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Fast Pyrolysis — development timeline BTG

"

2007

2005
2004

1998

1994

1993

1989
1987

—

Roll-out

—
P

Empyro sold to Twence; roll out thrugh BTL
GreenFuelNordic and Pyrocello

Start-up Empyro plant & Boiler at FrieslandCampina

Start construction 120 t/d Empyro plant
Long-term FPBO supply contract signed —

pment

<—— develo,
—

Establishment of BTG Bioliquids BV to commercialize
BTG Fast Pyrolysis technology

Delivery of 50 t/d FP-plant to Malaysia
Large-scale co-firing test at Harculo Power Plant

Start-up of 200 kg/hr FP pilot plant in BTG Laborator

Delivery semi-continous test unit (50 kg/hr) to
Shenyang (China)

Knowledge transferred from UT to BTG

research
=

Rotating cone reactor ‘invented’ at
University of Twente (UT)
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Pyrolysis of biomass

Thermal cracking of organic éé
material w/o oxygen é é

Main product: liquid ‘bio-oil’
PYROLYSIS

400 - 600 °C; atmospheric pressure

Why? )

- liquid products as main product from biomass (<70%)

- Minerals remain in char / ash
- Feed flexibility

- Increase in energy density with a factor of 4 - 5
(wood) to 10 - 20 (fibrous, wet EFB)

- 60-70 % carbon yield (biomass-to-oil)

|

For competiveness: SOLVE LOGISTICS FIRST !! b tg ’
There must be much of it, it must be dense, available at low costs and readily available biomass technology group ‘ l




Empyro efficiency (MW,,)

Oil:14.4

Biomass : 24

In:25.9

Electricity: 0.3 C__

Steam : 8

Losses: 2.9
Electricity : 0.3

Overall Efficiency : 85 %

btg /.
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Overall properties of pyrolysis oil

What we do in seconds is what nature does in millions of years?

—

\ 4

\ 4

\ 4

Overall Composition  C,H;0,

Oxygen content ~45-50 %
pH ~2,5-3,5
Density 1.15 kg/l
Heating Value 16 -18 MJ/kg
Viscosity 25cP

Ash <0.1wt.% btg“;
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Overall properties of pyrolysis o# liquid

What we can do in hours is what nature does in millions of years

Pyrolysis ol
£
oil

lignitic fragments emulsified in an
aqueous syrup solution

Change in oxygen functionality!

btg /.
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Cata IYtiC HYd rotreatment (activities from BTG since 2001)

H,

WHSV; 0.5-1 kgp, /(kg.4 D)

Catalyst, P, T

Around 200 bar; 200 — 400°C;

Gas

—

(Stabilised) QOil

Pyrolysis liquids —

——  Water

(CH,0,+ b H,0) + ¢ H, > (CH,OH + b’ H,0)

CH,OH + o H, > § CH,. +  H,0 + & CO, + & CH,

PL

h?dmgenation
—_—

'j Picula

0/C {(mole/mole)

Gasoline; diesel

H/C (mole/mole)

Pyrolysis liquids ”ﬁ
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Freeware flowsheeting

https://www.cocosimulator.org/

https://www.cocosimulator.org/down.php?dI=BTG_pyrolysis.fsd

COUSCOUS: ChemSep:
Expander Pump Heater Cooler PER
Compound Splitter
pur
Valve
Mixer Splitter
Gibbs Reactor
oA }
o’ C5TR ’ ( } ;
Heat Exchanger 3 Flash ;
ExuliBiiom i Fixed Conversion Reactor Mo Operation
ChemSep Calumn Madel
o~ =
Compressor Solid Separator Property Tester
Turbine
3-phase Flash
.< :] COFE Built-in:
é : : : Thermal Energy Splitter
Information Calculator Measure Unit HeatOfCombustionUnit Thermal Energy Mixer
OATS/COULIS: Custom, available from http:f/www.amsterchem.com/:
— — L L, % Controller
e . . —.@—p
- Flow centraint
COULIS logging Embaddad flowshast Excel Model  Matlab or Scilab medel
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Example model components Component selection

