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ABSTRACT: To mitigate green-house gas (GHG) emissions, governments Re{jfr‘]ﬁw; """""""""""""""""""" i
around the world are enacting legislation to reduce carbon intensity in 3 Gasoline M
»

transportation fuels. Coprocessing biomass and petroleum-derived liquids in &= | =~ "

existing refineries is a near-term, cost-effective approach for introducing :

renewable carbon in fuels and enabling refineries to meet regulatory mandates. : I BOES I Online Biogenic
However, coprocessing biomass-derived liquids in refineries results in variable : (STETiE Ll
degrees of biogenic carbon incorporation, necessitating accurate quantification

to verify compliance with mandates. Existing refinery control and et ' Rege‘gab’e
. . —Carbon
instrumentation systems lack the means to measure renewable carbon ﬁ A Content
accurately, reliably, and quickly. Thus, accurate measurement of biogenic i.... Process Optimization "= :

carbon is key to ensuring refineries meet regulatory mandates. In this
Perspective, we present existing methods for measuring biogenic carbon, point out their challenges, and discuss the need for new
online analytical capabilities to measure biogenic carbon in fuel intermediates.

he transportation sector is a major contributor to global to liquid intermediates®” using fast pyrolysis (EP), which is

greenhouse gas (GHG) emissions and demand for capable of producing up to 80 wt % liquid yield.” However, FP
transportation is expected to increase due to growth in world oil is unsuitable as a transportation fuel due to high oxygen and
population and economies of developing countries. As such, water contents, poor stability, and acidity. Vapor or liquid
governments are enacting policies and incentives to limit GHG upgrading can improve the quality of FP bio-oils. Hydro-
emissions. In the U.S., the renewable fuel standard (RFS) aims treating (HT) FP oils or catalytic fast pyrolysis (CFP) of
to increase the share of renewable fuel to 36 billion gallons by biomass to produce CFP oil, followed by HT are commonly
2022." Individual states in the U.S. enacted additional suggested approaches for producing hydrocarbon liquids.s—lé
mandates such as low carbon fuel standards (LCES) or Petroleum refineries could potentially dedicate whole upgrad-
alternative fuel standards (AFS).” Airlines for America (A4A) ing sections, such as hydrotreaters to biointermediates;

set a goal of cutting CO, emissions in half by 2050.” In Europe,
the Renewable Energy Directive II (RED II) mandated a
renewable fuels increase to 14% by 2030.* Coprocessing
bioderived liquids (BDL) with petroleum-derived liquids in
existing refineries is a relatively low-cost approach for adding
renewable carbon to the transportation sector. During
coprocessing, biogenic carbon can end up in either desirable
products or side products (Figure 1). Accurate quantification
of biogenic carbon in gasoline, diesel, and jet fuels is a key
barrier that needs addressing for demonstrating compliance
with renewable carbon mandates and GHG reduction.

Over the last 10—20 years, several technologies have been Received: = September 29, 2020
developed to convert biomass into fuels. Lignocellulosic Accepted: February 16, 2021
biomass is attractive for biofuel production as it is abundant,
with an estimated global production of 182 billion tonnes per
year, of which 7 billion tonnes are currently harvested for
energy production.” This renewable resource can be converted

however, this is an uneconomical approach given that the
capacity of existing hydrotreaters is approximately an order of
magnitude larger than current production of bio-oils in FP
plants.'” Thus, existing petroleum refinery infrastructure would
be more economically utilized with a mixture of biomass- and
petroleum-derived feedstocks.

Identifying suitable insertion points for BDL is key to
successful implementation of coprocessing. BDL vary consid-
erably in composition, for example, FP bio-oils contain 36—55
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Figure 1. General scheme of coprocessing fossil and renewable sources in existing petroleum refineries.
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Figure 2. Products yields derived from selected studies on coprocessing VGO and BDL [1],** [2, 3, 4],* [5],*° [6, 7],*" [8].*® *Conversion
defined as the sum of the yields of products (e.g., dry gas, LPG, gasoline, etc.) measured during coprocessing BDL and VGO mixtures.

wt % oxygen and have acid numbers of 40 to >100 mg KOH/
g, while CFP or HT oils can have <1-25 wt % oxygen and
<1-50 mg KOH/g."*"** The properties of the BDL impact
the choice of insertion location and the most suitable unit
operations should be selected accordingly. Previous reports
identified hydrotreaters/hydrocrackers (HT/HC) or fluid
catalytic crackers (FCC) as suitable for BDL.'”**? Unlike
FCC, HC/HT do not have in situ catalyst regeneration making
them nonideal to accept higher amounts of oxygenated species
that may cause more rapid catalysts deactivation.”” A recent
review reported challenges and opportunities for coprocessing
FP, CFP, and HT-FP oils with vacuum gas oil (VGO) in an
FCC and concluded this technology is viable after minor
reactor modifications.”’

