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What is Co-Processing?

Use of existing petroleum refinery unit operations, hardware, and
infrastructure to process a mixture of convention fossil feedstocks with
renewable feedstocks
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Why Co-processing?

1) Pathway for quickly introducing renewable carbon into transportation
fuels industry

a) Produce fuels with renewable carbon at scale
2) Utilize multi-trillion-dollar infrastructure already in place worldwide
a) Petroleum refineries
b) Transportation and distribution systems
3) High impact outcomes
a) Carbon credits for refiners
b) Decarbonization strategy for petroleum refineries
4) Path to a more sustainable energy future

Major question => where does the bio-carbon go?
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Integration for Bio-oil in the FCC
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Why FCC?

« Almost every refinery has one
— Feedstock flexible (garbage can of the refinery)
« Traditional role => make gasoline
— ‘High distillate’ mode directs more product to jet/diesel; but

— Decarbonizing gasoline represents a near-term opportunity & addresses
a huge market (in US) &

— ‘easier’ than SAF; FCC will
not do deoxygenation

B 21% Passenger Cars

30% Light Trucks

(including Buses)

' 9% Off Road
~

& 2% Rall
3% Water

‘ 11% Aviation
3% Other (Pipeline/Military/Lubricants)

US GHG Emissions, 2021 => R ' 1 e

24%
Electric Power
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Petrobras/NREL Project: Pilot FCC (Brazil)

Petrobras “SIX” demo unit has same Co-Processing Experiments
hardware as a commercial FCC * Two pine-derived pyrolysis oils with
* Feed nozzles e Heat balanced consistent physical properties

¢ Riser cyclone e Mass flowrate: 200 kg/h
e Packed stripper e Riser: L=18 m, d= 2"

Mass balance range of 96 — 100%
3-hour test runs

Cumulative time w/ py-oil > 400 hours
Up to 20 wt% pyrolysis oil in FCC feed
54 experimental data points

-
Fuel Processing Technology 131 (2015) 159-166

Co-processing raw bio-oil and gasoil in an FCC Unit

Andrea de Rezende Pinho**, Marlon B.B. de Almeida ?, Fabio Leal Mendes ?,
Vitor Loureiro Ximenes 2, Luiz Carlos Casavechia®

2 PETROERAS, Centro de Pesquisas e Desenvolvimento Leopoldo A. Miguez de Mello (CENPES), Ilha do Fundda, Av. Hordcio Macedo, 950, Rio de Janeiro, Rj, Brazil
k Y PETROBRAS-SIX. Rodovia do Xisto BR 476, km 143, Sio Mateus do Sul, PR Brazil J

( )
Fuel 188 (2017) 462-473

Fast pyrolysis oil from pinewood chips co-processing with vacuum gas
oil in an FCC unit for second generation fuel production

Andrea de Rezende Pinho **, Marlon B.B. de Almeida®, Fabio Leal Mendes*, Luiz Carlos Casavechia®,
Michael S. Talmadge “, Christopher M. Kinchin “, Helena L. Chum*
“PETROBRAS, Centro de Pesquisas e Desenvolvimento Leopoldo A. Miguez de Mello (CENPES), liha do Fundéo, Av. Hordcio Macedo, 950, Rio de Janeiro, R], Brazil

* PETROBRAS-SIX. Rodovia do Xisto BR 476, km 143, Sdo Mateus do Sul, PR. Brazil
k “NREL - National Renewable Energy Laboratory. 15013 Denver West Parkway Golden, CO 80401-3305, USA )
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The Problem of Scale

* Petroleum Refinery
— ~300,000 BPD (typical “medium-sized” refinery)

* Lignocellulosic Biorefinery @ 2,000 tonnes/day  § woercor o ;CC
— ~ 4,000 BPD pyrolysis liquids (bio-oil) 'd'}' w’- Im‘l Ilﬁ‘

io-oil Bi o
=
£ I el
- ey
. er
Hydrotreating .i!l Ih Ih l“ i II.
urren l
rocarbons
as blendstoc

* Finding sufficient supplies of biogenic

feedstocks will be challenging at refinery scale

* Will likely require blending of several different types of bio-feeds
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Near term

Bio-feedstock Options for the Petroleum Refinery

No single feedstock

likely to satisfy demand

Blending of bio-
feedstocks will be
required

Motivation for this study

Impact of feedstock
differences on
biocarbon distribution
in products
Two extreme cases

* Bio-oil

* FT wax

Focus of R&D: Pretreatment of Feeds To Meet Critical Material Attributes (CMA)
These are physical and chemical properties of pretreated renewable streams which can be
processed by refinery hydrotreaters with no or minor modifications.