= Main assumptions e BNREL 9

Proudly Cpenated by BaBEBE Since 1565 dato Nateaa| Loborstry

= Model compounds

= Conversion reactors

= No pressure drop Process Design and
Economics for the

= 1.4 bar Conversion of
Lignocellulosic Biomass
to Hydrocarbon Fuels

Compound group Model compound

‘Water soluble

Acids Crotonic acid Fast Pyrolysis and Hydrotreating
Alcohols 1,4-benzenediol BI O—Oil Pathway

Ketones Hydroxyacetone

Aldehydes 3-metoxy-4-hydroxybenzaldehyde

Guaiacols Isoeugenol November 2013

Low MW sugar Levoglucosan

High MW sugar Cellbiose Susanne Jones, Pimphan Meyer, Lesley Snowden-Swan,
Water Insouluble Asanga Padmaperuma

Low MW Lignin A Dimethoxy stillbene Pacific Northwest National Laboratory

Low MW Lignin B Dibenzofurane

Extractives Dehydroabietic acid Eric Tan, Abhijit Dutta

High MW Lignin A C20H260 National Renewable Energy Laboratory

High MW Lignin B C21H260

Nitrogen compounds 2,4 6-trimethylpyridine ‘f::h‘:)b;:;;:ﬁ;ﬁ;:;zﬁew

Sulfur compounds Dibenzothiophene

Figure 1: Pyrolysis model compounds PNNL-23053

NREL/TP-5100-61178

Prepared for the U_S. Dep of Energy Bi gy T | Office
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Model pyrolysis

VE02:Deacratar

Comt i water Seam syste of Somaws dryng
i of s coding 2 Ausgs mUNg.

in practice gases are remoued fom e wetes.

thes & pot mocelfes.

* HE 801 External moling

V401: FYROLYSIS OIL CONDENSER
Condermson of pyrcas s

uton of P dl
s s oves top,

2011 PYROLYSIS REACTOR,
Acbat pymivsh of biomass By
nG Rk wEn cad Bomam

PEOL: Water recycle pump
{ Prezarting veier to 35 bar with 5% effciecy

HE 301; 5AND COOLER

S0 oG B SA0C

Heat chance wkh seam
comexston ar imet

HE 501: FLUEGAS COOLER

Cochg £ e energy of Fise a5
Heat excrange with e crum reyde
200 exterral mic water

btg
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Model pyrolysis

VE02:Deacratar

o i wates)smaem systesre of Somass Sy | S Z * HE 801 External moltng
i of s coding 2nc Ausgs moing

17 practie gases are ramoued fom e wetks.

thes & pot mocelfes.

V401: FYROLYSIS OIL CONDENSER
Condermson of pyrcas s

uton of P dl

smal s

PEOL: Water recycle pump
{ Prezarting veier to 35 bar with 5% effciecy

Acbat pymivsh of biomass By
Vg Rk 30 WER a0 Do

— e e
Fim ek et | 230 [l
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Detailed sections — biomass dryer

= 5 wt% water in dry biomass, controlled by air flow.

Wel_air_r;sl_energy

: BD WIR Parameter |Vn|ue| Units :

Total_power |-0238|mw| :

EBOE

C101: Bio_dry_air_blower i
. | Parameter |Va|ue|Unit' .
" | Energy demand [0 017a{mw | -

' BIOMASS HEATING VALUE

L_WEIhiDmaSS T
HeatOft>ombustionUnit_%182 (6)

= Bio dry - dry biomass

V101:BIOMASS DRYER Bhinioi i e :
Water content reduction to 5wi®% ... .. . . . R 201: PYROLYSIS RE
by drying with warm dry air coooo o Adiabatic pyrolysis of bion