Several reports cited in that review demonstrated that
coprocessing bio-oils in an FCC led to increased yields of
nonfuel products compared to VGO alone, indicating that all
biogenic carbon fed into the process does not necessarily end
up in desirable fuels. Thus, it is critical to determine the
destination of biogenic carbon during coprocessing to evaluate
true GHG impacts on transportation fuels. The fate of biogenic
carbon in coprocessed products can be determined by
intentionally labelin% carbon in one of the feeds or using
radiocarbon analysis™* " to differentiate between fossil and
modern carbon.”’ 7*® Relatively simple mass, carbon, and
energy balances have also been used to account for biogenic
carbon incorporation.”” Radiocarbon analysis is a widely
accepted technique that has been adopted as an ASTM
standard (D6866-20)*° and is approved by U.S. regulatory
agencies; United States Department of Agriculture (USDA)
and the Environmental Protection Agency (EPA), for verifying
biobased carbon content.*” Although traditional radiocarbon
analysis techniques are well-established and fairly robust, they

B

have inherent limitations in terms of costs, complexity,
precision, and analysis time. These analytical techniques are
unsuitable for real-time process monitoring in a refinery. To
assist in process optimization for renewable carbon utilization
and accelerate adoption of coprocessing renewable feedstocks,
targeted efforts are needed to develop online/in-field measure-
ments of biogenic carbon at refinery sites. This Perspective
reviews current analytical techniques for quantifying biogenic
carbon and discusses shortcomings, pain points, and
opportunities for developing advanced rapid online analytical
methods. We will first review state-of-the-art methods and then
propose potential solutions for online measurements, while
also identifying the most appropriate measurement locations in
refineries.

Bl COPROCESSING IN REFINERY UNITS

As noted above, refineries have potential to accept BDL in
three main units: HT, HC, and FCC.*>*° HTs eliminate
heteroatoms via catalysis at high hydrogen pressure and
temperature, while HCs reduce molecular weights while
consuming hydrogen.”” FCCs upgrade heavier distillates
(e.g, VGO) without the need for hydrogen. FCCs can tolerate
higher feed oxygen compared to HT and can adapt more easily
to feedstock variability.""** An FCC as a point of insertion for
BDL may be attractive given relative feedstock flexibility and
lack of hydrogen (which is costly), but lower carbon
efficiencies may offset those benefits. The choice of insertion
point is also related to local market considerations: FCCs
primarily produce gasoline range hydrocarbons while HCs
mainly produce diesel and kerosene.”’ In the U.S, the
Department of Energy estimated that 8 billion gallons of
biomass-derived fuels can be produced in the 110 currently
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active domestic FCC units; therefore, it is possible to foresee
utilization of this technology in the midterm.**

