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ESR #4 - Przemyslaw Maziarka — role in the Project

Role in

the Project

GreenCarbon project’s framework

WP 4 - Pyrolysis Conversion Routes for Dry Feedstock

Pyrolysis
)

Selection of the waste
biomass feedstock in

terms of feasibility and
sustainability

Wet |

Hydrothermal
Carbonisation

WP b - Sequential Biochar Systems

Evaluating the sustainability for
application of Biochars in agricutture
(| Directuse

BIOCHAR (BC)

A ] Indirect use

Functionalization and nano-
structuring for advanced application

Optimizing process
conditions to produce
tailor-made Biochars
and linking BC with the
feedstock prosperities

WP 5 - HIC Conversion Routes for Wet Feedstock
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WP 7 - Refining of BCs and Advanced Applications

€0, capture in
post-combustion

Desulphurisation of
biogas

Catalytic hydrothermal processing
for 5-HMF production

Catalytic upgrading of pyrolysis gas
towards H, production

Development of a comprehensive pyrolysis/carbonisation model to predict the properties
of co-produced biomass-derived carbon (BC) and bio-oil



Biochar production and its porous-related applications
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Biochar production and its porous-related applications

Lack of knowledge

i BB

Only experimental Bridging the gap
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1. Model preparation with external 2. Data acquisition in experimental 3. Validation of the model with
experimental data Single Particle Pyrolysis experimentally obtained data
° Relevance of the wood’s anisotropy * Range of the experimental work and Prediction accuracy of the Cente.r
. . Temperature and Mass Loss profile
Lu et al. (2008) investigation procedure
. . . . . * Prediction accuracy of yields of
* Selection of the biomass degradation * Overview of the results obtained from
. . lumped products
kinetic scheme experimental work

Bennadji et al. (2014) * Improvements to implement

* Validation of the model on broad range of
the cylinder size and pyro. Temperature
Atreya et al. (2017)
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1. Model preparation

with external experimental data
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Model in brief — parameters and relations

Fundamental relations between parameters: Model specific parameters:

¢ Heat transfer conditions
* Fluid flow conditions

N
aT * Mass diffusion
E(< Ps > Cp's + &g < Pc >G CP,G) + VT <£G Z < U;pi > CP,i) = V(Ae fVT) + Q

Governing equations

* Reaction kinetics

* Reactions heat

* Compounds molar mass
* Heat capacities

@p =< p; > Aie(-g—?) * Thermal conductivities

* Fluid Viscosity

* True density

i=1

Auxiliary equations

Boundary conditions * Porosity
¢ Permeabilities
V(AeffVT) |x=xB = hT(Tflow,oo -T |x=x3) + O-w(T;lvall - T4|x=xB) ° Pore sizes

* Bio-composition (solid)*
* Shrinking factors*

Chemical and thermo-physical parameters relations have to

directly correspong to VS TEABY ESBYHfehts / Do not copy 7



Model in brief - details (all cylinders)

1. Study - Anisotropy of wood
based on Lu et al. (2008)

* How relevant is the wood’s
anisotropy in model?

2. Study - Biomass degradation kinetics

based on Bennadji et al. (2014)

* Which kinetic scheme is the most

accurate for large particle pyrolysis?

3. Study - Accuracy over broad range
based on Atreya et al. (2017)

* |s the model accurate for broad range
of pyro. temp. and particle size?

