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HTL Process Overview

 High temperature, high pressure thermochemical process
(280-420°C, 10-25MPa)

30 p
 Feedstock can be directly converted without an energy
consuming drying step 25
«  With or without catalyst
« The main products are a bio-crude, solid residue, water-soluble E‘ o Liquid phase
fraction and gases =
Y 15 .
3 Hot Compressed Water
4 Processes
Why Hydrothermal Conversion ? & 10
Vapour phase
5
0 >
0 100 200 300 400
Temperature (°C)

*Toor, S.S Biomass and Bioenergy, Volume 36, January 2012, Pages 327-332
4
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History of Hydrothermal Liquefaction

* Focus dry, lignocellulosic biomass.

e Yutaka's group at “National Institute for
Resources and Environment” in Japan.

* PNNL picks up the baton. Developed
complementary Catalytic HTL

Appell and co-worker at Pittsburgh Energy
Research Center.
Albany Biomass Liquefaction Experimental
Facility at Albany, Oregon, US.
Multiple R&D projects, including Shell Qil |

Explosion of interest in HTL
development and commercialization.
Lgnite Energy Resources , Altaca
Energy, Steeper Energy, Nabros
Energy.

2010 to

Present

e “Stranded in pilot scale phase”
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s N )
Hydrothermal Liquefaction Catalytic Gaification
Available . 280-370C « 250-500C
ecnnologies « Catalyst: Optional (Heterogeneous and . Eatalygt-Hetemger_mms Catalysts
Homogeneous) « QOutput: Methane rich gas
» Output: Biocrude " J
« Yield:27-60%
« |mprovements: Nitrogen, Oxygen and
Sulfur content reduction

AN /
/- \\ Hydrothermal Gasification

Hydrothermal Carbonization o
180-250 C
2-10 Mpa Py
.

Catalyst. Mot required

Euﬁlgtﬂ_l?}igéhar {f " Hydrothermal \
1eld: | ] | . : .
Improvements: Separation process ~ \ Processing 4 Supercritical Water Gasification

—— « 500-300C
\ / « 22-40 Mpa
« Catalyst: Mot required or non metal

catalysts
» Output: Hydrogen rich gas
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Advantages of HTL




M| UNIVERSITETET | AGDER

Chemistry,
conditions, and Gas phase
products of the 3
HTL process & A
¢ i

Wet biomass

Materials dissolved ‘ HEEﬂﬂlhiﬂﬂtiﬂﬂ Bi d
in agueous phase | ocTude

O

b{ Solid residue Char and Ash

Unconverted material

Aqueous phase
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Cellulose

‘ ‘ Hemicellulose ‘ ‘

Starch

“Short intermediates” are formed by aldol
splitting

Preferred at free

‘ Glucose +»* Fructose ‘

.

Preferred at ionic
conditions
(T<374°C)

| i Furfurals o
a lower molecular weight than glucose and radlfrai;?::iél;unﬁ Different short |
often with carbonyl groups and C-C double p
bonds intermediates
k < \‘:Cx Y
The degradation of cellulose to glucose is =] s=c¢ ir | Phenols } ..... '.
hydrolysis. |
Formation of furfurals from fructose is £ 1 * ‘
multiple water elimination 7 :
Gases: ‘
HE,EGE,EH.‘,ED i

free radical degradation, which is formed by

decarboxylation of organic acids

Simplified Reaction Mechanism for Biomass Degradation
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Carbohydrate degradation and protein

degradation of biomass in supercritical water.
.

" Via the Maillard reaction glucose or its
consecutive products could react with amino
. acids or its consecutive products

These types of reactions lead to nitrogen

containing cyclic organic compounds.
5

Increase in the DOC
N

Higher nitrogen compound content in the

products of HTL, which support the above fact.