Laboratory and pilot scale studies have evaluated the
feasibility of coprocessing BDL with VGO in an
FCC,””*"™~* while fewer studies investigated the possibility
of cohydroprocessing BDL, mainly for Iipids.50 A recent review
summarized results from coprocessing three different types of
BDL: FP, CFP, and hydrodeoxygenated (HDO) oils with
VGO in an FCC.”” Cracking VGO in an FCC generally
produces ~50% gasoline-range hydrocarbons, plus liquefied
petroleum gas (LPG), light cycle oil (LCO), heavy cycle oil
(HCO), coke and a mixture of light hydrocarbons.”** FCC
product distributions from coprocessing were found to vary
based on the BDL type or blend percentage. Figure 2 shows
product yields from selected FCC coprocessing reports. VGO
was coprocessed with 10 wt % each of FP, CFP and two types
of HDO."* The addition of FP reduced gasoline yield
compared to the base case. However, higher gasoline yields
were obtained with CFP or HDO compared to FP. For all
BDL tested, a higher amount of CO and CO, than for VGO
only was observed due to the presence of oxygenated species in
BDL. In another study, similar gasoline yields were reported
when coprocessing HDO/VGO, though higher amounts of
LPG and LCO were produced, while a reduced amount of
HCO was recovered.””® These experiments were carried out
in laboratory-scale fixed bed quartz reactors. Pilot-scale
coprocessing conducted with various FP:-VGO blends (5:95,
10:90, and 20:80), produced similar gasoline yields, low LPG
formation, and increased coke compared to the baseline with
just VGO.*”** In contrast, a reduction in coke formation was
observed during coprocessing FP or HT compared to baseline
in another study.*® Coprocessing partially upgraded BDL (e.g.,
CFP or HDO) in a microactivity reactor gave slightly higher
total yields of liquid products and similar coke yields compared
to coprocessing FP.*” These data (Figure 2) show that
introducing BDL in an FCC impacts the yield and composition
of products but is not enough to determine the renewable
carbon content in finished fuels.

To determine the fate of biogenic carbon previous works
showed the possibility of using techniques involving carbon
isotopes detection. One report,” estimated renewable carbon
distribution in products from coprocessing VGO and BDLs in
FCC using "C radiocarbon analysis while another study”®
evaluated the biogenic carbon incorporation in a microscale
reactor by cofeeding '*C-labeled oak pyrolysis with VGO over
an FCC catalyst. The results showed that biogenic carbon was
incorporated into alkenes, cycloalkanes, and aromatic hydro-
carbons but not into linear alkenes.

Additionally, both studies found that CO, and coke
generated was composed of biogenic carbon. From a refinery
scale-up perspective, biogenic carbon tracking is needed to
optimize renewable carbon incorporation in desirable prod-
ucts. Thus, measuring biogenic carbon directly in refinery units
would facilitate process design improvements, as well as
enhance understanding of reaction pathways for optimizing
catalyst formulations. Most importantly, it would be possible to
consistently track renewable carbon in fuel products to
demonstrate compliance with the U.S. Renewable Identifica-
tion Numbers (RINs) system to obtain credit for introducing
renewable energy into the market.”">®

C

B ESTABLISHED METHODS FOR MEASURING
BIOGENIC CARBON

Techniques for measuring renewable carbon are provided in
the International Sustainability and Carbon Certification
Guidance (ISCC 203-01).°° Some basic approaches involve
comparing yields during coprocessing and baseline cases. One
approach is based on measurement of overall mass yields while
another (and more detailed approach) is based on carbon
yields, accounting for CO and CO,. Similarly, energy balance
can be used, considering biointermediates have a diminished
heating value due to presence of oxygen compared to
hydrocarbon feedstocks; this data is then used to proportion-
ally calculate the percentage of biogenic energetic share in the
final products.’””” These indirect approaches have evident
advantages in terms of implementation and simplicity, as mass
and energy balances are a fundamental concept of process
design engineering. However, these cannot be easily
generalized since coprocessing yields are highly feedstock
and process dependent. From a research and optimization
point of view, these methods do not give information on the
reaction pathways that are useful to both process and catalyst
optimization. Moreover, the introduction of oxygenated
compounds may change reaction mechanisms, making results
from the baseline case invalid.

Renewable carbon can be measured directly to provide more
accurate and agnostic evaluations. These techniques involve
the measurement of carbon isotopes, C, *C, and '*C, and
their ratios. The atmosphere contains stable '*C and '*C
together with a much smaller fraction of unstable '*C (natural
abundance in parts per trillion), all in the form of carbon
dioxide. Carbon dioxide is continuously consumed by plant
matter, with an uptake of all three isotopes. After death, carbon
is no longer consumed and the amount of '*C begins to
decrease relative to plant matter. The rate of radioactive decay
is a constant—half-life of 5720 + 47 years for 14C 58 Fossil
sources, being hundreds of millions of years old, do not
contain any measurable '*C, and therefore, the biogenic
content of any mixture of fossil and modern carbon sources
can be correlated to the *C content.”>’

Offline Carbon Isotope Measurement Techniques.
Several methods for measuring carbon isotopes have been
developed to determine the amount of biobased carbon in
solid, liquid, and gaseous samples. ASTM adopted the standard
method D6866 in 2004 (current version D6866-20) for
verifying biogenic carbon in a wide range of materials.”” Two
methods are included: accelerator mass spectrometry (AMS,
D6866 Method B) and liquid scintillation counting (LSC,
D6866 Method C). The US EPA, under the RFS, has approved
the use of this standard to evaluate the bioderived portion of
fuels.”