~

o= e

Petroleum Refinery
Fossil Crude ¢ Hydrotreatment

* Fuel finishing

* Trained workforce

* Industry know-how

FCC

==h

-« Fuel QA/QC

"+ Fuel delivery
m * Fuel branding
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NREL Tandem Pyrolysis/Davison Circulating Riser (DCR)
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NREL DCR Experimental

FLUE VENT
VENT

stRiPper  CONDENSER L Pressure 1-4 bar
REGENERATOR T ” Riser Temperature 500 - 575 °C
> Regenerator Temperature 650 - 750 °C
—I Stripper Temperature 500 - 600 °C
Total Catalyst Volume 15-35 I
Catalyst Circulation Rate 25-15 kag/h
Liquid Feed Rate 03-15 kg/h
a Riser Vapor Residence Time 1-5 S

Product analysis

LIQUID PRODUCT 14C — Beta Analytic (USA)

e All liquids by AMS

* Gases by combustion/AMS from gas bag samples

Elemental, PIANO, 2-D GCxGC/TOFMS, micro-

c E E distillation, sim-dist, VUV

<
T STEAM

CFP FEED > < — .
i REACTOR eoree Carbon on coke (where possible)
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Following the Biocarbon: Incorporation into Products

Biocarbon Distribution

I
1) Have to have good mass balances!! (as % of Biocarbon in

. 50% Feed)

w 3% | mTotal Carbon M Biocarbon
c
.g 40% Biocarbonin

%"' 0.8 8 - 4.5vo0l% CFP Qil coke and

K w product gas was

%S 5 30% calculated from
2 balance.

% 0.6 E 25%

% %" 20%

T 04 M Product gas (N»-free) E oy

= © d

w m Coke c

5 S 10%

= M Aqueous liquid F

0.2 q 4 S 5% I I II
M Org. liquid I
re. liq 0%
0 Gasoline  let Fuel  Diesel Resid  Aqueous  Coke Product
VGO only 0.009 L/L CFP 0.027L/L CFP 0.045 L/L CFP Phase Gas

2) Simple way to calculate biocarbon incorporation in a given product; all bio-carbon

by C-AMS (Beta Analytic, USA)
biocm

biOCfeed totaleroduct 44% 2.8%
= A’ =e.dg. =
t0talCproquce  bi0Creeq 9 62% ~ 4.0%

tOt(lleeed totaleeed
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Co-processing in DCR

1) Fischer-Tropsch wax (BEST, Vienna)
2) BTG Bio-oil



Co-processing of Fischer-Tropsch Wax in DCR

Key Specifications

Feed: 20w% FT wax with VGO (miscible)
Catalyst Type: E-Cat.

Operating Temperature: 521°C
Operating Pressure: 2.6 bar

Wax: BEST (Vienna)

Results

e Adding FT wax results in higher gas yields
with about equal bio-carbon distribution to
gases and liquids; confirms ACE testing
results

* Gases (C5s, C4s, C3s, C2, C1, CO, CO2) are
rich in C3/C4 olefins

* Very little bio-carbon on catalyst or in
agueous phase

Measured Product Fractions [wt% of Feed]

Carbon among Product Fractions

100% -

80% -
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20% -

0% -
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M Product gas (N2-free)
= Coke

m Aqueous liquid

M Org. liquid

VGO only, 521C 20%FTwax, 521C

Org. liquid phase

® Total Carbon  m Biocarbon

Aqueous phase Coke Product gas (N2-

o) NREL | 14



Co-Processing Bio-oil in DCR

100%

20%

60%

40%

20%

0%

B Total Carbon Yield

E Biocarbon Yield

Liquid

a Bl

Coke  Tail Gas I
E-Cat l

Liquid Coke Tail Gas
E-{Zatgr 10%CP758

5% bio-oil in low-sulfur VGO (from bp)

CP758 => high ZSM-5 FCC catalyst
from Johnson Matthey

Bio-oil => Stabilized (mild
hydrotreating) bio-oil from BTG

* Oxygen content 19.36% (wet)
* Water about 5%

Tail gas = C1, C2s, C3s, C4s, C5s, CO,
CO2

Results

Most of the bio-carbon goes to the
liquids

More bio-carbon as coke-on-catalyst
Catalyst does make a difference!
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Bio-o0il Co-processing: Fuel Products

Carbon among Product Fractions

50%
45%
40%
35%
30%
25%
20%
15%
10%

5%

0%

B Total Carbon MW Biocarbon

Biocarbon in
coke and
product gas was
calculated from
balance.