A\

Proteins Cellulose |
Hydrolysis Hydrolysis
Amino Acids W 1

Maillard reaction

‘ Glucose € Fructose ‘

H,0 elimination

C-C splitting v( )

Y = ’ Furfurals l
Maillard products: | |  Different short
N: containing ring intermediates < \
components , Y ‘,
>20 > | (_’ | Phenols -~
Polymerization:
Free radical reactions ( 1 ¢V
| Gases: |  Coke
H,,C0,,CH,,CO

10
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Algae for HTL

Algae biomass

Pyrolysis

Gastfication

Hydrothermal
processing

Transesterification

Fermentation

Anaerobic digestion

Characteristics for algae used for hydrothermal liquefaction process

0~ 10 prgteins

Bio-oil, char, and

pyrolysis gas Defatted scenedesmus
Spiruling o spiruling platensis
“Tyonobacterio mmf
40 X Dunaliello tertiolecta coke
Syn gas ’“m%mmhﬁmmm oeulaea

B # Desmodesmus sp.
Porphyridium cruentum

B punaiiella tertiolecta

Bio-oil, char, and

syngas
Biodiesel
100 + : : : ¢ : : ; : : Y 0
o 10 20 30 40 50 60 70 80 a0 100
Carbohydrates Lipids
Bioethanol
* Lipid is one of the major class of bio-macromolecules in algae
Biogas * Most algae proteins consist of polymers of the amino acid with

C1H1.5600.3N0.2650.006'
which has calculated calorific value of 24 MJ kg (d.b.)
* Algae carbohydrates are monosaccharide polymers with elemental composition

C,H, ¢70, .83, Which has calculated calorific value of 17 MJ kg (d.b.), .
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Refining Technologies for HTL biocrude

1 To address utilization of petroleum refining
technologies for upgrading biomass-derived feedstocks
from fast pyrolysis and hydrothermal liquefaction.

O For example:

* Hydrotreating

* Hydrocracking

e Catalytic cracking

O Fuel products are the focus, but chemical or chemical
feedstock products will also be considered.

Fuels or Products from HTL

¢ Clean liquid biofuels for transportation
* Gasoline

* Diesel

e Jet fuel

* TBD

¢ Organic chemical products
* Hydrocarbons
* Oxygenates




* Elemental analysis
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* Heating value
*  Moisture content

Separation procedure ! oo

* Particle size

[ Raw Material ] Buchner funnel L
"7 filter paper
Liquefaction Oil+acetone)+solid phase """-“,&
a S Collected product | ( ) P TR R
\% \l/ |+ Elemental T
[ Water phase ] Vacuum Filtration analysis
TC analysis ]
TOC (Oil+acetone) [ Solid phase ]
analysis phase
GC-MS
analysis
. Drying@105 °C for
Rotary Evaporation 24 hrs.

/

2.? Solid
Oil + residual water residue
phase

-

* GC analysis
2-3ml diethyl ether —»

* Elemental analysis
e GC-MS, FTIR

* Heating value

*  Water content-KF
* TGA

* Ash content

[ Shake and centrifuge ]

[ Water phase ] [ Oil + DEE ]_> Centrifuge Oil phase / Ref: Toor, 5.5 13
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. W H2, N2, 02
HTL for chemicals Gas phase » CO2, Ethene
And
o
5 o
¢ :
-G'Er ; y
: Materials dissolved _Recombination : _ | Hydrotrement :
Wet biomass in aqueous phase > Biocrude Centrifuge Refinary —— Bio Fuel
" P
Unconverted material
Solid residue Hydrogen feed
4 _ Bnzene,
‘ h g Toluene,
Aqueous phase v s Pheno.lic _______, Ethylbenzene, and
| Extraction Xylenes (BTEX) compounds

Top 10 chemicals in liquid products from the HTL assisted with various chemicals (area %). [ref: Junying Chen ]

Water-Only NH;-H,O H; PO, Glycerol
Hydrazinecarbothioamide 10.74 1,3-Dimethyl-benzene 12.41 2-Methyl-2-cyclopenten-1-one 9.80 Toluene 7.92
Methyl-pyrazine 10.00 Toluene 11.43 2,3-Dimethyl-2-cyclopenten-1-one  8.10 Ethylbenzene 4.81
3-Hexene 9.17 3-(Butylthio)-propanoic acid 7.26 3-Methyl-2-cyclopenten-1-one 7.90 o-Cymene 3.96
4-methyl-3-hexanol 6.93 4-Methyl-3-hexanol 3.33 Acetic acid 7.45 2,3-Dimethyl-1H-indole 2.32
2-Methyl-2-cyclopenten-1-one  3.79 o-Cymene 2.40 Methyl-pyrazine 6.95 1,3-Dimethyl-benzene 2.04
Pyrazine 3.29 3-Methyl-thiophene 222 2-Methoxy-phenol 6.63 2,6,10-Dodecatrien-1-0l, 3,7,11-trimethyl-, (Z,E)- 1.89
n-Hexane 2.88 6-Methyl-2-[(4-morpholinyl)methyl]-phenol  2.21 Butanoic acid 4.29 2-Methoxy-phenol 1.60
3-(Butylthio)-propanoic acid 2.67 2-Methyl-indolizine 2.08 Phenol 3.79 1-Pentadecene 1.57
Ethyl-pyrazine 2.46 Butanoic acid methyl ester 1.78 2-Methyl-pyridine 3.60 3-Hexyne 1.56
2,2-Dimethoxy-propane 2.38 1,3-Dimethyl-benzene 1.72 3-Ethyl-2-cyclopenten-1-one 3.41 2-Butenyl-benzene 1.56

