05

0.685 0.285
Ensyn FPBO
well

22.1 1.55

PNNL HTL
gentle

6.83 0.273

0.00434 0.151
PNNL HTL
well

7.15 0.669

VTT FPBO
gentle

25.5 1.17

0.591 0.442
VTT FPBO
well

25.4 1.76

aStudent’s t test and Wilcoxon test p values are shown comparing
gently and well-mixed datasets for difference.

Table 7. Nitrogen (Trace) Average Reported Values and
Standard Deviations for Each Well-Mixed BLO, Data from
Four Laboratories

sample nitrogen (trace) (wt %) standard deviation

BTG FPBO 0.0533 0.0030
CE-O FPBO 0.3814 0.0715
Ensyn FPBO 0.0573 0.0042
PNNL HTL 3.625 0.500
VTT FPBO 0.4321 0.0688
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An interesting observation from the nitrogen determination
by D5291 analysis was consistently higher measurements when
compared with those of trace nitrogen by chemiluminescence
methods. Moreover, RSDs from trace nitrogen for two FPBOs
with the lowest nitrogen content were within 10%, albeit with
low statistical weight with only four responding laboratories. In
contrast, RSDs for nitrogen from CHN of the same samples
were within the range of 40−63%.
The effect of mixing on nitrogen is shown and discussed in

the Supporting Information (see Table S3). Also shown there
are the results of trace sulfur analysis; with data returned by
only two laboratories, no conclusions can be drawn from the
data. However, there are no inherent disadvantages to using
polar, sulfur-free solvents in analysis of trace sulfur content.
ICP. Participating laboratories were recommended a method

for ICP, but many used their own method. Many laboratories
performed analysis by microwave-aided digestion in nitric acid,
but two laboratories performed direct aspiration of BLO
samples diluted in butanol (see Table 8). Some laboratories

reported all results, while others restricted their reporting to
what values were above their determined LOQ values, despite
instructions requesting all data be reported. The statistical
analysis focused on only the numeric values and could not
consider any less-than values reported by laboratories (e.g.,
“<0.1”).
Results of ICP analysis (from well-mixed samples only) are

shown in Table 9. As with nitrogen and sulfur, there are an
insufficient number of laboratories for determining repeat-
ability and reproducibility values, but interim statistics are
shown in Table 12. Quantification of lithium was not reported
by laboratories despite being on the reporting sheet as well in
the recommended NREL standard test method.

■ DISCUSSION
CHN and Water. Similar hydrogen and carbon contents are

observed for all FPBOs. According to Oasmaa and Czernik,
carbon and hydrogen contents typically vary between 32 and
49 wt % and between 6.9 and 8.6 wt %, respectively.61

Observations of 42−47 wt % for carbon and 7.4−7.8 wt % for
hydrogen for FPBOs in this study fall within this range. Forest
residues comprise more bark and a high extractive content.
Thus, this explains the slightly higher carbon content observed
in CE-O’s FPBO.25 The high carbon and hydrogen content
observed in PNNL’s HTL biocrude is consistent with algal
feedstocks composed of up to 60 wt % lipids.62 Nitrogen
contents of FPBOs below 1 wt % can be explained by the
limited amount of nitrogen in the various lignocellulosic

feedstocks. High nitrogen content RSDs observed in FBPOs
highlight the frustration of ASTM D5291 or similar methods at
lower levels of nitrogen. In contrast, the HTL biocrude
contained around 5 wt % of nitrogen, as typically reported for
biocrude from algae, due to its high protein content.39,62,63

Subsampling and Blind Duplicate Consistency.
Carbon, hydrogen, and water measurements are widely
established methods. Therefore, analysis of results from these
methods may be used to assess the quality of representative
sampling applied in this ILS. Representative sampling is a
critical prerequisite for any RR and was a concern raised in the
previously mentioned 2020 study. The execution of
representative sampling applied in this ILS, to the extent that
enables consistent bulk composition analysis, is supported by
analysis of carbon measurements from single sample bottles
and corresponding blind duplicate bottles (Table 5). Pooling
of replicate measurements across two sample bottles
containing the same BLO and subject to the same mixing
only marginally increased average SD compared to single
bottle SD. In the case of nonrepresentative sampling, a much
larger difference would have been expected. Mean differences
between blind duplicate sample bottles were also within
approximately 1 to 11/3 of single bottle and two-bottle-pooled
standard deviations. For normally distributed data, this
corresponds to ranges where 68 to 80% of values would be
observed.
The preparation of subsamples prior to distribution to

