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Valorisation de la matière lignocellulosique de tout temps 
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[1] Kamm B, Gruber PR, Kamm M (2006) Biorefineries-industrial processes and products. Wiley-VCH Verlag GmbH &Co. K GaA, Weinheim; 



Une bioraffinerie est un concept global d'usine de traitement où les matières

premières de la biomasse sont converties et extraites en une gamme de produits

de valeur.

From the US Department of Energy :

From NREL: Une bioraffinerie est une installation qui intègre des processus et des équipements de

conversion de la biomasse pour produire des carburants, de l'électricité et des

produits chimiques à partir de la biomasse. Le concept de bioraffinerie est analogue

aux raffineries de pétrole actuelles, qui produisent de multiples carburants et produits

à partir du pétrole.

Les bioraffineries industrielles ont été identifiées comme la voie la plus prometteuse

pour la création d'une nouvelle industrie bio-basée nationale.

Définitions 

NREL: National Renewable Energy Laboratory



Biomass

groups

Precursors
Building blocksPlatforms Secondary

chemicals
Intermediates Products / uses

Starch

Carbohydrates

Hemicellulos
es

Cellulose

Lignins

Lipids, oil

Proteins

Syngas

Sugars:
Glucose
Fructose

Xylose

Lignins

Lipids/oil

Proteins

Syngas
C1

C2

C3

C4

C5

Methanol

Ethanol

Aromatics

C6

Direct 
polymers

Glycérol

Lactic acid

Propionic acid

Levulinic acid

Furfural

Galic acid

Lysine

Ether

…

Olefins

Diacids

Dilactid

Acrylate

1,3-PDO

Furane

THF

Caprolactam

Phenolics

Carnitine

Fuel additives

Solvents

Green solvents

Chemical 
intermediates

Emulsifiers

PLA

Polyacrylate

…

Nylons

Polyurethanes

Polysaccharides

Resins

Chemical 
Industrial

Transportation

Textiles

Sale food

Environment

Communication

Housing

Recreation

Health

Classifications des bioraffineries

Herbaceous and 
agricultural biomass

Wood and woody 
biomass

Aquatic biomass

Animal and human 
biomass wastes

Contaminated 
biomass and 
industrial biomass 
wastes (semi-
biomass)

Phase I : Single feedstock / Primary products 

Phase II : Single feedstock / Several products 

Phase III : Multiple feedstocks / Multiples products

[1] Kamm B, Gruber PR, Kamm M (2006) Biorefineries-industrial processes and products. Wiley-VCH Verlag GmbH &Co. K GaA, Weinheim; [2] Calvo-flores, 2022



Plateformes thermochimiques



Bioraffinerie pyrolytique autonome 

[3] M. B. Figueirêdo, Green Chem., 2022, 24, 4680.



Pourquoi produit-on des biocarburants liquides?

[4]  Graph from https://www.ieabioenergyreview.org/reaping-the-multiple-benefits-of-bioenergy/ / [5] https://www.astm.org/d7544-12r17.html [6] 

https://www.betalabservices.com/francais/biosources/astm-d6866.html 

• Vecteur énergétique de transition 

• Densité énergétique volumétrique et gravimétrique 

comparable à celle des énergies fossils liquides actuels

• Puissances par rapport au volume embarqué pouvant 

faire avancer des véhicules lourds.

• Liquide stockable à bordFast pyrolysis bio-oil

ASTM D6866 [6]

ASTM D 7544 [5]

https://www.btg-bioliquids.com/plant/empyro-hengelo/
https://www.betalabservices.com/francais/biosources/astm-d6866.html%20%5b5


Pourquoi produit-on des biochars?

Images taken from [7] Ifeoma Gloria Edeh, Ondrej Masek & Florian Fusseis, Scientific report (2023) 13:22863; [8] Debiagi P.E.A. et al.,  Chemical Engineering Transactions (2018) 

65, 97-102 

• Porosité hiérarchique

• Grande surface spécifique

• Chimie de surface

• Mouillabilité accrue

• Basicité de la surface



Durabilité de bioraffinerie 

• Méthode d’analyse du cycle de vie

• Définition de la matière première

• Utilisation directe des terres a des conséquences 

environnementales.

• Prise en compte du modèle de carbone 

organique du sol (COS) indispensable.