14
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HTL biocrude upgradation

3
Real biomass & plkg/m’]

1300

biochemical composition Replacement potential of B Crude Qil
B % H,0 Crugie oil anc! DIF.:SEl o Dlesel.
= % Proteins {daf) with HTL bio-oil = HTL il
B % Carbohydrates (daf) === Upgr.
C % Lipids (daf)
- 30
O [%]

Liquor I % Lignin (daf)

Organic wastes Algae

Biomass to liquid
fuel conversion unit

Biomass selection Gas phase
50 5
HHV[MIJ/kg] S [%]
Rroﬁ'rm
o,
ﬁ Oty
& |
sab S
& e
) O O

Ideal composition
of the HTL reactor feed

Ref: Toor, S.S, AAU
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Continuous HTL Systems _{11“ B

Why Continuous?

SEPARATOR
with FILTER

CSTR WITH
ELECTRIC HEAT

WWAVAVAVAVAY, NN
\WVAVAVAVAVAY,

1. Thermal Transience

2. Difficulty in decoupling temperature and
pressure

Different contact pattern

SOLIDS BLOW-
DOWN POT

HORIZONTALOIL
JACKETED
PREHEATER

2

4. Significant distance towards actual

industrial implementation.
E o sackeTen
X BACK- LIQUID COLLECTORS
H PRESSURE
A REGULATOR
s
LY
Clean WaterEffuent ~ WWTP / HTL Plant Blocrude Upgrading Douq las C.Elliott
' Plant
Wastewater Dewatered - Catalytic Hydrocarbon
Hydrothermal | | Biocrude - - y
Influent | Wastewater Sludge Slud | X | | Hydrotreating -
~{Headworks) ; |  Treatment £ Dewatering ! Liquefaction ] Hﬁ "| and Product i ?ge?e’f
» S Fractionation N !
Natural aphthz)
Centrate Gas (for ! ‘
3 heat) i of- H,
! gas |
Treated Aqueous Phase
HHydrogen
v Natural "| Plant
Solids Gas
Pacific Northwest National Laboratory 16
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Continuous HTL Systems

Pressure (bar)

ir
B0 A PERC : . " A PERC
A LBL : e A L8
m STORS = it
A  HTU al 28
. @  PNNL (microalgae)
®  PHNHNL (microalgae) A ®  PNNL (macroaigae)
300 - ®  PNNL (macroalgae) A L] ’ @ PNNL (pomace)
H  PHHNL (pomace) . O PNNL (wastewster solids)
O PNNL (wastewater solids) i supercritical 26 - . . ®  University of Sydney
®  University of Sydney B University of llincis
B University of llinois U 8 o Ye=075 g 'g:; SMUU"W!MVO' s
O lowa State University M RATS URSewesty of Tk
; . L] Y. =05 Aalborg Unéversity
250 ©  Chalmers University of Technology [ ] e Ve o O oOfeo ¢ [ m] (=] 24 £ 0 KT (lubula)
A& Aalborg University ® KT (CSTR)
O KIT {ubular) Y. =025 ©  University of Leeds
® KIT(CSTR) A £ @  Aarhus University - bench
] University of Leads ll'q’t.ll"d 22F e ® » A Aarhus University - pilot (miscanthus)
B  Aarhus University (bench) ° @  Aarhus University - pilot (Spiruling)
200 ™ Aarhy Uni ilat (m| O - ° B Aarhus University - pilot {sewage sludge)
us University (pilat) o 8 00g © Imperia College London
(5] Imperial College London b ° ° ©  Unwersity of Bath
©  University of Bath o o 8 2} o 90 , O  University of Twente
© University of Twenbe o ° A Steeper Energy
A Seeper Energy o ﬂ ) B Cailig
®  Muradel o o [ o A
150 | o - o o B a
B Genifuel . 18 A, °
E En = o
W Callig ° o *
L]
O p
o (o] A
100 | e i o A
vapor o % A
0 o a ® o
aks o Oe
o, of o© ¢ . offg
oA
s |- . e o® Bgo
% o . .
12 n 5 onm °
P o ¢ 3 ®® ¢ 000 ¢ 3
. L Al ¢
¢ ¢
o L . q | | | L 1 L 1 |
100 150 200 250 300 350 400 450 0 0.1 02 03 04 05 06 07 0.8
Temperature (°C) Yield of blocrude (-)