laboratories also included pouring into different bottles in
random order. Arranging the reported results by the order in
which the subsample was produced showed no apparent trends
(see Supporting Information Figure S2 and discussion).
During subsample preparation, unavoidable differences be-
tween each subsample preparation potentially led to variability
between bottles. For instance, an unavoidable difference
includes a time lag between pours and necessarily different
portions of the bulk sample being included in each subsample.
In nonhomogeneous subsample preparation, practically some
degree of sample separation could occur resulting in contents
at the top of the bulk sample being richer in one specific BLO
fraction compared to contents at the bottom (such as water-
rich fractions, or settleable solids). It would be expected to see
some observable trend as a function of pour order as a result.
However, spread of values consistently above and below the
mean were observed with no obvious monotonic trends
regardless of increasing or decreasing pour number.
The marginal increase in SD upon pooling of replicate

measurements across two corresponding blind duplicate
bottles is unsurprising. This can be attributed to an average
difference of only 0.24−0.25 wt % carbon observed between
blind duplicate bottles in this study. This observation does
indicate a small variability of results between bottles. It could
be related to different instrument conditioning at the time of
analysis of the two different bottles, different times out of the
fridge and in the oven to warm, or other laboratory
environmental factors.
Impact of Sample Mixing on CHN and Water

Content. In the vast majority of CHN and water analyses
conducted, neither of prescribed mixing yielded any consistent
benefits over the other. Moreover, the occurrence of outliers
was still observed regardless of mixing. Our findings suggest
that prescribed mixing is relatively unimportant for CHN and
water analysis. Generally, samples are sufficiently homoge-
neous after gentle mixing alone. Exceptions were found,

Table 8. ICP Method Used by Each Participating
Laboratory

lab
ID

standard method (if
provided) method description

3 ICP-OES�direct�samples dissolved in
butanol

6 NREL (modified) microwave digestion in HNO3�ICP-MS
8 microwave digestion in HNO3�ICP-OES
9 microwave digestion in HNO3�ICP-MS
11 DIN EN 16170 of

digestate
microwave digestion in HNO3�ICP-OES

12 AOCS Ca17-01 ICP-OES�direct�samples dissolved in
1-butanol

15 microwave digestion in HNO3�ICP-OES
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specifically statistical significance observed in Ensyn’s FPBO
for carbon and PNNL’s HTL biocrude’s water content.
The observed change in carbon results between well- and

gently mixed analysis of the Ensyn FPBO was surprising, given
that the sample has no evidently different properties in relation
to the other oils (see Table 1). Indication of fundamentally
different BLO carbon analysis is suggested, albeit marginal, and
was reproduced in blind duplicates. Higher carbon content
observed following vigorous mixing indicates an improved
distribution of more carbonaceous compounds. Phase
separation of FPBOs is a well-known behavior yielding an
aqueous fraction and a more viscous organic-rich fraction.
Gentle mixing, as prescribed in this ILS, may not have been
sufficient to evenly distribute compounds of this organic-rich
fraction. As a result, any sample aliquot from a gently mixed
FPBO subsample may be more enriched with aqueous or
hydrophilic compounds.
In the case of PNNL’s HTL biocrude, whose water content

approached statistical significance, a similar explanation may be
synthesized. Higher water content observed following vigorous
mixing may be attributed to a better distribution of water
within any subsample and sample aliquot.
Among the samples used in this study, PNNL’s biocrude was

the sample with the highest viscosity in this study. In some
ASTM test methods for petroleum fuels (such as D4870), the
sample viscosity should be lower than 250 cSt to ensure
representative sampling. With a viscosity above 650 cSt at 40
°C for PNNL’s biocrude (Table 1), this value is much higher
than that recommended value. Thus, the mixing regime was
expected to influence the analysis variability. However, while
the results did not demonstrate significant differences across
the whole study, two laboratories demonstrated differences
between their well-mixed and gently mixed sets. On average,
the gently mixed protocol was sufficient even for this high-
viscosity sample, but some laboratories may have been too
gentle.
Despite a few examples of statistical significance attributed

to sample mixing found in this ILS, specifically for CHN and
water analysis, the impact is rather unremarkable and was not
consistent across all BLOs. Upon comparison of Ensyn’s BLO
carbon content after gentle and vigorous mixing, the difference
is merely 0.4 wt %. PNNL’s HTL biocrude water content
differs by 0.28 wt % when comparing sample mixing.
Moreover, aside from the result value itself, there is no clear

trend that either mixing protocol yields better repeatability or
precision. This is evidenced by shared instances of both higher
and lower SDs when comparing mixing (see Tables 2, 3, 4, and
6). Depending on requirements for precision to detect
differences in results, this ILS does indicate the need for
consistency of sample mixing to rule out potential contribu-
tions to differences from unrepresentative sample aliquots.
Future collaborative efforts by BLO producers and analysts

should focus on developing standard sampling and subsam-
pling guides similar to those of ASTM D4057. The latter
provides recommendations for petroleum and petroleum
product sampling for a wide range of analysis, from a variety
of bulk sources.64