ARRRE . Coococoooooiioiiiini il miking hot sand with cole

Parameter |Value|Unit]
LHV_biomass | 25.1 |[MW]
HHV_biomass| 26.9 |MwW]|

V101: Biomass dryer ¥l
. . | Parameter ‘ValuelUnil_ X
. | Biomass dryer - steam ‘ 0.325 |MW L4

Stream SAND COOL |Bio dry - dry biom:
Temperature| 540 60
Flow rate 1.1e+05 5e+03

Biomass dryer -steam |- s
Parameter Tvame [um <= ociiiiin
Heat exchange ‘324326|w """"""

biomass technology group ‘ ‘




Model pyrolysis

HE 01 External moling
aticr of saturted 1.5 ar cheam

uster when
changing \eiues in the fovcmet

401: FYROLYSIS OIL CONDENSER
Condermson of pyrcas s

eciuRtEn of pTAEE ol
ol s oves

201! PYROLYSIS REACTOR,
bt ik of Siomass Dy

— e e
v Fom g b v | 0 [ o
e

e e
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Detailed sections — pyrolysis reactor

= 3 reaction packages, obtained with excel solver.
= Compounds defined in PCD manager.

= 22:1 ratio sand:biomass

= ~Slightly exothermic

Stoichiormetry  Compound

0.5638 W ater
002172 Dwypgen
0.01 High kA lig & L RV1
0.0l High kS lig B |
0.0302 Benzaldehyde, 3-hydrosy-4-metho. m_’
00728 2-Butenoic acid, [E]- R REER
G : + 5 wt% R 201: PYROLYSIS REACTOR
0.0036 dehydroabistic acid r Adiabatic pyrolysis of biomass by
0.oar |zoeugenal s Sy mixing hot sand with celd biomass EEEREE
0.07382 levoglucozan = stream SAND COOL | Bio dry - dry biomass| Pyro reac - products| Unit
007235 maltoze N Temperature | 540 60 506 e
0.0575 p-h_l,ldn:lquinane Flow rate 1.1e+05 S5e+03 1.15e+05 kg /h
0.20558 Carbon monoxide
01572 Carbon dioxide
0.0453 Methare
0 bethyl acetate  riiiinn
-4.802 Dy pine wood G
0.203 char
0.0345 hpdroxyacetone =
::::::::::::::::::::::':::::m%_
— | aeme
.......................... | wood
P = = = AT - - Currently two reactions equations can be used:
e TSl e e . Dry pine wood: Based on experimental pyrolysis of Dry pine wood.
Temporatins] 60 540. ‘32' = = © . Straw: Rough basis on experimental pyrolysis of straw with high water production.
T = THerts | 15| 175508 a7 e Straw 2: Rough basis on experimental pyrolysis of straw with normal water production.

- - Mainly to show the influence of the products on the energy / mass balance of the process.

biomass technology group ‘ ‘
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Model pyrolysis

HE 01 External moling
aticr of saturted 1.5 ar cheam

uster when
changing \eiues in the fovcmet

401: FYROLYSIS OIL CONDENSER
Condermson of pyrcas s

eciuRtEn of pTAEE ol
ol s oves

R 201! PYROLYSIS REACTOR.
Acbat pymivsh of biomass By
 iotng ok 30 weem cad Do

— e e
v Fom g b v | 0 [ o
e

e e

combustor

biomass technology group & ‘
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Detailed sections — combustor reactor

General Compounds

Reaction:

Char and light gases combusted

Bed and freeboard reactions: oxygen transported to free

board

Some heat exchange between bed and board

Tfluegas = SZOOC' Ts

Reactions

Reaction properties:

C0 combuestion
CHA carmbustion
C2HE combustion
C2H4 combustion
(C3HE combustion
(C2HE combustion
(CAH10 combuztion
Char combustion

Char combustion
Stoichiometry  Compound
315 W ater
7278 Ouygen
1} Carbon maonoxide
E.275 Carbon dioxide
0 Methane
0 Ethane
1] Propane
0 M-butane
o Ethylens
1] Propylene
= char
1] Dy pine wood

