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Pacific

Northwest  Value of HTL for sewage sludge is disposal

200 dry tons ~17,000 gallons
Cost of fuel

disposal’:

$40.000 — $80,000 Value of fuel?:

~$34,000 - $51,000

$2.30-4.70/gal of
fuel produced

$2-3/gal

'Basis of disposal costs: $200-400/dry ton or $40/wet ton @ 10-20 wt% solids, 2Value of fuel is $2-3/gal
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e It Works! It's Cheap!

1% ; St + Sewage sludge provides + Thermochemical

158 5‘ A HTL biocrude yield and quality conversion is highly sensitive
N L et comparable to expensive to feedstock cost

algae feedstock « Sludge disposal costs

» Catalytic upgrading results represent 45-65% of WWTP
in a high yield to distillate operating expenses

~  |HTL Biocrude Potaatial (MLiyr) = -
Publicly Owned Treatmant Works (Primary + Secondary SiudgiSs

I‘- HTL Bioccrude -P-ohe;'mal {_ML'yrl ﬂ a n DD Ce ane
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o L 4 Baan B 282 e ool o] S number (~60) Wastewater treatment
» O7E-1.00 4m-500 @ 5001.7500 051-075 201-300 & E£01-1000 ) |

infrastructure is aging

Mgt

It's the Right Thing to Do!

Anaerobic digestion (AD): many positives yet it is slow
and requires solids disposal

Land application: PPCP, PFAS, regulation, consumer
distaste

Landfilling: CO,/CH, release, loss of nutrients (N, P)
Incineration: energy intensive, requires CH, for
combustion

| HTL Biacrudo Potontial (MLIyr
| Food Wasie
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078.1.00 401-500 @ S5001-7800 k 01 . 400 [l 1000 110




\?f/ Within a 50-mile radius, wet carbon waste can be

Pacific

Northwest  blended for treatment

T Blended Feedstock: 46.8 MT/y (67%)
},—\ T ges ig T 50 mile collection radius ,f“f*-

k Urban wet waste composition:
40% food / 50% sludge /
10% FOG

Rural wet waste composition:
50% Manure / 20% food /
25% sludge / 5% FOG

Points

« Sludge makes a higher quality
fuel than wood

« Sludge improves the
processibility of wood

« Wood and stover increase the
total fuel production potential




\7/ The carbon yield to fuels is among the highest in

Pacific

Northwest  bioprocessing: Sewage Sludge Example

Typical yields of
HTL from wet
wastes

e ~60% to biocrude
* Biocrude is stable

 Rich in diesel

29 C Lights
hydrocarbons

0.59gC CH4
0.1gC C2

0.8gC C3+

*This analysis based on carbon basis 5



% Feedstock impacts the biocrude:

Pacific

Nortwest  Hydrocarbon type, N content, % aromatic content
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= Q o OcHs
Haco -
O = H4CO bH S
Q\@ ol

H,CO  oO-
= -OH
Fats — Lignin — Ho—
iIncreased long n-alkane (cetane) iIncreased aromatic content w0/
OH OH
s~ ‘Hom’ HO = ow HO o
OH HO 0 HO O
o) 0 0 0] \%\
H H H H NW H HO
\LNKEMN i I, .
H B = H :
- 7 — Short C length with many O
1IN — HN
Protein NH Cellulose —
- Increased N content ANy - increased C to aqueous phase

- does form oll - does form oil (Maillard reaction with protein)




% Statistical analysis of the impact of feedstock on
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s Increasing natural pre-digestion O
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=
\ 4

HTL carbon yields
range from 40 to 75%
BE depending on

8 feedstock

 FOG-rich blends result
in high overall yields

s mmmmps

(o))
o
“ memean o

o wai b
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Biocrude yield (C%)
s
|- o ® Pi

Ul
(o]
-

 Food waste has higher
yield (less losses to the
solids stream)

[

: 40
 Increasing natural pre-

digestion decreases
biocrude yield

Each pair
Student's t
(0.05)

Food waste
Blend
Sludge
Biosolids

« Statistically significant
differences between
feedstock types

FOG-rich blend
Manure (Swine)
FW (IPA grain)

FW (Grape pomace)

Feed type
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Northwest  Fat and Ash Significantly Influence Yields
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S X 70
. o
Most significant factors: o
- | ] | ] | | ] v
* Fat content: direct increase in biocrude e
. | | .; 3
* Ash: Increased carbon lost to the solids v 9
g
B Mean(Biocrude yield (C%)) E
" M Mean(Solids yield (C%)) U
M Mean(Gas yield (C%)) 9 40
M Mean(Aqueous yield (C%)) a8
- : : : . : : .
_ 40 50 60 70
o . :
O so Biocrude yield (C%)
o L
T Predicted
>
o 40
® Variable LogWorth p-value
'E_ Feed fat content (wt%) 12.553 < 1x10>
“g 30 Feed ash content (wt%) 2.441 3.62x1073
'g Feed carbohydrates 1.421 3.793x107?
a - content (wt%)
Summary of fit
R? 0.7405
104 R? adjusted 0.7285
RMSE 3.5596
| Model equation
¢ FOG-rich  Food waste Blend Manure  Fermentation Fermentation  Sludge Manure Biosolids Biocrude yield (C%) = 49.9996 + 0.47619 X Feed carbohydrates
blend (Swine) waste (IPA  waste (Grape (Bovine) content (wt%) + 2.06729 X Feed fat content (wt%) — 1.57934 X Feed
grain) pomace) ash content (wt%)