Parameter Symbol Unit Value Parameter Symbol Unit Value Parameter Symbol Unit Value
Particle Cylinder, moist poplar wood Particle Cylinder, dry poplar wood Particle Cylinder, dry maple wood
Diameter D [mm] 9.5 Diameter D [mm] 19.05 D1 10
Height H [mm] 38 Height H [mm] 40 Diameters D2 [mm] 15
Moisture content Mmc [-] 0.06/0.4 Moisture content McC [-] 0 D3 20
Bulk density (dry) < ps > [kg/m?3] 580 Bulk density (dry) < ps > [kg/m?3] 500 Height H [mm] 20
Thermal conductivity Biocomponents conc. Moisture content Mc -] 0
Biomass (L) Agiomass,L [W/(m-K)] 0.315 Cellulose (CELL) CCELL [wt. %] 50.50 Bulk density (dry) < ps > [kg/m?3] 630
Biomass (R) Agiomass,R [W/(m-K)] 0.150 Hemicellulose (HCE) CHCE [wt. %] 29.55 Biocomponents conc.
Char (L) Achar,L [W/(m-K)] 0.215 H-rich lignin (LIG-H) CLIGH [wt. %] 2.59 Cellulose (CELL) CCELL [wt. %] 42.20
Char (R) Achar r [W/(m-K)] 0.100 O-rich lignin (LIG-0) CLIGo [wt. %] 7.38 Hemicellulose (HCE) CHCE [wt. %] 32.30
Permeability C-rich lignin (LIG-C) CLige [wt. %] 9.98 H-rich lignin (LIG-H) CLIGH [wt. %] 16.51
Biomass (L) Kpiomass,L [m?] 1104 Secondary charring param. O-rich lignin (LIG-0) CLiGo [wt. %] 5.59
Biomass (R) Kpiomass.R [m?] 5.10-16 Cellulose XecELL 8 0.20 C-rich lignin (LIG-C) cLiGe [wt. %] 3.30
Char (L) Kenar,L [m?] 5-1013 Hemicellulose XHcE [ 0.25 Thermal conductivity
Char (R) Kenarr (m?] 110 Lignin X1 8] 035 Biomass (L) Apiomass.L [W/(m-K)) 0255
Boundary temperature Metaphase Xg1x] [-] 0.40 Biomass (R) ABiomass,R [W/(m-K)] 0.115
Gas T6as [°C] 780 Thermal conductivity Char (L) Achar.L [W/(m-K)] 0.105
Wall Twau [°C] 960 Biomass (L) ABiomass,L [W/(m-K)] 0.255 Char (R) Acharr [W/(m-K)] 0.081
Initial Tini [°c 25 Biomass (R) Apiomass.R [W/(m-K)] 0.125 Permeability
Char (1) Achar. [W/(m-K)] 0.105 Biomass (L) Kpiomass. ["‘2] 1'10'1:
i . .10
Char (R) Acharx (W/(m-K) 0071 e ® K}CTLR {:z} 1o
Pgrmeability Char (R) Kenar m2] 5.0
Biomass (L) Kpiomass. (m?] 110 Boundary temperature
Bi:mass ®) K‘;("WMSS'R [mi] 1'13'12 T6as,500°c 494+13
Model specific parameters  oww o . »
Boundary temperature ' ?}asﬂzo OC 8731::188
Gas Toas r°cl 218 GasB10°C
Twaus00 °c 509 + 13
Wall Twau [°c] 418
Initial Py Tyt P Wall Twaustoc r°c] 6186
Twau,720 °c 726+8
Protected by Copyrights / Do not copy =
Initial Tini [°C] 40




1. Anisotropy of wood - base

Anisotropic structure of wood Investigated scenarios

Anisotropy Isotropy

A, 0 0
A=|0 4,, O Aso = (Ary - Agy - Ayy)"”
/ — ».9 ] 1SO r,r ©,Q Z,Z
//— Tangential 0 0 Az
_ (T)
LongltLudmaI Ag and K different As and K averaged and
(L) in L and R direction same in L and R direction
As - thermal conductivity solid A€ [K, As] T