[9] graph taken from Renewable and Sustainable Energy Reviews 189 (2024) 113890



Concept de bioraffinerie emprunté / Enjeux

• Production de quantité intéressante et pureté suffisante;

• Séparation des molécules;

• Intensification des recherches nécessaires sur le couplage chimie-procédés et  procédés;

• Mise à l’échelle des procédés les plus viables;

• Promotion de projets écoresponsables avec des matières premières sourcées durablement.



Modélisation de la pyrolyse rapide

Graph taken from [10] Sharifzadeh et al., Progress in Energy and Combustion Science 71 (2019) 1; [11] Recherche Scopus: Biomass AND Fast AND Devolatilization OR Pyrolysis 

AND Modelling



Biomass fast pyrolysis -  the most mature reactor models

Images taken from [12] Pecha et al., Energy Fuels 32 (2018) 10683; [13] Xiong et al., JAAP 117 (2016) 176 and adapted

Points critiques:

• Chauffage des particules et historique temps-température;

• Temps de séjour des particules et matières volatiles;

• Influence des phases de contact, de mélange et écoulements.



75

12 13

0
20
40
60
80

100

Yi
el

d 
(w

t.%
)

Fast pyrolysis 

products and 

operating 

conditions [1]:

Temperature ~  500 °C

Heating rate β ~ 500 °C/s

Volatile holding time < 2 s

Particle size < 1 mm

Biomass fast pyrolysis

Heat transfer:

▪ Convection

▪ Radiation

▪ Conduction 

[15] Bridgwater A.V. Biomass and Bioenergy 38 (2012) 68-94; [16] Nasfi et al., PhD Thesis defended in 2023. 

Mass transfer:

▪ Diffusion

▪ Convection

Vapors

Intermediate 
liquid

Aerosols

Minerals (Si, K, 
Fe, Mg, Ca …)

Evaporation

Softening

Reactive boiling 
ejection

Particle scale 
devolatilization
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+ Extractives

+ Inorganics (Si, K, Fe, Mg, Ca …)

[17]  Carrier et al., Biomass and Bioenergy 35 (2011) 298-307.

[18]  Collard et al., Chapter 4: Fractionation of Lignocellulosic Material With Pyrolysis Processing (2016) 81-101. 
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Fast pyrolysis bio-oil: Heterogeneous chemical composition

[19] Liu et al., Chem. Soc. Rev 43 (2014) 7594; [2] Black et al., RCS Adv 10 (2020) 10046; [20] Elmeri et al., Energy Fuels 36 (2022) 3654.

[21] Mettler et al., Energy & Environmental Science 5 (2012) 5414; [22] Huang et al., Energy Fuels 30 (2016) 9524.

Physico-chemical properties:

● pH < 2 ou 3[19] 

● Chemically instable: oxygenated chemical 

compounds[20] 

● High viscosity and density[20]

● Calorific value (dry basis) : 18-23 MJ/kg[21]

● Weak O/C (0.83-0.57)[4] & moderate H/C (1.13-

1.35)[22]



Primary and secondary reactions

Biomass

Depolymerization

/ fragmentation

/ rearrangement reactions

Primary 

decomposition 

products

Secondary

char

Secondary 

decomposition 

products

Repolymerization

/ cracking

+ Inorganics + Inorganics 

ILC ?



The liquid reaction environment

Two-phase model[16]

ILC lifetime:

50-120 ms

Evolution of ILC during fast pyrolysis.[15]

[23] Taken from Carlsson et al. (2013).; [24] Taken from Mamleev et al. (2009) 17
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Single-step model using high heating rates

[25] Brink DL, Massoudi MS. J Fire Flammability. [28] Thurner F, Mann U. Ind Eng Chem Proc Des Dev 1981;20:482–8. [29] Font R, Marcilla A, Verdú E, Devesa J. Journal of Analytical and 

Applied Pyrolysis 1991;21:249–64. [30] Wagenaar BM, Prins W, van Swaaij WPM. Fuel Processing Technology 1993;36:291–8. [31] Di Blasi C, Branca C. Ind Eng Chem Res 

2001;40:5547–56. [32] Biagini E, Cioni M, Tognotti L. Fuel 2005;12–13:1524–34. [31] Zhu C, Krumm C, Facas GG, Neurock M, Dauenhauer PJ. React Chem Eng 2017;2:201–14.

Raw biomasses

(Drop-tube furnace; Horizontal tube furnace; Pyroprobe)

Model compound

(PHASR reactor) • Reactor design 

• Sample type/preparation

• Instrument lags

• No suitable reactional model

• Treatment of data

Large rate constant variations

At 573 K, k = 5.1 * 10-4 ± 9.5 * 10-5 s-1 
(error of 18.6 %)



Kinetic modelling approach

To formulate very detailed 

mechanistic models and 

develop rate equations 

specific to each reaction?