Gasoline

Jet Fuel

Diesel

Resid

Aqueous Coke
Phase

Product
Gas

CPC758 DCR product liquids
fractionated into transportation
fuels by boiling range

Bio-carbon does not distribute
uniformly across products

Bio-carbon distribution does not
follow same pattern as fossil
carbon
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% Biocarbon

50
45
4.0
3.5
3.0
2.5
20
15
1.0

0.0

Biocarbon Scrambling: Co-Processing Products

2.7v% CFP Co-processing 4.5v% CFP Co-processing

50

4.5

4.0

c 33

2 30

g 25

2 20

R 15

1.0

I 0.5

0.0

Gasoline Jet Fuel Diesel ~ Resid Weighted Measured Feed Gasoline JetFuel Diesel  Resid Weighted Measured Feed
Av. Av. Av. Av.

NREL ex situ CFP bio-oil

Results consistent with BTG bio-oil

Impact of blend level consistent in terms of bio-carbon distribution
Some preference shown for partitioning of bio-carbon to jet fraction
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Observations and Conclusions

1) Feedstock matters! Easily cracked feedstocks make a lot of gas and preferentially
sends bio-carbon to light gases (mixed blessing)

2) Heavier feedstocks like bio-oil have more bio-carbon in liquids (desirable) but
also send a significant amount to coke-on-catalyst (highly undesirable)

3) Catalyst does make a difference

4) Blending strategies to optimize bio-carbon distribution will be complex but
necessary to maximize credits

5) Small differences can have massive economic impact

NREL | 18



Thank you!

www.nrel.gov

Funding for this work provided by US Department of
Energy, BioEnergy Technologies Office

This work was authored by the National Renewable Energy Laboratory, operated by Alliance for Sustainable Energy,
LLC, for the U.S. Department of Energy (DOE) under Contract No. DE-AC36-08G028308. Funding provided by the US
Department of Energy, Office of Energy Efficiency and Renewable Energy, BioEnergy Technologies Office. The views
expressed in the article do not necessarily represent the views of the DOE or the U.S. Government. The U.S.
Government retains and the publisher, by accepting the article for publication, acknowledges that the U.S.
Government retains a nonexclusive, paid-up, irrevocable, worldwide license to publish or reproduce the published

form of this work, or allow others to do so, for U.S. Government purposes. Transforming ENERGY




Measuring Bio-Carbon

14C — isotope
* Half life of 5730 years.
* Appears as a small fraction (1x101?) in biogenic feedstocks.

AMS - Accelerated Mass Spectrometer
e Measures %C/12C ratio.

pMC - percent Modern Carbon (%o)
* Referenced to biogenic material in 1950.

* Can be above 100% depending on time of growth of biomass.

Percent biogenic carbon (percent biocarbon)
* Normalized between fossil feed sample (0% biocarbon) and
biogenic feed sample (100% biocarbon).

Example: pMC % biocarbon
CFP Qil 102.90 100.00%
Liquid Product 5.66 5.33%
VGO 0.18 0.00%

Northern Hemispher atmospheric “C activity [pMC]

200

180

160

140

120

100

80 1 1 L ]
1940 1960 1980 2000 2020

Year

S. Hammer, |. Levin, Monthly mean atmospheric
D14C02 at Jungfraujoch and Schauinsland from
1986 to 2016, 2017

NREL | 20



Carbon Scrambling

Fragments from biogenic molecules can attach to fossil molecules and vice versa. A molecule
originating from biomass pyrolysis may pick up a short fossil carbon chain and produce a
molecule in the jet fuel range that is now partially biogenic and partially fossil.

13C Study: C. Mukarakate et al., Isotopic Studies for Tracking
Biogenic Carbon during Co-processing of Biomass and Vacuum
Gas Qil, ACS Sustainable Chemistry & Engineering (2020).

Consider the extremes:
* No carbon scrambling (no biogenic carbon atoms combine with fossil molecules)
— Biogenic content in fuel fractions shows that biogenic feed produced biogenic molecules
» Perfect carbon scrambling (all biogenic and fossil carbon atoms randomly exchange/combine)
— All product fractions show the same biocarbon percentage as in the feed.

* Analysis of biogenic carbon incorporation into fuels is valid for any carbon scrambling.

» Following reactions paths via biocarbon analysis becomes less useful if carbon
scrambling occurs.