State diagram of water reporting temperature and pressure of Energy ratio vs. bio-crude yields for the continuous HTL
the continuous HTL studies

Ref: Daniele Castello 17
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Continuous HTL Systems

Designed, built, and commissioned by Merrick Steeper Energy, Aalborg University

18
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Co-liquefaction HTL Systems

1. Micro-macro algae ratio condition: 50/50 mass ratio

Temperature Time Weight of Reactor Gas pressure  Weight of Weight of Weight of Solids vyield Aqueous Biocrude Gas® yield
[min] slurry [gram]  Pressure [bar] solids [grams] biocrude water [wt.%, d.b.] Z'EI? [wt.%, Z{'ZI? [wt.%, ijtf']%’
[bar] [grams] [grams] o o o

0.34723 0.2566
0.37048 0.1896
0.3453 0.2777
7.01 232 1.2 0.4652 0.2945 5.1783
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Biocrude yield (wt %)

80

70

60

50

40

30

20

10

Impact of resident time on biocrude vield

60
—8—Faethetal —®—Bachetal —@—Albaetal —®— Anatasakisand Ross

50 +—

40

5 min

W60 min

30

20

4

Oil yield (wt%)

9

>>.—=f ®
10

\._/07 - 0-

10 20 30 40 50 60

Residence time (min)

175 200 225 250 275 300 325 350 375 400 425 450

Temperature (C)

< v < >
Liquefaction & CW Gasification
hydrolysis kinetics to C,H, and H,

Ref: Wim Brillman

20
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Biocrude yields Analysis

55 —
| I 240°C
50 I 280°C

45

A0 <

35 4

30

-

25 4

20 —

15

10

Bio-crude oil yield (%)

MNo-Cat Pd/AIZ03 PdiC PUAIZO0Z PUC Raney Ni NaOH MNa2CO3

Homogeneous and heterogeneous catalyst effects on biocrude yield from HTL of
algae with respect to temperature (Yu et al., 2014).

BIOCRUDE YIELD (\WT %)

M Fast Liguefaction Isothermal Liquefaction
70
60
50
40
30
20
10
0
R NG g 5 . 2
é}%f-; o‘é d{’@ & \)‘;R . \é}
Q N 2 . & \0
© o) ¢ ¢ B &
\(\O Cps" ,?\:\Q ob?; q;g?,
o & WY
'b(\.;\':' s@\) Q?'é& '3.\@
a{.\
e

Fast and isothermal HTL in subcritical conditiontim

21
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Feedstock and Biocrude yields Analysis

80 mC mH mN ms mO M Heating value (MJ/kg)

CHNOS [%] and HHYV of algae feedstock

70
60
50
40
30
20
10

0

Nannochloropsis  Chlorella vulgaris Dunaliella Desmodesmus sp.  Spirulina platensis Scenedesmus Porphyridium Cyanobacteria Cyanobacteria Defatted Laminaria Enteromorpha
oculata tertiolecta cruentum (Spirulina) scenedesmus Saccharina prolifera

CHNOS [%] and HHV of algae HTL biocrude

EC mH mN mS mO mHeatingvalue (MJ/kg)
80
70
60
50
40
30
20
10

Nannochloropsis ~ Chlorella vulgaris Dunaliella Desmodesmus sp.  Spirulina platensis Scenedesmus Porphyridium Spirulina Cyanobacteria Defatted Laminaria Enteromorpha
oculata tertiolecta cruentum (Spirulina) scenedesmus Saccharina prolifera

22
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HTL Biocrude Analysis
Changes in H/C and O/C after HTL.