Feed type



\7/ While 25% of the carbon ends up in the aqueous

Pacific

Northwest  phase, the product is dilute

0.800 —

M Sludge
B Sludge/Food/FOG
" Food Waste

Carbon in the
aqueous phase

» Acetic acid and
other small
alcohols, polyols,
carbonyls, and
phenols

Aqueous Concentration (wt%)

e 2-3% collective
concentration




7 Biocrude has higher O and N content and higher
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Northwest  gcidity than petroleum crude oil
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0% VA S% TAN* Organic N is in
two forms
O
Petroleum™ 0.5 0.1-2 0.05-6 02-5 R
NH,
: Amides (easily
Biocrude hydrogenated)
Sludge 3 4 1 65
Z
Chlorella 4 6 1 53 g
Pine 10 0 0.01 53 Cyclic amines
* The heteroatom content into unit operations (after atmospheric distillation) is much lower Ln):c?rrsgc(!:;g; ©

N content is an issue if cracking is needed (cracking catalysts have acidic sites)
The heteroatom content is outside of what refiners are comfortable, so they dilute

10
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Pacific

Northwest  Jpgraded fuel is rich in n-alkanes

* Minimal impact from feedstock
Jl_l_l |_ |J—\sewagesmuae+ms e | variability on product composition
\ e |

LIS = Typically high derived cetane
LJ..J_-.EL.L.L‘..J_._JL...LL_ number (DCN)

v" Except wood

N | A e a0 80 Sludge ' 3%€

Sewage Sludge

— Swine Manure

Derived Cetane Number (DCN)

, EtOH to HTL HIL
: 70 Diesel
—— Algae
60 Certification
Diesel
i | J | | 50 50% Wood +
50% Algae
40
Wood

30  Pyrolysis /00 HTL

20

10

0 10 20 30 40

Retention time, min 0
**Analysis by Colorado State University

11



7

Pacific
Northwest

NATIONAL LABORATORY

traditional jet

L} %) Qg -— \Whole sample | Specification Limit I
kT — Gasoline (RT-150 °C) Conv. Jet Range
D 500 — Jet (150-250 °C) Outside Spec. Limits

— —— Heavier than jet (>250 °C)

©

— 400

Q

F O

Q

)

o

i

-

L

e

0

D 0 I 1 I I

0 20 40 60 80 100

Percentage distilled (%)

» Positive alpha and beta jet fuel properties
* Main concern is the N in the jet fue

Candidate fuel

Avg. Carbon No. (11.2)
I aromatics (19.0%)
E n-alkanes (12.0%)
B iso-alkanes (21.0%)
B monocycloalkanes (33.0%)
dicycloalkanes (14.0%)

7 8 9 10 11 12 13 14 15 16 17 18 19

Carbon Number, #

High-quality SAF fuel from HTL of wet wastes

« 20-25% of upgraded fuel in jet range
« Similar mix of cycloalkanes, n-alkanes, iso-alkanes, aromatics to

® Candidate fuel
b) ASTM Measunamant
| Specification Limit
Conv., Jet Range
Outside Spec. Limits
S UD Tier a Prediction

o(22°C), mNim (@ . |
25 26 2T

pl15°C), kgim? T — @1 T
775 800 825

W-20°C), c5t @ , [
[+ a

v-40°C), et L@ |l

B 10 12

HOC, Mfkg U . a
428 430 432

Flash Point, °c L, L] J

40 50 &0
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Northwest GCXGC MS of the HTL biocrude feed

Biocrude is rich in Pyrazines, CEWL mEW2 mS1 mS2
pyrroles, amides, indoles, etc.

 Significant amount of the
biocrude does not volatize
In the column

Challenge for SAF:
Expect the Nitrogen to need to be <10
or <2ppm Nitrogen
Concern with N-S interactions that can
lead to fuel instability issues in engine

Relative concentration of N-containing species type (%)
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Pacific . . .
Northwest ~ Residual Nitrogen in SAF cut

_ _ Typical hydrotreating conditions here:
* Most challenging species to hydrotreat ~400°C

Is the Pyrroles, Imidazoles, Pyrrolidines ~1500 psi
~0.5hrt WHSV
’ Expect further HDN to get to 2ppm N Results in ~97% Nitrogen reduction
g a) = Co-Mo:FW2(a) m Co-Mo:FW2(b) Co-Mo:FW(JFC) S b) m NiMo:FW1(b) m Ni-Mo:S1(a) Ni-Mo:S1(b) = NiMo:S1(JFC)
% 80 - § H Ni-Mo:S2 H Ni-Mo:SFOG ® Ni-Mo:SFOG(JFC) NH
£ o O g
lg 50 Q g 50
:Zf 40 g 40
s 30 | N @ S 30 : | @
S 20 ‘ 0 . A 4
P (S SaGIN P
£ [ | "y O ® s 0 [ 0
2 0 S— | I I I | l ' [ I ' ' I 2 0
k- % o o ) S 3 ) ! o I o ! ) o
& @&}&" é\é, é‘é’ z':‘0\% § \Q@" {\6‘& é\o\ é&oz &o\e -\8‘& o ( && e,¢°\ z&‘& &o\e @o‘”
) D © , *&o A \o\oooéo zo,\g,(‘ \((\\b < Aﬂﬁ& A .\&Q%é\ e’&eo \é\b < \\‘ﬂo\
co&'b Q goé@ Q .
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Northwest ~ Key Takeaways

* Primary value proposition for HTL of organic wet wastes is sludge
disposal

» Similar HTL performance for organic wet wastes in continuous HTL
» Fat and ash strongly influence yield
» | ess natural digestion results in higher yields

» Similar biocrude properties for organic wet wastes
» Hydroprocessed biocrude: Rich in n-alkanes for all wet wastes

» Hydrodenitrogenation will be a challenge for SAF
= Expect a Nitrogen specification of <2ppm or <10ppm
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