OR

To adapt a judicious 

statistical and/or 

chemical lumping 

methodology ?

Struggle with the 

physical meaning, 

extrapolability and 

predictive capability of 

the many adjustable 

parameters

Maintain the important 

features of full schemes, 

but with higher 

computational efficiency 

and reduced number of 

variables

19
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Thermal model
Dimensionless 

numbers analysis

Deconvolution concept

based on RTD measurement

T(t) biomass sample

Heat coefficient at 

the surface of the 

sample

Conditions for 

establishing a 

kinetically controlled 

regime

Real-time biomass 

devolatilization/hydrolysi

s profiles

Reliable 

kinetic study

Une méthodologie expérimentale commune

COMSOL Multiphysics® v5.5 Matlab R2022a

RTD: residence time distribution
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Mesurer, déterminer et modéliser les cinétiques globales

• Analyse thermique (lumped) – approche non stoechiométrique :    A  B       

         avec A et B des espèces regroupées 

      

Suivi en fonction de la dégradation et/ou de la production  et réactivité associée, cinétique apparente/globale

• Analyse semi-détaillée (semi-lumped) – approche stoechiométrique  :   α A           β B    
avec A et B des molécules/regroupements d’isomères

        et α, β coefficients stoechiométriques

     

 Suivi en fonction de la dégradation et/ou de la production, rendements et cinétiques apparentes/globales

• Analyse détaillée – approche mécanistique   :     A             B                      

       avec A et B des molécules 

     

Mécanismes, voies de degradation, cinétiques intrinsèques

k

ki

k



Etude de la dévolatilisation du solide

[16] Nasfi et al., PhD Thesis defended in 2023. 

Vapors

Intermediate 
liquid

Aerosols

Minerals (Si, K, 
Fe, Mg, Ca …)

Thin-film devolatilization



Appareillage pour le système réactif solide 

Film mince de biomasse et non réactif [32] :

23

EGA tube (L 2.5 m, i.d. 0.15 mm)

Mass 
spectrometry 

(MS)

Multi-Shot Pyrolyzer (Py)

GC oven: 300 ºC
 (isothermal)

EGA: Evolved gas analysis
L: EGA tube length (m)
i.d.: Inside diameter (mm)

Biomass samples:
Zea mays leaves (ZM) 
Or Beechwood (BW) 

[32] Nasfi et al., Journal of Analytical and Applied Pyrolysis 165 (2022) 105582



Model validation

Tfurnace = 773 K

Modélisation thermique

[32] Nasfi et al., Journal of Analytical and Applied Pyrolysis 165 (2022) 105582



Pyrolysis regime mapping
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Negligible internal heat transfer, Bi,T << 1 & Py >> 1 

Bi, T =
τconduction

τexternal heat
=

U L

λ
Bi, T

U = 165 – 208 W/m2 K

Mass sample ≤ 50 μg / Accurate arrangement: Thin-film

Temperature ≤ 450 °C, Bi,T << 1 & Py’ >> 1 
P

y
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U: Overall external heat transfer coefficient (W/m2K)

λ: Thermal conductivity (W/m K)

𝐿𝑐: Characteristic length( m)

k: rate constant (s-1)

𝑐𝑝: Heat capacity (J/kg K)

𝜌: density (kg/m3)

[32] Nasfi et al., Journal of Analytical and Applied Pyrolysis 165 (2022) 105582
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Deconvolution technique for kinetic information reconstruction

Real-time biomass 

devolatilization 

profile

System

Raw biomass 

devolatilization 

profile
⨯ RTD (E(t)) =

Split 

vent
MS

System

Tracer gas

C
u

m
u

la
ti
v

e
 R

T
D

 

(F
(t

))

Step 

injection

t (s)

Detection

t (s)
𝑬 𝒕 =

𝒅𝑭(𝒕)

𝒅𝒕

Beechwood, at Tfurnace = 723 K

Correction of the delay in the detection 

of pyrolysis products by the MS

RTD: Residence time distribution

[33] Nasfi et al., Journal of Analytical and Applied Pyrolysis, 2023, 174, 106128