Accelerator Mass Spectrometry. The theory and
detailed review of AMS can be found elsewhere.’”** Briefly,
samples are ionized, accelerated, and separated to be counted
in a Faraday collector. AMS directly counts the amount of '*C,
BC, and C in a given sample, determining the '*C to '*C
ratio directly. Prior to ionization, the sample is converted either
to carbon dioxide or to gra hite obtained by catalytic
reduction of carbon dioxide.”””® The salient feature of AMS
is its extraordinarily high resolving power, capable of
differentiating '*N from '*C at extremely low concentrations.
Selected cofeeding studies that utilized D6866 Method
B*>*~* are summarized in Table 1. An interesting feature
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Table 1. Biogenic Carbon Content Measured by "*C Radiocarbon Analysis, with AMS (According to ASTM D6866 Method B)

in Selected Studies

Feedstock

FCC Products: Biogenic Carbon Content [wt %]

bio-0il-VGO ratio [wt %] bio-oil oxygen content

type of pyrolysis oil

CFP 10:90 19.5
FP 10:90 51.0
HDO 1 10:90 39.2
HDO 2 10:90 274
HDO 10:90 21.0
FP 5:95 50.7
FP 10:90 S1.1
FP 20:80

total liquid LPG  gasoline LCO bottom coke  dry gases ref
7.2-73 7.0-7.1 7.3-74 7.6—=7.7 45
2.3 2 2.5 2.6 46
5.6 5.3 5.9 6.2 46
6.4 6.1 6.3 6.8 46
7.5 7.2 15.8 119 29
1 48
2 47
S 3-S5 S 6 47

of these data is a dependency on bio-oil type. Coprocessing
CFP or HT led to higher biogenic carbon incorporation than
with FP.**¢ In addition, coprocessing two different HT oils,
one mildly hydrotreated (HDO 1) and the other severely
hydrotreated (HDO 2), demonstrated an increase in biogenic
carbon with severity of hydrotreating, which corresponds to
reduced oxygenate content.”® These results emphasize the
importance of an accurate biogenic carbon evaluation to
directly account for incorporation, especially at refinery sites.

A potentially challenging aspect of applying this standard
method is the stated precision: +3 wt % absolute. This may
have a large impact on data interpretation for percent modern
carbon (pMC) concentrations relevant to coprocessing shown
in Table 1. It should be noted this uncertainty statement was
not derived from an official ASTM interlaboratory study but
was taken from a somewhat limited evaluation of precision of
both AMS and LSC on a wide range of products.’* Particularly,
AMS was not applied to lower concentrations but was focused
on a range relevant to the USDA biopreferred program, (>25%
biogenic carbon).”*%° Precision of this method for liquid fuels,
particularly at concentrations relevant to coprocessing, was not
established.

A more recent study investigated AMS precision on fuels
containing biogenic carbon in the range of 0 to 10% at four
laboratories.’” The results showed a lower absolute measure-
ment error, indicating a 95% confidence interval of +0.26 wt %
as well as a detection limit of 0.40 wt %. To illustrate the
impacts on data interpretation, the error bars depicted in
Figure 3 show biogenic carbon uncertainty calculated using the

fom I ASTM D6866 method B BC

8% 12% Haverly et al. (2019) i ID Incorporation Reference
i3 i (avg.)

§,g ‘Nl 829% 45
12 {21 452% 46
[e] ;

3:@ K| 86.4% 46
g {14 84.2% 46
] :

o) L5 91.0% 29
s 1

8 P18l 39.8% 47
§) [71  383% 47
el L8]  45.3% 48
\m /,’

Figure 3. Coprocessing pyrolysis oil and VGO: Biogenic carbon
incorporation in total-liquid for literature data. Error bars refer to
absolute precision stated in ASTM D6866 Method B (+3 wt %)
and in a more recent report (0.26 wt %): [1],** [2, 3, 4],* [5],* [6,
7]}47 [8].48

D

stated _})recision of D6866 and that derived in this recent
study.’” It is evident the stated precision would result in
uncertainties that are possibly greater than the measured
biogenic content in some studies; however, the more recent
evaluation of relevant products and concentrations shows this
method is capable of accurately tracking biogenic carbon
during coprocessing. Any advanced methods would ideally
meet or exceed the precision and accuracy of this technique.