K - permeability gas and liquid
If accurate, 1D model

Longitudinal # Radiplofgeatitby Copyrights / Do not copy ' sufficient



1. Anisotropy of wood - results

Temperature and mass loss profile

* More accurate for the anisotropic

* Thermal conductivity directional
dependence - relevant

Intrinsic gas velocity distribution

* Anisotropic model profile presents
realistic velocity distribution

* Permeability directional dependency -
relevant

* Anisotropy of wood
have to be implemented in models

°* The 2D model
is the lowest dimension model

Center (TC) and surface (TS) temperature profile

1000

0%wt.MC -~ _~
— 800 | _-“pmo
o L Pl EDEE'QE!D
e rd
2600 [, £
oL o T
o w===TS,lIso
g' 400 OO e TC, ANisO
2 === -TS, Aniso
200 O TC (exp.)
O TS (exp.)
0 ( 1 1 ]
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Time [s]
Mass loss profile profile
1
0.8
2 = Aniso. (mod.)
306 I == |50. (mod.)
E O ML (exp.)
204
=
0.2 |
0 """ J
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Gas velocity distribution
(eta =70%)

MC=6wt. %

Gas velocity [m/s]
0.08

0.07
0.06
10.05

10.04

10.03

0.02

0.01

Aniso Iso
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2. Biomass degradation kinetics - base

Simple Detailed

Biomass: bulk compound Biomass: bio-components mix (lignin in 3 artificial forms)
Products: Gas, Tar and Char Products: numerous volatile compounds, char as carbon and metaphase traps

Ranzi Ranzi Anca-Couce (RAC)

(Shafizadeh and Chin, 1978) (Debiagi et al., 2018) (Anca-Couce et al., 2017)
Reactions: 3 Reactions: 25 Reactions: 24
Compounds: 4 Compounds: 48 Compounds: 33
+ 4 parameters of secondary charring

uyn
X

R2_~ (Vol. + Char), ;

. Rt Active B1__ (1-x,) (Vol. + Char).
kl Primary ——> Cellulose Cellulose —> Cellulose e '(v°|, +Char), :"
— b 1 2.
char a1 RI™ sugar (LGA)
Char + H,0
. RS . R5 (1-x5) (Vol. + Char), ¢
— Hemicellulose —— 0.4HCA1 + 0.6HCA2 b Hemicellulose — 0.4 +X (Vol. + Char)g + 0.6 HCA2
. ka . . . Biomass — RV\FI? \RB Biomass = i
Biomass » Bio-oil (Vol.+ Char)ys Sugar  (Vol.+Charlyg (1-%g) (Vol. + Char);
' +Xg (Vol. + Char), g
R9

LIG-C = (Vol. + Char), + LIG-CC LG R9 (Vol. + Char)y + LIG-CC

. = -C— (Vol. + Char), + LIG-

ks Primary ——> Lignin Tz (Vol-+ Chanz - ! (1) (Vol. + Char),
= Lignin + Xz (Vol. + Char)

gas R12 12 . 2,12

LIG-H JRg Vol., + LIG-OH R14_~ Phenolic R10 . .
-~ |—-R13(Vul. +Char)yy + LIG LIG-H——— Vol + LIG-OH [é!-x.ﬂ [(g\r;niphg:ncr r
LN 3 1-y,3)"(Vol. + Char 11

LIG-0 Vol.,, +LIG-OH R15 ™ (Vol. + Char), ;5 '_Fh;i (Vol. + Char)y + + 2 ok + Chilg s
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2. Biomass degradation kinetics - results

Center temperature profile Release profile of specific compounds
p
Simple vs Detailed (TC, lumped yields) 500 |
300 200 -
* RAC > Ranzi = Simple 40 - A (€O,) B
. . 400 ] |
* Simple = no detailed release profiles 2 350 3 ‘5" % on
g 300 :g 100 | ?’ ——RAC
g- 250 £ ) o e
E 200 § * g
. 150 . .
Ranzi vs RAC 100 kg e
* RAC > Ranzi - TC profile production, 50 ~ “[  bmeon)
lumped yields, release profiles (MeALD o 0 D P A 00 e T e N
Time [s] E &6 & o ——Ranzi
and EtAC) . = X e ——RAC
Yields of lumped products ¢ 10 o o em
) 3 © B
70 L . Simple = Bl o
60 ' 0 ™
W Ranzi 0 200 400 600
. . = 07 B RAC
* Simple scheme - not sufficient nor : | Dexp. g
accurate for detailed study 2 w0 | £ % —— e =i
= 5 ——RAC ——RAC
20 E m I ° o exp o exp.
* RAC > Ranzi in the accuracy of the 0 II II[L Ea '- °
pyrolysis outcome prediction 0 Y o w e
Char Bio-Oil PyGas A Gt Time‘g i ! 20 Time &)
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3. Broad range of parameters - base