In line with ASTM E691, repeatability and reproducibility
according to ASTM E691, with removed outliers, are shown in
Table 10. Both repeatability and reproducibility values are
significantly higher than the stated performance of the test
method (as determined by ASTM D5291 and E203). This is
also mirrored by RSDs reported in other BLO RR
studies.39,65−67

Observations of outliers, some so severe that they can not
only be explained by poor mixing of analysis aliquots, are
concerning. In the carbon analysis, these outliers are
exclusively higher than the observed mean. Method perform-
ance may benefit from further refinement to ensure better fit-
for-purpose, specifically to BLOs by addressing primarily
systematic errors. This is also evidenced by average Z scores
greater than or equal to 1 shown in Table S5 of the Supporting
Information.
Comparison of Nitrogen Results. An insufficient number

of laboratories returned results of trace nitrogen analysis to
allow statistical determination of repeatability and reproduci-
bility values for these tests. Despite this, it is important to note
the consistently higher nitrogen from CHN compared to the
trace method (Table 11), even after removal of outlier results.

The difference may impact the evaluation of suitability of
BLOs for end use. Potential reasons for differences include
difficulty excluding atmospheric nitrogen from the sample
capsules or errors from dilutions required for trace analysis.
Furthermore, BTG and Ensyn BLOs, are near or below the
reporting limits for the equipment used, per the ASTM
D5291.40 The difference between chemiluminescence and
ASTM D5291 method results for nitrogen for the PNNL oil
cannot be explained only by the limited data reported in this
study and requires further efforts to reconcile.
The migration to polar organic solvents (miscible with the

analytical sample) should have no inherent downsides when

Table 10. Calculated Repeatability (r)/Reproducibility (R) Statistics in This Studya

C H N water

sample W G W G W G W G

BTG 1.70/1.94 1.54/1.80 0.83/0.93 0.52/0.62 0.13/0.28 0.13/0.14 2.36/2.98 3.72/5.38
CE-O 1.16/1.32 2.01/2.58 0.70/0.78 0.57/0.64 0.18/0.21 0.11/0.13 2.94/4.17 2.83/3.90
Ensyn 1.61/1.78 1.72/2.47 0.72/0.83 0.41/0.50 0.08/0.11 0.15/0.16 2.68/4.26 4.82/5.92
PNNL 1.44/1.62 1.43/1.54 0.67/0.86 1.06/1.56 0.18/0.26 0.20/0.23 1.81/1.89 0.63/0.78
VTT 1.76/1.95 1.59/1.66 0.78/0.84 0.73/0.79 0.18/0.21 0.12/0.13 2.82/4.76 2.83/3.29

aW�well mixed, and G�gently mixed. Outlier labs removed.

Table 11. Nitrogen (CHN) and Nitrogen (Trace) Values for
Each Well-Mixed BLO, after Removal of Outlier Results
from CHN Nitrogen

nitrogen (wt %)

sample CHN Trace

BTG 0.102 0.053
CE-O 0.514 0.381
Ensyn 0.096 0.057
PNNL 5.01 3.63
VTT 0.590 0.432
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using modern instrumentation with moisture scrubbers and
excess oxygen in the analysis stream for D4629 nitrogen (as
well as ASTM D5453 for sulfur).68,69 Not only are trends
between samples’ nitrogen results reflected by both methods
but also shortcomings of poor repeatability at low concen-
trations observed of nitrogen from CHN are attenuated with
modified trace N methods.
ICP. Results of ICP analysis shown in Table 9 indicate low

precision and reproducibility, in contrast to that of CHN and
water analysis, which performed similarly to previous studies.
These are also echoed by interim repeatability and
reproducibility coefficients in comparison with those from
CAN ISO 16967 for solids. As a result, the approach applied to
assess the impact of mixing for CHN and water analysis is
meaningless due to wide distributions that inevitably overlap.
Despite this, ICP repeatability may be inferred by within the

laboratory relative standard deviations (RSDs). There was a
low proportion (5% or less) of CHN and water RSDs
exceeding 5%. In contrast, much greater proportions (15−
71%) of ICP RSDs exceeding 5% were observed, indicating
systematic challenges.
The degree of repeatability differed between laboratories,