NREL | 21



Co-processing FT Wax in ACE

ACE unit (Kayser Tech, Houston)



Results from ACE Testing;

Co-processing of 40% FT wax, Cat/Qil =5

80
60 m Total Carbon ®m Biocarbon

S

=

}

c 40

[=]

£

Ly,

()
) l

0 I —

Coke (via CO2) Gases + C5+ in gas Liquids

FT wax from BEST (Vienna); ACE testing by Kayser Tech (Houston)

Observations
* Preferential distribution of bio-carbon to gases
e LPG fraction very high in C3 and C4 olefins => petrochemicals or
oligomerize to jet fuel
* Little bio-carbon on catalyst (coke)
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Mass (% of Feed)

Carbon (% of Carbon in Feed)
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80
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40

20

100

80

60

40

20

Cat/0il=4

Cat/Oil=4

ACE Reactor Results

Mass Balance

Gases + C5+in gas
Liquids
B Coke (via CO2)

Cat/0il=5 Cat/0Oil=6

Carbon Balance

Gases + C5+in gas
Liquids
B Coke (via CO2)

Cat/0il=5 Cat/0il=6

Experiments performed for three cat/oil ratios
Experiments performed in duplicates
Good mass, carbon, and biocarbon balances

Biocarbon preferentially flows to gases

Biocarbon Balance

100

o

o]

&

£ 80

o

§ Gases + C5+ in gas
g 60 Liquids

“ W Coke (via CO2)
o

2 40

=

Q

< 20

5

(=]

2

0 | | — — — —

Cat/Oil=4 Cat/0il=5 Cat/Oil=6
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Co-process FT Wax in ACE Reactor

Advanced Cracking Evaluation Reactor — Kayser Technology

Co-processing of 40 wt% FT wax with 60% VGO; wax from BEST in
Vienna, Austria

Temperature: 530°C
Submitted for Biocarbon Analysis:
* Liquids
* Gas bags from coke oxidation
* Gas bags from product gas oxidation
* Mix air with product gas (Lambda 4)
*  Flow mixture over CuO (600°C)
* Methane remaining at below 0.01 mole%
Results
Lower diesel yields
Higher LPG yields (especially C; and C, olefins)

All product fractions confirmed by biocarbon analysis (99.5%
biocarbon balance closure)

Carbon among Product Fractions

W1t% of Feed

80
70
60
50
40
30
20
10

100
S0
80
Coke
70
W Bottoms
60
E(C3andC4
50
W Dry Gas
40 B Gasoline
30 mLCco

100% VGO 40% FT-WAX

Carbon Distribution (Co-processing 40% FT wax)

M Total Carbon M Biocarbon

Coke (via CO2) Gases + C5+in gas Liquids
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Co-processing of Biogenic Fuels with VGO

Vacuum Gas Oil —_— . l & /
(VGO) RNy Y L | y °
1 I &
: e Product gas
! Fluid : . a
| Catalytic ' Organic liqui
_I_I
1 . 1 .
: CraCkmg == Aqueous liquid ‘
1
Catalytic Fast : (FCC) | — Cok Regenerated
———
Pyrolysis Oil : ' Oke Catalyst
(CFP Oil) L s ‘
— \
Flue gas '

Fischer Tropsch
Wax (FT Wax)

 Measure biocarbon in liquid product to determine biocarbon incorporation.
* Track biocarbon across other output fractions.

Similar study: G. Fogassy et al., The fate of bio-carbon in FCC co-
processing products, Green Chemistry 14(5) (2012).
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2-D GCxGC: FT Wax and VGO Hydrocarbon Types

FT Wax Vacuum Gas Qil (VGO)
 Dominated by n-paraffins  Dominated by n-paraffins
* No aromatics * Contains aromatics

e 100% miscible with VGO
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Elemental Analysis

Carbon Hydrogen Nitrogen Oxygen Sulfur
Velocys FT wax 86.5 13.4 <0.01 n/a n/a
BEST Austria FT wax 85.2 13.8 <0.01 0.81 0.01
VGO 87.3 12.8 0.07 0.27 0.11
%MC
Velocys FT wax 83.3
BEST Austria FT wax 118.7
VGO 0
Velocys FT wax/VGO (20/80) 16.5
BEST Austria FT wax/VGO (40/60) 45.8
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NREL Bench-scale Continuous Hydrotreater

E? LEV (H2]»
[ NDIR/GC»
LEV (Air)>
Y oa
> HOUSE AR>

Pressure 60 - 120

Temperature 300 - 400

Catalyst Volume 5-20

Liquid Feed Rate 5

Hydrogen Flow Rate 100 - 500

Weight Hourly Space Velocity — 0.5-2 NREL | 30



Hydrotreated Products
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