Liquid Scintillation Counting. LSC is much less complex
and costly than AMS for measuring radiocarbon. There are
multiple techniques for sample preparation for LSC, though
D6866 only covers benzene synthesis. Two alternatives have
been studied and applied to mixtures containing biogenic
carbon: CO, absorption and direct counting. Details of
method preparation will not be described in detail here, but
it is noted that more in-depth preparation, such as benzene
synthesis, improves accuracy and limit of detection but adds
cost, complexity, and time. CO, absorption is less expensive
and complex but is also less accurate than benzene syn-
thesis.”*®” A much simpler approach, only suitable for liquid
samples, is direct counting without any sample prepara-
tion.”"”"* All these techniques involve a liquid scintillation
counter to detect byproducts from the radioactive decay of
“C. The energy of the decay byproducts is converted to
photons by a “cocktail” solution and further detected and
amplified by the counter.””*>°* Although significantly more
straightforward, the precision of direct counting is poor by
comparison because of quenching properties related to
different colors of the liquid that lead to loss of counts.
Different products require their own baseline analysis to
determine quenching effects. The accuracy and limit of
detection of this technique is related to the amount of time
over which signal is collected. A previous study’” showed that
increasing the counting time improved precision (0.2%
absolute for 2% of biogenic content with 180 min of counting
time), comparable with AMS®” and LSC-benzene. Direct LSC
has been used to track biogenic carbon in a wide range of fuel
blends, ethanol/gasoline, diesel, HVO, and FAME,”""*" and
better results were obtained with higher biogenic concen-
trations. As noted, biogenic content of FCC coprocessing
outputs may be at relatively low percentages (<10 wt %) and
applying this technique requires long analysis times.

B ADVANCED METHODS FOR TRACKING BIOGENIC
CARBON

AMS and LSC methods described above are well established
for differentiating renewable carbon. However, there are
several aspects that make these techniques complex and
expensive both in terms of equipment costs and analysis time,
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thus limiting applicability at refinery sites. To directly measure
biogenic carbon during coprocessing, new techniques will need
to be developed. The ideal analytical apparatus would be
implementable online on an FCC, HT, or HC; points where
process feedback is maximized. Online analytical techniques
have been previously investigated for the determination of
other radionuclides (e.g, Gr, PT¢, and actinides)62 or applied
for monitoring catalytic conversions.”””” A new biogenic
carbon analysis method should exhibit reduced overall analysis
time and reduced sample preparation steps compared to the
standard AMS or LSC-benzene analyses. Although AMS is
widely considered the standard method with the highest
precision, it requires large, highly sophisticated, and expensive
analytical facilities with high operating costs. Recently, some
efforts have been made to make AMS more economical by
reducing equipment size and associated costs.”*”*’ Several
emerging analytical alternatives have shown potential to
address these challenges and may be applicable in coprocess-
ing.
g¢S13C-Isotope Ratio Mass Spectrometry. Measurement
of *C/"™C isotope ratio is expressed in the form of §"°C
through the equation provided below:

e
2
sample
2
¢ standard

The amount of *C depends mainly on organic source and
geographical origin. Minute differences in isotope ratios can be
used to determine region of origin as well as modern vs fossil
carbon source.** Generally, classes of materials, such as
plants and petroleum products have different average §°C
values. Measuring §'°C values of a mixture’s components, such
as VGO and a specific BDL, can be used to develop a mixing
model that can be used to determine the percentage of each in
the mixture as well as their products from coprocessing. This
measurement can be carried out by much simpler equipment
than AMS, such as an elemental analyzer gas-source isotope
ratio mass spectrometer (EA-IRMS or IRMS), nuclear
magnetic resonance spectroscopy (NMR),**~%* or cavity ring
down spectroscopy (CRDS).”~"" Compared to the other
techniques, IRMS has the highest precision and can potentially
be used as a standalone system to differentiate carbon
sources.”” Potential advantages of IRMS are lower cost than
AMS and faster analysis time than LSC. '*C/**C ratio has been
used to measure renewable carbon content in biodiesel blends
with petroleum-derived diesel.”*® A recent report” used this
method to measure biogenic carbon during coprocessing in a
pilot scale FCC. Promising results were obtained in terms of
precision and detection limit. The precision obtained with this
method was +0.013%o0, and the uncertainty decreased with
greater difference in isotopic ratios between petroleum and
BDL feeds. While the biogenic carbon detection limit observed
was approximately 0.3% when a 4%o difference in §"°C was
measured between bio-oil and petroleum feeds, it increased
when this difference was reduced due to similar §"*C signal
between the feedstocks.