= 740°C

and

i i
H H
H l
CHAR_COMBUSTOR_IN_ GAS
.33

EI e R sand cooler - HOT AIR

i

flcondensor - off gas|
S s -

I

!_1
o)

GAS_COMBUSTOR

FREEBOARD

BED

- [EEEEEEEEET R 301: CHAR COMBUSTOR
Combustion of char and
uncondensable pyrolysis gases

btg
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Model pyrolysis

HE 01 External moling
aticr of saturted 1.5 ar cheam

401: FYROLYSIS OIL CONDENSER
Condermson of pyrcas s

eciuRtEn of pTAEE ol
ol s oves

R 201! PYROLYSIS REACTOR.
Acbat pymivsh of biomass By
 iotng ok 30 weem cad Do

— e e
v Fom g b v | 0 [ o
e

e e

Sand cooler
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Detailed sections — Sand cooler

= Sand recycle temperature set.
= First air cooling, then steam recycle.

. | Parameter Value | Unit| © © - - - | Pressure
P RN A T e T e | A S ieroler: Gl e O.Ti9 | MW | 0| Temperature

husfurcurdalr y o0 L] | HE - Band cooler cold water 384 [Ww | Flow rate
e e | [ Total poes 488 [Mw]: i S e

blgwer ___| ... .. [ERRRTERIRONY (il
Thiue e "HE 301:SAND COOLER =

: Sand cooling to 540C.

. Heat exchange with steam -0 @ 00 0.

- and combustion air inlet A

st i e 5 RE S CIUEGAS COOLA
HAR COMBUSTOR ; Sabaat: SD:'S”Q tﬁ utilize ?tr;esr?}r of Eh
on of char and Kgﬁ o R B s AR
sable pyrolysis gases .. . ,“""i""l - and external cold water




Model pyrolysis

HE 01 External moling
aticr of saturted 1.5 ar cheam

R 201! PYROLYSIS REACTOR.
Acbat pymivsh of biomass By
 iotng ok 30 weem cad Do

SieracT: = Duter when
chenong el in the fonchest

— e e
v Fom g b v | 0 [ o
e

e e
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Detailed sections - condenser

= C, and smaller as gas over top.
= Quenching with 50% of cold oil.

1 Cold oil - recycle

V 401: PYROLYSIS OIL CONDENSER

condensor - cold oil

Condensation of i ! ;

! d pyrolyss_gas_,es = -

by recirculation of pyrolysis oil. HE 401: PO m

C4 and smaller are gas over top. vao1 Parameter [Value Unit 5 éh
. |Heat exchange | 1.24 ‘MW H s 361

e — Cond - cool water,
Cond - warm wate
[ P Fluegas cool water

condensor - off gas| : s : :
(lyc - top, pyrolysis products e e g

aptloa g

1I2suU \

=

....... Pyrolysisvapours
------- Without sand & char

- | Stream HOT Pyrolysis gases| VAPOR | COLDOIL |Unit

| Pressure 14 14 14 bar
* | Temperature 506 166 30 e
| Flow rate 4.14e-03 530 356e-03[kg/nf (]l il il
: Vapor phase A s Redabar
. | Mass phase framu:ml 1 1 |

Gaslpies T=30°C
- | Mass phase framu)nl """

btg /.
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Model pyrolysis

VE02:Deacratar

o i wates)smaem systesre of Somass Sy | S Z * HE 801 External moltng
i of s coding 2nc Ausgs moing

17 practie gases are ramoued fom e wetks.

thes & pot mocelfes.