2,5

w

t1o ~

H/Cra

Conventional Algae HTL  Algae biomass

=

0,1 0,2 0,3

+ Nannochloropsis oculata
* Desmodesmus sp.

-~ Porphyridium cruentum
® Defatted scenedesmus

4 Nannochloropsis oculata
+ Desmodesmus sp.

@ Porphyridium cruentum

* Defatted scenedesmus

Pyrolysis bio-oil from wood

* Bunker C (Heavy fuel oil)

0,4 0,5 0,6 0,7
O/C ratio

# Chlorella vulgaris
* Spirulina platensis
- Spirulina
® Laminaria Saccharina
4 Chlorella vulgaris
=Spirulina platensis
™ Spirulina
# Laminaria Saccharina
Coals, bituminous

= Diesel

0,8 0,9 1

* Dunaliella tertiolecta

> Scenedesmus

= Cyanobacteria (Spirulina)

B Enteromorpha prolifera

4 Dunaliella tertiolecta

> Scenedesmus

A Cyanobacteria (Spirulina)
Enteromorpha prolifera
Biodiesel (FAME)

+ Shaleoil

2,5

i
[z}

H/Crati

[SY

Changes in H/C and N/C after HTL

»
A
L
]
0 0,02 0,04 0,06 0,08 0,1 0,12 0,14 0,16 0,18 0,2
N/C ratio
§ + Nannochloropsis oculata # Chlorella vulgaris # Dunaliella tertiolecta
E
=] * Desmodesmus sp. # Spirulina platensis * Scenedesmus
=
& - Porphyridium cruentum - Spirulina = Cyanobacteria (Spirulina)
= ® Defatted scenedesmus ® | aminaria Saccharina ® Enteromorpha prolifera
E 4 Nannochloropsis oculata 4 Chlorella vulgaris 4 Dunaliella tertiolecta
a + Desmodesmus sp. - Spirulina platensis X Scenedesmus
- # Porphyridium cruentum B Spirulina A Cyanobacteria (Spirulina)
g * Defatted scenedesmus * Laminaria Saccharina Enteromorpha prolifera
% ® Pyrolysis bio-oil from wood B Coals, bituminous Biodiesel (FAME)
=
5 = # Bunker C (Heavy fuel oil) ® Diesel 4 Shaleoil

23
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Fast Liquefaction in Continues process

Majority of the HTL research is performed with
long residence times ranging from 30-60 mins
and temperature from 300-350 °C.

Fast Liquefaction has very short residence times
of 30 s to 5 mins and high heating rates up to
585°C/min

Literature shows a fast liquefaction produces bio
crude as quality as the conventional liquefaction

Possibility of reduction in size of reactors,
reduced energy consumption and feasibility of
the process

=
N\

systems would be a requirement

Could reduce the process costand reactor sizes significantly if it is
taken into n industrial level

Advanced refining methods as well as biomass slurry feeding

High heating rates would be a requirement

Continues process is still at laboratory level

Numerous research groups working on it around the world

Has produced biocrude with HHV from 33-39 MJ/kg while catalyst

supported process has produced biocrude with HHV up to 45 MJ/kg

24
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A comparison of batch and continues process

Impact of the Heating rate on the yield

Reactor Temp: | Residence | Press: | Catalyst | Biomass | N (%) HHV Yield %
type (°C) | time(min) | (MPa) loading (MJ/kg) —&— Zhang et al-Biocrude yield —&— Bach et al- Biocrude yield 4 Tran et al-Biocrude yield
(wt%) ==8=-7hang et al-Solid residue ==8==Bach et al-Solid residue ==0==Tran et al -Solid residue
Batch 300- 5 NR No 16 5 32.1- 34-58 %0
350 36.7
Batch 300- 1-3 140 No 32 2-6 33.3- 13-66 80
350 36.7 70
Continues | 250- 3-5 15-20 No 1-10 6.3- 27.9—- <10-
350 78 | 338 | 417 g
Continues | 350 15 20 No | 17-35 |4-4.7| 39.4— | 38- 3 %
40.1 63.6 E 10
Continues | 300- 0.5-4 18 No 1.5 2.35- | 36.6— 23.13— >
380 3.9 39.3 38.0 30

20

10

0 100 200 300 400 500 600

Heating rate (°C/min)

25
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R&D efforts to improve oil properties

Nitrogen content of the bio crude is one of the
main issues encountered .