Biogenic carbon contents from this study were compared
with D6866 Method B, showing strong correlation (R* =
0.998). A limitation stated by the authors is overlapping 5"*C
values between some modern carbon sources and petroleum
feedstocks. Stable carbon isotope ratios in plants are related to

§8C = — 1/-1000

E

photosynthetic pathways for carbon fixation and plants are
categorized in two families: C; plants, such as trees, rice,
soybean, cotton, and cold-season grass, or C, plants, such as
corn stover, switchgrass, warm-season grass, miscanthus, and
sugar cane.”* ™" §'*C of petroleum sources have been reported
in the range —34 to —24%o depending on the source, while the
values for C; and C, are in the range —30 to —22%o0 and —18
to —13%o, respectively.**”>**71%" As shown in Figure 4, the
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Figure 4. (left) Biomass availability forecast comprising forest and
. . 102 /. 13 .

agricultural residues.’ ™ (right) §"°C ranges; comparison of petroleum

sources with C; and C, biomasses.****”

range of 5"°C values for C; plants largely overlaps with that of
petroleum fossil sources (e.g., VGO), while for C, plants the
range of values is clearlg separated from fossil sources. As
described by the authors,” the method measures §"3C of each
single blend unit (bio-oil and VGO), estimating the
fractionation in the coprocessing unit. Then, the SBC of the
end products is measured calculating the blending level
through a mixing model. In coprocessing BDL, it would be
easier to differentiate the 6"C of the biogenic portion when C,
plants are used as biomass sources, while with C; plants, a
tolerable isotopic difference is needed (i.e., about 4—5%o) with
current measurement precision. It should be noted that the
5"C method depends on the individual sources and while the
range of possible isotopic values for C; plants and VGO
overlaps, it has the potential for differentiating small blending
levels from VGO as demonstrated in a recent report.'""

This method could succeed in refineries, especially with
BDL mainly from agricultural residues, such as the ones
specified. Observing future forecasts of U.S. biomass
availability for energy purposes (Figure 4), some C, plants
(agricultural residues of corn stover, switchgrass, and
miscanthus) would reach higher amounts than C; biomass
by 2040. However, woody biomass (C,;) are the most
researched feedstocks for FP and CFP because they are less
difficult to feed into reactors, produce high bio-oil yields, and
have low inorganic content compared to agricultural (C,)
plants.””'** Despite potential advantages of 5°C as a method
for tracking renewable carbon in coprocessing, widespread
adoption would be straightforward only in the scenario of
using C, derived BDL. With C; type, in some cases, petroleum
feeds would be indistinguishable from BDL in terms of §"*C,
limiting application flexibility.

Optical and Laser Techniques for '*C Detection.
Optical and laser techniques for '*C detection and
quantification have been proposed as advanced methods for
measuring biogenic carbon.'”"'% Optical detection of carbon
isotopes, such as '*C, has shown some issues, especially when
high precision and low limits of detection are required. A
limitation being susceptibility of spectroscopic detectors to
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physical interference from background signals, thus, requiring
chemical or physical sample preparation to improve precision.