V401: FYROLYSIS OIL CONDENSER
Condermson of pyrcas s

uton of P dl

smal s

PEOL: Water recycle pump
{ Prezarting veier to 35 bar with 5% effciecy

Acbat pymivsh of biomass By
Vg Rk 30 WER a0 Do
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Detailed sections — Flue gas cooler

= Recycle cool water
= Steam drum recycle

- HE 501: FLUEGAS COOLER
STOR o ‘ . Codling to utilize energy of Flue gas
st : .. Heat exchange with steam drum recycle
and external cold water

e - |Ue gas - high pressure cool water

Flue gas - Steam outlet !
Flue gas - RISER !

gases

HE 501

flue gas - DOWNCOMER

; HE 501: FLG COOLER :
Parameter Value |Unit :
HE - Flue gas cold water recycle 226 (MW
. |HE - Flue gas steam drum downcomer |0.775 MW
" | Total_power 3.04 [MW

B luc cooler - cold gas

E HE - Flue gas cold recycle water B Flue gas steam drum
- | Parameter [ vatue Tunit|- - - - | Parameter [ vatue Tunit| -
; [emnge | ] O " [Heat exchange [7-75e-05| W

biomass technology group ‘ ‘




Model pyrolysis

HE 01 External moling "
aticr of saturted 1.5 ar cheam

401: FYROLYSIS OIL CONDENSER
Condermson of pyrcas s
oy racimunton of prmhEE ol
ol s oves

R 201! PYROLYSIS REACTOR.
Acbat pymivsh of biomass By
 iotng ok 30 weem cad Do

Satimerack: = nate wren

— e e
v Fom g b v | 0 [ o
e

e e
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Detailed sections — Steam system

. Combining water/steam systems of biomass dnjing
and of sand coding and fluegas cooling.

In practice gases are removed from the water,
this i5 not modelied.

: Seshilsstor acts 25 buffer when
changing whues in the flowshest

HE 601: External cooling
External condensation of sstrated 3.5 bar stes

= Steam drum

= Turbine

= External coo

RE01: low pressure flash
Removing condensad water after na

T601: Turbine
+ Bectriciy production (own use 350 kWe

per 5 t/h dry biomass),

! Broess togrid, Pawe = 3.5 bar with 75% efficiency

= Deaerator

PYROLYSIS OIL HEATING V

amount of LP Cold water recycle
keap the steam drum in balance

| T e
e | U Er e p— [T
w71 aa] — 1l

el 3 [aaw] vo  |Pa

The amount of steam produced 5
4.5 | | PS01: Water recycle pump ! o i LY PO
...... Pressurising water to 38 har with 75% ffic resds to bein balance vith the e )

Sand cooler - Riser

it

UEGAS COOLER
tilize energy of Puegas

wge with steam drum recycle
| cold water

STEAM DRUM

HE 501

Recycle controller values can be changed
when more/less water recycle is required

Sand cooler - downcomer

biomass technology group ‘
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M dSS ba Ia nce (Intrinsically correct due to mass and atom check in program)

= Qver flowsheet and unit operations
= Quick values for Carbon Efficiency
= Mass and water flow

osRsRsRsssTssRss R ssssssRassssessensssoso Main: Pyrelysistoil streamsioverview: Doocososaseninenonisne s g e SRS SO S
- Overview of the mass and water content [ stream 0SBL - wet biomass |Bio dry - dry biomass|Cyc - top, pyrolysis products |Cond - PYROLYSIS OIL [Unit |-~ -~~~ -
- of the main streams in the system. | Flow rate 5.28e+03 5e+03 4.148+03 3.56e+03 kgthl: oo
: © | Mass frac Water 0.1 0.05 0.161 0.187 S

- Overview of the carbon flow for the main process |uo Parameter

- streams. Carbon flow is normalised towards the - | Biomass_carbon_flow | Inlet_Carbon

. carbon in the feed stream . | Pyrolysis_oil_carbon_flow| Pyrohysis_oil_carbon
e =
LU IUIIIUIIUIiIUiIl il T DL | Ra01: CHAR COMBUSTOR| Uncondensable_Carbon

Process flow diagram - iterative / recycling btg ’
biomass technology group ‘ ‘




E ne rgy Ba Ia nce (intrinsically correct with EnthalpyF.)