which considers differences between in-house methods. For
instance, numerous RSDs of within 5% were observed across
all analytes. This is on a similar order of repeatability reported
in ISO 16967, although different material types are being
compared (see Table 12). Coincidence of poor repeatability
for the same samples by different laboratories may be rooted in
limitations of in-house methods applied.
Furthermore, poorer repeatability is observed for analytes

occurring below 100 mg/kg. This is also echoed by precision
statistics presented in CAN ISO 16967, specifically sodium at
lower levels.44 This indicates challenges with representative
sampling and homogeneity, specifically with low occurring
metals.
Despite shortcomings of poor reproducibility, this ILS

provides some confirmation that the status quo of ICP
generally provides fair order-of-magnitude information on
inorganics occurrence in BLOs. Relative proportions of
inorganics were consistent with the provenance of BLOs.

Phosphorus results were relatively low across all of the BLO
samples tested. While phosphorus is a critical macronutrient
required for algal growth,70 low quantities of phosphorus
observed across five laboratories in PNNL’s HTL biocrude
may be explained through phosphorus preferentially partition-
ing to the aqueous and solid products.71 However, both low
and high phosphorus have been observed in other studies.72

Appreciable amounts of phosphorus observed in FPBOs are
rooted from plant micronutrients with higher amounts
occurring in nonstem wood forest73 and agriculture biomass.74

Levels of calcium, potassium, and magnesium observed in
woody FPBOs are indicative of quantities of nonstem wood
biomass inclusion in the converted feedstock. It is noteworthy
that some levels of calcium surpass the limits demanded by
marine residual fuels in ISO 8217. Overwhelmingly large
concentrations of these inorganics observed in VTT’s FPBO
are characteristic of agriculture biomass.75

Low quantities of iron are observed in most FPBOs
suggesting contributions from feedstock micronutrients.
Particularly high amounts exist in VTT’s oil, but coincidentally
low chromium levels observed in all BLOs seem to suggest that
iron is not deriving from stainless steel process equipment,32

but rather inclusion of extraneous iron through feedstock
contamination with soil or sand. Iron makes a large part of
nutrients in algae,76 explaining its high occurrence in PNNL’s
HTL biocrude.
High amounts of aluminum observed in VTT’s FPBO and

high silicon in most BLOs support the notion of feedstock
inclusion or heat carrier derived silicon or aluminum.32

Aluminum and silicon are abundant in earth’s crust and their
oxides are commonly used as heat carriers.5,77 The marine
residual fuel (ISO 8217) limits for these two elements
(summed) is 60 mg/kg for heavy bunker fuels or lower for
lighter grades of residual fuels. Should BLOs be considered for
direct use in the marine industry, these inorganic components
will require removal or abatement.
Sodium, manganese, nickel, zinc, copper, and cobalt, the

majority of which are classified plant micronutrients,33 are low
for all BLOs with exception of specifically sodium in PNNL’s
HTL biocrude. Sodium may be present in relatively high

Table 12. Comparison of ICP Repeatability and Reproducibility Values from ISO 16967 and This Study

CAN ISO 16967 this study

element observed range (mg/kg) CVr (%) CVR (%) observed rangea (mg/kg) CVr
b(%) CVR

b(%)

Al 0−140 (210) 4−238 (57) 17−241 (72)
Ca 1500−14200 1.6−4.3 6.6−7.3 0−890 3−63 (13) 34−124 (53)
Co 0−2 5−331 (89) 38−335 (152)
Cr 0−7 (109) 18−338 (143) 31−341 (194)
Cu 0−22 1−183 (51) 8−485 (100)
Fe 54−1600 5.1−6.6 10.3−11.7 8−1091 2−375 (47) 9−375 (67)
K 691−24500 1.8−1.9 6.4−11.1 0−1088 0.5−24 (6) 6−73 (53)
Mg 0−218 2−105 (13) 12−108 (28)
Mn 0−52 1−60 (8) 9−64 (20)
Na 13−171 5.4−14 23−48 0−594 2−24 (7) 9−179 (74)
Ni 0−18 (78) 3−336 (118) 11−339 (153)
P 74−1490 3.4−3.9 6.7−8.5 0−181 2−122 (23) 12−124 (43)
S 60−5323 1−44 (12) 7−104 (37)
Si 0−5600 N/A N/A
Sr 0−3 1−167 (19) 4−187 (29)
Zn 1−23 (260) 3−144 (42) 11−210 (70)

aRepresents the range of most laboratories’ measurements for the analyte. Values in parentheses are the largest values observed from laboratories
reporting values outside the range. bIn parentheses are averages from all samples for the given analyte.
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amounts in algae, explaining the high sodium content observed
in PNNL’s HTL biocrude.76