Some of these methods require complete combustion of the
sample to form CO,. Nevertheless, '*C can be directly
detected without any other chemical modification. Complete
combustion may also be needed to prevent fouling of the
optics and eliminate some interferences. Researchers in several
laboratories have studied solutions to improve precision of
optical technologies, using different approaches. Optical **C
detection based on saturated-absorption cavity ring-down
(SCAR) s(})ectroscopy was demonstrated in previous re-
ports.%~'% More recent studies demonstrated the possibility
of SCAR in achieving precision closer to that of AMS.'”
Limitations reported with SCAR are mainly related to the
complex and nonlinear nature of the analysis.''*”""* Other
studies have demonstrated significant improvement in
precision using mid-infrared '*C'°O, spectrometers based on
cavity ring-down spectroscopy (CRDS) for several applica-
tions.' >~

One report demonstrated that CRDS obtained accurate
measurements of '*C compared to AMS, even in the presence
of interferences from biological samples.''* This work
identified interferences, such as other CO, isotopes or nitrous
oxides that limited spectrometer sensitivity and the study
highlighted that a pMC fraction of >1 would be ideal to
achieve significant accuracy. Further investigations,89 using a
laser-based mid-infrared CRDS detected '*C in samples with
pMC fraction <1. Another group''> applied mid-infrared
CRDS together with an advanced sampling system to analyze
atmospheric '*CO, in an online setup. With this system the
authors were able to differentiate between '*C contained
directly in the form of '*CO, and 'C derived from the
combustion of *CH,. Another optical "*C detection method,
intracavity optogalvanic spectroscopy (ICOGS),"'® provided
the foundation for potential applications in several fields that
require very low detection limits by replacing AMS with a
simpler, less expensive and faster technique. This method
works with a fixed frequency stabilized *CO, laser and
combines four different techniques previously studied: laser
assisted ratio analyzer (LARA), optogalvanic spectroscopy,
optical impedance spectroscopy and laser intracavity absorp-
tion spectroscopy.’’’ A later study''® was able to replicate
these initial results and resolve issues found by other authors
around the repeatability of the results and the absorption
background due to °CO, and 2CO,."""""7"*' It was
demonstrated that a precision of 1% is achievable by ICOGS
with a few minutes of analysis, although calibration can be
challenging.105 The main advantage of SCAR, CRDS, and
ICOGS optical techniques for "*C detection is the possibility
of real-time analysis. Samples need to be oxidized to CO, that
can be further directed to the optical isotope spectrometer;
thus, direct online measurement of refinery unit outputs are
possible with limited sample preparation and potentially
preconcentration.

B REFINERY BENEFITS FOR ONLINE BIOGENIC
CARBON ANALYZERS

The major objectives of refiners considering alternative
feedstocks like BDL are to (1) maintain safe and reliable
operations throughout the refinery, (2) maximize refinery
profitability with feedstock processing margins and applicable
policy incentives, and (3) strategically improve the refinery’s
overall environmental sustainability profile. New online

F

analyzers would further contribute to operational risk
mitigation and contribute significantly to improving refiner’s
ability to both quantify and monitor renewable carbon in fuels
and optimize overall refinery profitability.

Online refinery stream analyzers would be integrated into a
refinery’s distributed control system (DCS), where operating
personnel interact continuously with the control system for
process monitoring to facilitate response to changing process
trends, alarms, upset conditions, etc. Online biogenic carbon
analyzer data can contribute to advanced notifications for
abnormal trends or operating range exceedances. For example,
if online renewable carbon content in a process stream
decreased in absence of other operational changes like a
feedstock change (i.e., different VGO or bio-oil composition),
this may indicate that bio-oil flow issues like plugging upstream
of the FCC unit, over cracking or coking are occurring. Some
of these issues would not be captured by conventional control
variables. Refiners can utilize online analyzers in this way to
reduce risk of operational upsets while coprocessing. There-
fore, online techniques for determining the fraction of biogenic
carbon in product streams are highly desirable. Currently,
online analytics are integral to refinery operations for
compliance with regulations, maintenance of smooth oper-
ation, and enabling rapid product distribution adjustments. In
the US, the EPA requires the measurement of carbon dioxide,
methane, and nitrous oxide emissions (40 CFR (Code of
Federal Regulations) 98, subpart Y), as well as sulfur emissions
(40 CFR 60, Subpart Ja), all of which can be performed with
online process mass spectrometry.'”” Online distillation
analyzers are used to monitor product quality.'””> Non-
dispersive infrared (NDIR) analyzers are commonly used
throughout refineries for process monitoring.'** Because of
peak overlap, they are coupled with multivariate statistical
analysis, such as PLS, PCA, and MCR.'** Given that other
refinery online analytical tools are already in place, online
biogenic carbon measurement could be a practical route to
analyzing the renewable carbon fraction in products from
coprocessing and could help drive coprocessing renewable
intermediate organic streams into the fuel production chain.