Model performance was investigated against different:

Pyrolysis temperature and particle size (diameter)

Temperatures (4)

500°C

610 °C

720°C

840 °C

X Particle sizes (3)
D=10 mm
@10x20mm
D=15mm
@15x20mm
D=20 mm
@20x20mm

— Total scenarios (12)

Secondary charring parameters
as the function for each scenario

Parameter  Unit Relation
XCELL [-] 0.008 L, — 0.2
XHCE [-] 0.016 L — 0.2

XLIG [-] 0.5645 — 0.0005 Tgyp
XG[x] [-] 0.5645 — 0.0005 Tgyp

Protected by Copyrights / Do not copy e



3. Broad range of parameters - results

Temperature center profile (all sizes)

* Very accurate perdition for: 500 °C, above,
lack of fit in the initial stage of conversion

* Accurate perdition in the later stage for:
610 °C, 720 °C and 840 °C

Mass loss profile (all sizes)
* Accurate perdition for: 610 °C and 840 °C
* Moderate accuracy for:

500 °C - char yield under-predicted

720 °C - char yield over-predicted

* Satisfactory accuracy of TC and mass loss of the
model over broad range of the parameters

* Model can be used for further the development

Center temperature and mass loss profile from 12 scenarios

Temperature [°C] Temperature [°C]

Temperature [°C]

1000 ¢
800 |
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400

200 |
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0 (RS |
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u o
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o
o

O O O«
RN W
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© 0 0o oo o oo
, N WD U o N>
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2. Data acquisition

in experimental Single Particle Pyrolysis

Protected by Copyrights / Do not copy e



Experimental - data matrix and procedure

Matrix of pyrolysis experiments Scheme of SPR at BEST GmbH Direct, real-time measurement
(model validation data)
Particles used for pyrolysis porous tube s+ *  Temperature center and surface (x6)
. . diluter p
* Beech wood, drilled till center ue\_ﬂ " * T i "‘ * Mass loss (x6)
* Dimeter = 8 mm N2 (500°C) " 2o mn e *  Light compounds release (x3):
. ‘ co2
* Height =10 mm ) e TCD(2): Co,, CO
7 // - - FT-IR (15): CO,, CO, methane,
‘ Ja ? (@ ]I Fance ethene, acetylene, propane and
protective tube N ; propene, acetic acid, lactic acid,
Pyrolysis temperature bk i //// 7 optcatoard formaldehyde, acetaldehyde,
7/
* 300 °C // s methanol, ethanol, furfural, and
° ? (Anca-Couce et al., 2017) water
° N2 ~20°C
* 700 °C
e 900 °C Char particles (x6):
* CHNS

‘ ’ * True density change

Secondary analysis on Shrinking factors

Repetitions of vapours analyses collected samples * Porosity
« 3x for light vapours (online) (model expansion data) \ * Pore size distribution
* 3x for heavy vapours collect. (tar protocol)

Heavy condensables (x3):
* CHNS

Protected by Copyrights / Do not:copy 16
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Experimental - reactor

Smgle partlcle reactor Particle appearance pre/post

Raw sample
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Experimental — results overview

Average from:

* atleast 3/6 measurement
for TC and mass loss profile

 atleast 2/3 measurements
for the vapors release profile

TC and mass loss profile:
* Very good repeatability, low
standard deviation

Release profile of permanent

gases:

* Very good repeatability, low
standard deviation

Release profile of light

condensables:

* Good repeatability,
noticeable deviation at peak

900 r
800 |

700

Temperature [°C]

200

100

100

90 r
80
70

m/mO0 [%]

30
20
10

600 |
500 r
400 r

300

Temperature center

—900°C
———700°C

500 °C
——400°C
—300°C

60
50
40 |

200 300

Time [s]

Mass loss

400

—2900°C
———700°C

500 °C
——400°C
—300°C

0.6

05

0.1

0.0

800 r
700

600

Furfural [ppm vol.]

200 r

100

Release CO, [TCD]

=900 °C
700 °C

500 °C
——400°C
—300°C

500 |
400

300

100

200 300
Time [s]

Release Furfural [FTIR]

400

—900°C
——700°C

500 °C
——400°C
—300°C
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3. Validation of the model

with experimentally obtained data

Protected by Copyrights / Do not copy 19



Model validation - center temperature profile fit

900
. . . Temperature center
* Model satisfactorily well predicts the —900°C (mod.)
center temperature profile 800 r —700 °C (mod.)
—500 °C (mod.)
700 I~ y —_— o
* The model show moderate fit to the I , 400°C (mod.)
o . : : I —300 °C (mod.)
400 °C profile and poor fit to profile =600 © b > 500°C (ex0)
from 300 °C . : 700 °C (exp.)
g 500 | ' 500 °C (exp.)
. o o 400 °C (exp.
* For profiles above 400 °C model S 200 | ) (exp.)
T Q D - T
show good fit in the late stage of the £ [ LS
conversion 300 |
* As expected, for profiles above 200 [ B
400 °C in the initial stage the model 100 -3/ /5
. . S/
lacks of the precise fit 1
O 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ]
0 50 100 150 200 250 300 350 400 450
Time [s]
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Model validation — mass loss profile fit

Mass loss

* Mass loss profiles has worse fit then 100ty
center temperature profile 90
* That indicate discrepancy in the 80
model that needs to be improved 70
— 60
* For 300 °C the model does not showa = 8
good fit E 0 T
€ a0 [
* For 400 °C and 500 °C the show -
moderate fir, but a antifactory precise 30 i
char yield 20 +
10 +
* For the 700 °C and 900 °C model show I

—900 °C (mod.)

——700 °C (mod.)
——500 °C (mod.)
—400 °C (mod.)
—300 °C (mod.)
© 900 °C (exp)
700 °C (exp.)
500 °C (exp.)
400 °C (exp.)
2 300 °C (exp.)

good fir in the initial stage, but in the 0

end overpredicts the char yield 0 >0 100 150 200 250

Time [s]

Protected by Copyrights / Do not copy
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Model validation — yields of lumped products

* Up to 500 °C the model fairly well
predicts the yields of the lumped
products (char, bio-oil, pygas and
water)

* Up to 500 °C model underestimate
pygas vield in exchange for char and
bio-oil

* Above 500 °C the secondary gas
phase reactions (cracking) become
relevant, which model do not cover

* Above 500 °C model overpredicts
bio-oil and char yield in expense of
the pygas yield

80%

70%

60%

50%

40%

Yield [wt. %]

30%

20%

10%

0%

- Lumped products yields
I m Char (mod.) [ Char (exp.) m PyGas (mod.) [ PyGas (exp.)
M Bio-0il (mod.) [ Bio-oil (exp.) B Water (mod.) [ Water (exp.)
T
] h
} 3
ie
B
400 °C 500 °C 700 °C 900 °C
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Model validation — improvements to implementation

Release of the vapours to Secondary cracking reactions in the gas
the surrounding phase in temperatures above 500 °C
* Secondary reactions in the gas phase o