Nitrogen in biocrude can lead to NOx emissions
and could harm engines when biodiesel is used
as a fuel.

Feedstock with high protein content could lead
to generate biocrude with high nitrogen content

Generally, biocrude from microalgae and
macroalgae has nitrogen content of 3.7-9 %

Protein Extraction —» HTL

Hydrotreated biofuel has much less nitrogen
content, although its not as less as petroleum
fuel

Number of techniques are used to reduce
nitrogen content in biocrude

ALGAE HTL Catalytic (;rackmg Upgraded
(zeolites) biocrude
Catalytic
HTL Hydrotreatment
Sample Elemental composition wt.%o HHV
C H N o (MJ/kg)
HTL 350°C, 5 min 7448 B899 6.86 9.67 36.0
150 bar H,, 400°C, 60 min, no cat. 8454 1129 268 1.50 428
150 bar H,, 400°C, 60 min, with cat. 8492 1220 2.06 0.82 44.1

Wim Brilman

26
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HTL Bio-Crude to Different fuels

Petrochemicals (CH) ‘@

Crude oil Naptha, gasoline (C8)

o]] Kerosene/jet (C12)
refinery

%!_ qi" Diesel (C16) -|f: A

Bunker, marine (C+20) ﬁ

ﬁ

27
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= = I [ I [ I I
H T L B I O = C ru d e to D Iﬁe re nt fu e | S ' Light alcohols, short chain commodity chemicals (eg ;
| |‘ L acetaldehyde ), ketones, toluene, C2-C8 Fraction 1
= J | WA .“'.c._z“v‘.\ A i .
g |
- 8 Saturated ketones (C4-C7 cyclopentanones) — Fraction 2
3
g i A
0]
a Saturated and unsaturated substituted cycloketones, mono- & : o
g dimethylated cyclopentenones and cyclohexanones, C6-C8 Fraction 3 E
2 b )
) & Ethylated and trimethylated g
X 2 . ——Fraction4 | =
o —
o I Unicentified = J ﬁ ‘ i Jﬁl lﬁmwmw cycloketones, CT-C10 3
bt - Nitrogenates N T
< I Other oxygenates g Phenolic derivatives, aromatic and “— Residual glycerol Fraction 5 g
§ I:I Ketones £ non-aromatic oxygenates, C8 \
= —v
8 I:| Phenols Phenolic derivatives, aromatic and .
% I:I PAH non-aromatic oxygenates, C11-C18 —Fraction 6
% |:| Polycyclic napthenes | | | L .ul | | | |
Py N Aromatics 2 4 6 8 10 12 14 16 18 20 22
= I Napthenes Retention time [min]
% I Parafiins
V2 GC-MS chromatograms of the distillate fractions. Chromatograms have

been normalized to highest peak.

——
B"
~.——;'—' &

HDOO HDNO HDO1 HDN1

The GCxGC-MS identifications grouped into families

Claus Uhrenholt Jensena et al. (2017), Fuel Process Technology, 159, 376-385
Claus Uhrenholt Jensena et al. (2016), Fuel, 165, 536-543 Pedersen et al (2017). Applied Energy

28



M| UNIVERSITETET | AGDER

HTL Vs Pyrolysis

Flash pyrolysi

Biomass

S

Heat

No oxygen!
T =500 degC
few seconds

Char
Separation

BioChar

Gas

Bio-oil

Ref: Eddy Bramer, University of Twente
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HTL Vs Pyrolysis o _ .
Pyrolysis Oil Quality Improvement by Catalysis

Gas
Microalgae Pyrolysis

Slow pyrolysis
* T : 350-600 °C g
. Hemeamingme: 5-25 °C min’! Bio-oil: 23-55
« Reactor: fixed bed [wt.%, dry basis]

Green

Fast pyrolysis — products
« Temperature: 450-600 °C Bio-oil: 18-58
* Heating rate: ca. 36000 °C min™! [wt.%, dry basis]
* Reactor: fluidized and fixed bed

reactor
Microwave pyrolysis
« Temperature: 450-650 °C Bio-oil: 18-59
* Absorber: SiC, CuO, Fe;0, [wt.%, dry basis]
* Reactor: fixed bed
Catalytic pyrolysis