1G-DAEM

CAEM

27

Global kinetic modelling

E1 (kJ/mol) = 127.48, ln (A1 (s
-1)) = 15.40, σ1 (kJ/mol) = 8.64, c1 = 0.91

E2 (kJ/mol) = 89.98, ln (A2 (s
-1)) = 13.67, σ2 (kJ/mol) = 0.804, c2 = 0.09

E (kJ/mol) = 119.51

ln (A (s-1)) = 14.29

σ (kJ/mol) = 0.98

E (kJ/mol) = 80.42

ln (A (s-1)) = 11.66

. Experiment (BW, at Tfurnace = 723 K)

 — Model

𝐸𝛼 = 88.65 + 25.08 𝑥 + 47.31 𝑥2 − 284.73 𝑥3 − 147.43 𝑥4 + 150.73

𝑙𝑛
𝐴𝛼f(α)

(1 − 𝛼)
= 12.92 + 4.63 𝑥 + 8.92 𝑥2 − 51.28 𝑥3 − 25.9 1𝑥4 + 26.12 𝑥5

VAEM

2G-DAEM

[33] Nasfi et al., Journal of Analytical and Applied Pyrolysis, 2023, 174, 106128

R1               ΣP1,j 
k1 ΣP2,j

k2
ΣPi,j

ki…

Ri           ΣPi,j

…

k1
R1           ΣP1,j

ki

k2
R2           ΣP2,j

R               ΣP1,j 
k



Etude de la phase condensée réactive

[16] Nasfi et al., PhD Thesis defended in 2023. 

Vapors

Intermediate 
liquid

Aerosols

Minerals (Si, K, 
Fe, Mg, Ca …)



Appareillage pour le système réactif liquide 

[34] Gouws et al., In preparation

1 syringe pump PDMS / 2 syringe pump aqueous solution / 3 syringe pump phases mixture / 4 volumetric flow rate controller / 5 pressure 

transducer / 6 temperature indicator (thermocouple) / 7 cooling device (air flow) / 8 sampling loop / 9 collecting samples / 10 coaxial 

injection device / 11 heating device / 12 frosted glass / 13 lens / 14 high power LED / 15 highspeed camera / 16 insulating coating (mica) / 

17 heating cartridge / 18 quartz cylinder / 19 aluminium block / 20 micro-capillary.



Analyse dimensionnelle

𝑷𝒆𝑴 =
𝑳𝑺𝒗𝑺

𝑫𝒈𝒍𝒖𝒄𝒐𝒔𝒆
 =   35 - 540 

where 𝐿𝑆 is the radius of the inner capillary 

(150µm),𝑣𝑆 is the lowest slug velocity (0.003m/s) and 

𝐷𝑔𝑙𝑢𝑐𝑜𝑠𝑒  was assumed to be the diffusivity of glucose 

in water (5.2 x 10-9 m2/s).

𝑷𝒆𝑯 =
𝑳𝑺𝒗𝑺

𝜶
    =   0.3 – 4.3

where 𝑅 is the radius of the inner capillary (150µm),𝑣𝑆 

is again the lowest slug velocity (0.003m/s) and 𝛼 was 

assumed to be the thermal diffusivity of water (1.4 x 

10-7 m2/s).

DS = 300 µm ID
Flow 

direction 

LS = 
360 µm 

z

r

2D 

axisymmetry moving wall 

v = vS

no slip

T = Twall(z,t)

no flux

no flux

246 µm fused silica



Modélisation thermique et de l’hydrodynamique

721 - 5,333 K/s

[36] Gouws et al., In preparation



Global kinetic modelling
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[36] Gouws et al., In preparation

A (s-1) Ea (kJ/mol)

GLU → HMF, dehydration, k1 25784 71.6

GLU → LVG, dehydration, k2 73071 88.2

GLU → FRU, isomerization, k3 6.4× 105 66.5

FRU → GLU, isomerization, k4 5.3× 107 75.8

FRU → HMF, dehydration, k5 713.71 40.4

CLB → GLU, hydrolysis, k6 2.2 × 105 74.7

CLB → LVG, transglycosylation - dehydration, k7 59.2 50.1



Conclusions
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Microfluidic - Our study

• Develop methodologies capable of controlling kinetic regime and correcting system lags;

• Produce experimental datasets describing the reactivity of biomass under the kinetically controlled regime and 

non-isothermal and isothermal conditions;

• Associate measured macrokinetic parameters with model-fitting approaches to simulate the devolatilization 

stage of biomass fast pyrolysis and the ILC thermal behavior.
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