Reaction Ah [kJ/gl

- particle's surrounding have to modeled

1 HAA/AA = 15H; + 1.5 CO + 0.25 CO, + 0.25 CHy 0.411
2 GLYOX - H,+2C0 -0.160
3 CaHgO —= 0.5 C05 + CoHy + 0.5 CHy 0.583
« Validation of the results of the model with B omEe o sdesini sot
. . o 6 COUMARYL —  2CO + 15C,H, + CH, + 3C —0.060
the GC/MS-FID bio-oil composition 7 PHENOL  — 00+ GHy+ 05 CHer 250 0.095
. . . FE2MACR = 4C0 + CH4 + 2 CHy + 3C —-0.261
- invalidation of the secondary gas phase o ano - Wt 0180
. 10 CH30H - 15H; +05C0 +0.25C0O, + 0.25 CHy  0.905
reactions accuracy 1L GHCHO  — €O+ CH, —0441
12 ETOH - H, + CO + CH, 1.091
13 HCOOH - H; + COy -0.324
(Ciesielski et al. 2020) (Anca-Couce et al. 2017)
* Particle shrinking - not possible to easily
implement in the currently used software, 2% 1 SHR (L) vs Temperatur 200 - Trye dens. (T) o
although exp. data available 20% E o0 | c
g T § 1700
. . < ‘« B
* Implementation of the true density and 5 10% | 5
porosity change, and the wood-dedicated 5% | —e Uil el (L) IR =
L. ) —o—U2() —e—W2() S A I
thermal conductivity model - data available, 0% e 1300 : : :
200 300 400 500 600 700 800 900 0 200 400 600 800 1000 1200

but shrinking have to be implemented first Temperature Temperature [C]

Protected by Copyrights 7] Do not copy &



* Established model valid for board range of particle size and temperature (> 500 °C)

* Experimental data with low standard deviation — broad dataset
* Satisfactorily good fit of the model to the experimental data

* Model still needs to be slightly adjusted to obtain required accuracy and precision

* Expanded model should be able to predict the changes in the pore structure of char

Protected by Copyrights / Do not copy
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Future read

Review of the properties of
the wood and its char
Summary of the parameters
and auxiliary functions

Changes in the structure
during pyrolysis

Foundation for the model
expansion with the structure
changes

Metanalysis of sub-models
for single particle pyrolysis
of wood Practical
information regarding
establishing a model

Production of Biofuels and Chemicals with Pyrolysis pp 373-438 | Cits as

Review on Modelling Approaches Based on
Computational Fluid Dynamics for Biomass Pyrolysis
Systems
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Thank you for your attention!

Detailed questions?

-> Przemyslaw Maziarka
Przemyslaw.Maziarka@UGent.be
Przemyslaw.Maziarka@Uni-Hohenheim.de
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Model in brief — domain, dimensions and mesh

Wooden cylinder Model 3D Model 2D-axi Meshed domain
real domain representation representation comput. framework
I I
: a2 a2
Geometry | Dimensional Finite volume
creation | simplification method

| \
|

<l Vv

I
I I
I .
1 Symmetry axis

A Z z

Ly L.
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Model in brief — governing equations and boundary cond.

G: 9 < pig >= b Geometry node
Soli Coac Y b Bound d
olids (G) oundary node

B:  DorfV(< ps>) lxmxy = 0 (B)
Mass
G: 9 o

— < p;>+V <ugp; >= w;
Fluid

ot

B: DeffV(< Pi >G) |x=xB = hm[pi,oo_< Pi p |x=xB]

K
G: <ug>= Z"’” V(< Ps>) i z
Flow Fluid ¢ & o
B: <P;> |yoxy = Po : |

Boundary
Accumulation Convection Conduction

N Reaction
=1

l

oT
G: 57 (< ps > Cps + e <pg >° Coa) + VT | &g ) <wipi>Coi | = V(desVT) +Q
Energy

Conduction Convection Radiation

B: V(AeffVT) |x=xB = hT(Tflow,oo -T |x=xB) + O-(‘)(T:/all - T4|x=x3)
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