« Temperature: 300 -800 °C Bio-oil: 19-41
e Catalyst: MgO. ZnCl;. HZ5M-5 [wt_%’ dry basis]

* Reactor: fixed bed and auger

30
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HTL Vs Pyrolysis

Pyrolysis Process HTL Process

400-600 Temperature(°C) 250-370
0-3 Pressure (Mpa) 10-25
1-2 s(fast) 10-30 s (intermediate) Residence time Upto1lhr

Gas without Oxygen Medium Water

43-55 Biocrude yield(%) 27-64

45-63 Energy recovery (%) 52-78

16-20 HHV(MJ/kg) 34-38

0.4-13 Nitrogen content(%) 0.3-8

7-40 Oxygen content(%) 5-18
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Activities at University of Agder

Waste / wood

Process integration and Detail process modeling

Liquid bio-oil Bio carbon Combine Heat and power 32
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HTL setup at University of Agder

TC-9D temperature controller (°C)

’-

&
Micro batch Reactor —® /
L 4 |
Vave |“ Pressure ‘

_.

Keison International Ltd. t/a Keison Products

i

High Pressure Equipment Company
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Lab instruments at UIA

Lab scale Reactors for high pressure experiments

* 41-65 mL systems (350 Bar and 500°C.) - Micro batch reactor systems for parametric
studies.

Product separation

Biomass analysis Production process Bio-oil upgrading

Analysis Equipments
Heating Microscope, 1750 °C, Hesse Instruments HR18
Online producer gas analysis CO, CO,, CH,, H,, O,, ABB Advance Optima AO2000
Portable chilled mirror hygrometer for determination of dew point, Omega RHB-1500-C
Gas chromatograph, Varian
Micro gas chromatograph, Varian
Adiabatic bomb calorimeter for measuring the calorific value, Sanyo Gallenkamp
Elemental analyzer C, H and N, PerkinElmer 2400 Series Il System
Thermogravimetric analyzer (TGA). Mettler Toledo TGA/DSC1
Heated muffle furnace for measuring the ash content, 1100 °C, Nabertherm LT 40/11/330
Drying oven for measurement of moisture content, Termaks
Flue gas analysis CO, O,, flue gas temperature and draught, Testo 327-1
Measurement of moisture content by means of conductivity, Testo 606-1
Measurement of moisture content capacitive, Testo 635-1
2 food calorimeters for teaching, from skolebutik.dk
Thermocouples for measuring flue gas temperature etc. with Digitron 2029T
3 pallet scales 1500 kg, Scaleit FM pallet scal

and analysis
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Pyrolysis at UIA
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Modeling of the HTL process

e Modeling of HTL process by using kinetic data
of the reactions and products

Kinetic modelling

e Modeling of HTL process by using

CFD modelling computational fluid dynamics concepts,
turbulence and particle interaction

Techno-economic & Economic analysis of HTL process using energy
mode”ing consumption, efficiencies and feasibility
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e CO2 capture from process \

industries

e Algae production from
captured CO2

¢ Waste heat utilization from
process industries

e Aquaculture from waste heat
e Fish residues for Biogas plant

CO2 capture and utilization with waste heat integration

|
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| |

| |
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| (@) |

I O I

| - |
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CO2 capture and utilization with waste heat integration
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Process integration with HTL
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Bioenergy And Thermal Energy Group at UiA
gy gy P Professors

Leader

Henrik Kofoed Nielsen Tore Vehus Nils Randulf Kristiansen
Professor Associate Professor Assistant Professor

g PhDs & Research assistants

Gerrit Ralf Surup Lorenzo Riva Madhawa Jayathilake Taimur Aktar
PhD Fellow PhD Fellow PhD Fellow PhD Fellow

Souman Rudra .

Associate Professor

g B e

Johnny Finjord ~ Mariell Skaten

Lab staff

Johan Olav Brakestad

Senior Engineer . . . . . .
https://www.uia.no/en/research/teknologi-og-realfag/ingenioervitenskap/bioenergy-and-thermal-energy 10
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Summary

7

Produced biocrude from wide range of feedstocks

I/’

CO2 emission and Global warming reduction

-

Advance reactor designs and separation improvements

[Path To Commercialization-

e Standardization in terms of Innovation and implementation
e Scale-up

e Low Cost Components

e Business Model Development

HTL — a future “unit operation” in biorefineries ?
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