Impact of Sample Preparation on ICP Results.
Separating ICP results by sample preparation type (either
digestion in nitric acid or dissolution in butanol) does not
meaningfully improve the repeatability of the reported results
(see a breakdown in Supporting Information Table S4). Some
striking differences exist for elements such as Al, Ca, Cr, Fe,
Mn, P, and Zn, where digestion results are routinely higher
than those reported by dissolution. This may imply that these
elements are more typically bound in phases of oil that are
poorly nebulized, atomized, and ionized in the instrument and
benefit from being digested into the analysis liquor. The
majority of these elements, being multivalent, are known to be
found in biomass predominantly in solid forms (i.e., insoluble
salts and oxides).35 Moreover, they typically have poor
solubility in polar solvents in the absence of an acid or base.
The differences in recovery between two ICP sample
preparations support the notion that ICP by dissolution
alone is not adequate for complete recovery of these
recalcitrant elements.
Counter to this finding is the higher reported concentration

of potassium and sodium by dissolution instead of digestion.
While the dissolution result typically falls within the (very
large) standard deviation of the digestion sample results, this
trend holds across all samples for potassium and for all but one
sample for sodium. It may be that, in contrast to the elements
discussed above, the majority of these elements’ concentration
are present as salts in the BLO liquid portion and are
preferentially sampled through the nebulizer of the ICP.35

Finally, for Co, Cu, and Ni, no obvious difference in
concentration was observed when comparing the digestion and
dissolution analysis.
Variability of Blind Duplicate in ICP Results. Poor

reproducibility across laboratories yielded global statistics with
little value that masked any insights that could be gained
concerning impact of mixing. However, some insights are
possible with a comparison of within-lab results from the
application of blind duplicates.
Within-lab results from blind duplicates of well-mixed

aliquots were compared with one another by Student’s t test.
Difference marked by significance of 0.05 was observed at rates
of 25% (see Supporting Information Table S7). This level of
disagreement is concerning and indicates high variability even
across blind duplicates, despite applying the same mix
protocol. This may indicate either systematic errors in ICP
methods applied by certain laboratories or challenges with
homogeneous sampling of inorganics in BLOs. Validation of
ICP results will inherently require the assertion of
representative sampling of inorganics. It is suggested that
subsampling applied in this study, although mostly satisfactory
for CHN and water, may not be sufficient for ICP.

■ CONCLUSIONS
This study explores issues concerning the precision and
reproducibility of BLO composition analysis. The capacity to
certify the quality of the BLOs is invaluable. It helps inform
decision-making and risk mitigation that affect the develop-
ment and adoption of DTL in the marketplace. Significant
losses, damages, and lost opportunities are at stake without
validated methods. Critical gaps and recommendations
identified from this study by method are summarized in
Table 13.

Gentle mixing of sample bottles for 10 s is generally
sufficient for most BLO composition analysis. Regardless of
preference of mixing protocol, statistical differences or those
approaching statistical difference for some analytes and BLOs
attributable to mixing highlight the need for precise and
consistent mixing. For ICP, however, it is difficult to assess the
efficacy of any prescribed mixing. The extent to which a
subsample is representative of any BLO of interest in terms of
the distribution of inorganics is potentially a confounding
factor for ICP validation efforts. Additional variability in the
ICP is related to sample preparation. The results indicate
dissolution alone, as sample preparation is inadequate for most
multivalent inorganics and digestion is required for these
recalcitrant analytes. It was also observed that monovalent
inorganics are mostly present as solubilized ions in BLOs prior
to digestion or dissolution of the sample preparation. However,
sample preparation by dissolution alone unexpectedly yields
consistent estimates of sodium and potassium abundances
greater than those obtained by digestion. This may suggest
matrix-related signal enhancement of sodium and potassium.
Bias is observed when comparing the few trace nitrogen results
with nitrogen from conventional CHN. However, promise in
trace nitrogen is shown due to better repeatability than CHN
nitrogen at lower levels observed in FPBOs. Trace sulfur
methods were reproduced by two laboratories yielding RSDs
within 20% even for measurements below 100 mg/kg and
serves to inform suitability over sulfur by widely practiced
ASTM D1552.
The status quo for BLO composition analysis comprises

several laboratories independently adapting techniques and
developing in-house methods for their own requirements.
These practices pose challenges if not validated or reproducible
and highlight the need for standardization. They potentially
limit confidence of any reported result and ultimately raise
unneeded concerns, doubts, and uncertainty in DTL
technologies.
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