= Energy flows for whole model and unit operations.
= Checked (LHV/HHV calculator).
= 0.1-0.3% errors

= Electricity only used in pressure adjusters.

::::::::::::::::::::::::::::::::::::::::::::::Enemvi"tothesvstew::::::::::::::::::::::Enemvoutofthes'ﬁtem
ca e e e e Parameter vaue [unit| -~ - [vo Parameter

| LHV_bi LHV_bi 251 |mwW)] ;oo LHV_PO LHV_PO
HHV - corresponds to 25C ; it St e = =
LHV-CDI’I’ESpOﬂdStD 150C :HH\-"I?lu-Jrna-s.s HHV_biomass 265 |MW ey HH\.-"_PCI- HHW_PO :
HHV should be used for the energybalance :Electrlcrty_lnput Total_power 0109 MW S T80 Turbine Energy generation| 0.
L VMM piomass dryer| Biomass dryer - steam| 0.325|MW | 0 © 0 . ;| Steam production| Total_power
i s e R iy e et Total_power

biomass technology group ‘ ‘



Energy balance comparison

Pyrolysis energy flow, in MW with 5 ton/hr inflow.

= Variation stoechiometries
= Wood; straw; ...
= Comparable with experimental data.

M

ELl 26.9 17.4 26.9 12.4 26.9 12.8 14.4
EZT 0325 6.38 0325 9.97 0.325 9.69 16 8.0

Electricity [RoRIof] 0.607 0.169 0.949 0.169 0.922 0.3 0.6
In:259 Biomass : 24

[ Losses | 2.95 4.03 3.94 2.9

2733  27.34 27.39 2735 27.39 27.35 25.9 25.9

Electricity: 0.3 (.
[0)
9 0 A) Electricity : 0.3

Oil : 14.4

Steam : 8
Losses : 2.9

Energy outflow

I II II )

Pyrolysis oil Steam Electricity Energy losses

mA =B =C =mD-comp btg’
biomass technology group & ‘

Graph 1: Pyrolysis energy flow, in MW with 5 ton/hr inflow.




Modelling further deoxygenation

wewfe  DINREL ML

Py Opend by s o'l Lo

Process Design and
Economics for the
Conversion of
Lignocellulosic Biomass
to Hydrocarbon Fuels

Fast Pyrolysis and Hydrotreating
A200: STABILIZING Bio-oil Pathway
£
INPORTANTY b D g November 2013
st T fotras e e o i e i Tile s i rm:;‘d ymore diffisdt .ﬁ?;fwh
mmn:::":‘m i WVdM@" = W Wk‘: MN; the H2 svasm from the SR Susanne Jones, Pimphan Meyer, Lesley Snowden-Swan,

Asanga Padmaperuma
Pacific Northwest National Laboratory

Eric Tan, Abhijit Dutta
A201: Hydrodeoxygenation National Renewable Energy Laboratory

Jacob Jacobson, Kara Cafferty
2]

Idaho National Laboratory
Fash 2 vet

Fash 1- tigh
lomterp e o vhen o v e Alvasr
atan, vil ertzr 2 HDO:

PNNL-23053
NRELITP-5100-61178
[ Prepared fo the U.S. Depariment of Energy Bioenargy Technolagies Offce
g
- [ ———]
=1
=== &

=
Carcatie 2 movery a0 purty

WASTE2ROAD®
b4refinery btg




Take-home messages flow sheeting

Open resource /open access

For us COCO is a valuable Freeware tool for process modelling
= Understanding mass / energy balance
= Component selection

" Process flow diagram — iterative / recycling
= Data

Compiling Engineering purposes

Analysis

Missing

‘Anchoring’
Documenting / sharing

Provide the arguments
so the potential clients
will convince themselves

= Improving overall process (also auxiliary equipment)

Garbage in = Garbage out ! -
Occam’s razor IR
‘entities should not be multiplied without necessity’ ’
= ‘the simplest explanation is usually the right one’ btg
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Questions

Thanks for your attention

btg /.
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