In addition, today’s refineries have sufficient instrumentation
to perform detailed mass balance-based yield calculations and
quantify product yield impacts resulting from changes in unit
operations including new feedstocks. However, current refinery
control and instrumentation systems lack the means to
measure renewable carbon contents accurately, reliably, and
quickly. Renewable carbon contents would be required inputs
for biofuel product allocation calculations applied for
quantifying applicable policy incentives. With the data
provided by online biogenic carbon analyzers, refiners would
have the capability to optimize refinery economics for
coprocessing scenarios by considering margin impacts from
yields, measured, and calculated by existing refinery
instrumentation and from policy credits, measured, and
calculated with biogenic carbon data. Figure S shows a simple
example of how a refinery might assess both yield (blue line)
and potential policy credits from coprocessing biomass-derived
feedstocks (red line) to maximize total profitability (black line
and triangular data point). Without reliable means to quantify
biogenic carbon, a major component of the optimization data
is missing.

The data reported through the DCS is also saved in a data
historian for future investigations, data analysis, and reporting.
With the data reported and historized, the refinery technical
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Refinery Economics Example
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Figure 5. Example showing how refiners can utilize online analyzers
to maximize overall refinery economics with coprocessing.

and environmental teams can easily access and apply it for
certification or compliance-related reports. This data can also
be combined with the rest of the historical plant data and
integrated in refinery analysis tools like process simulations and
optimization models. With these tools, refiners can further
evaluate biogenic carbon distribution and utilization in the
refinery. Ultimately, with tools like online biogenic carbon
analyzers, refiners can quantify and track progress in reducing
overall facility carbon intensity. In the initial commercial
phases of coprocessing, it is likely that bio-oil concentrations in
refinery unit feedstocks will be less than S wt % to minimize
risk to reliable operations and considering BDL availability.””
This means that quantifying biogenic carbon in gasoline, diesel,
and jet fuel blend pools collected from all refinery unit
operations will require extremely sensitive analytical tools due
to increased dilution from petroleum derived finished fuels.
There are also strong drivers for accurate online analytical
methods that can be installed on the product streams of
refinery unit operations in which coprocessing BDL is
conducted. Coprocessing examples for straight-run diesel oil
HT and FCC in Figure 6 highlight streams where online
biogenic carbon analyzers could be installed. Refiners would
likely prioritize installation of analyzers for quantifying
biogenic carbon in fuel blendstocks like “diesel” from the
hydrotreater and “naphtha” and “LCO” from the FCC. In
addition, refiners may also consider adding analyzers to

Atmospheric P T et
distillation ¢ In situ biogenic

Hydrotreater i carbon analyzer |

| 1
I
Diesel Oil > Gases |
—> Diesel :
AN~ e — > Coke :
B CFP/HDO i |
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Figure 6. Simplified schematic showing insertion points for different
bio-oils in existing refineries and possible positions for coupling
biogenic carbon analyzer to accurately measure renewable fuels in

finished fuels.

G

petrochemical products like propylene “LPG” if incentives
for renewable plastics evolve from future policy.

On the basis of the current coprocessing research, it is likely
that CFP oils or heavily upgraded oils would be coprocessed in
hydroprocessing units and FP oil and partial upgraded bio-oils
would be coprocessed in FCC or residuum FCC units. In
refinery unit operations, where online analyzers are installed on
unit product streams, a slip stream of each product can be
combusted to generate '*CO,, *CO,, and '*CO,. The ratio of
the isotopes can be used to calculate biogenic carbon
incorporated in the refinery intermediate stream and, by
volumetric blending calculations, in the finished fuel products.
Online analyzers are nothing new for refineries who routinely
utilize them for safety, process control, process optimization,
product quality control, and continuous monitoring of major
emissions sources. An optimal online biogenic carbon analyzer
should be inexpensive, accurate, reliable, easy to maintain, and
enable rapid analytical results. Reliable and accurate devices for
measuring renewable carbon contents in blended finished
products would address a major technology gap associated
with coprocessing BDL in existing refining infrastructure and
facilitate more rapid adoption of the coprocessing technology.
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