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Introduction 1

From a microbiological 
point of view, what 
happens in soil when 
bioactive compounds 
leach from plants into 
soil ?

Beniko leaves : 55 mg∙g-1

(Sum of CBL, CBC, CBD, 
9-THC, 8-THC, CBG)

Retting

Mulch for crops



Walloon Agricultural Research Centre
To address today’s questions and to prepare tomorrow’s challenges
www.cra.wallonie.be 

2020 - 2023 –

VALBIOM

TRIALS

2016 – SPECIFIC EXTRACTIONS

2006 FIRST ANALYSES OF 9-THC

2010 – 2013 PRODUCT RESEARCH

2012 – RETTING TRIALS

2014 – ANALYTICAL DEVELOPMENTS

2014 – FOLLOWING OF

BIOACTIVE COMPOUNDS (14 

VARIETIES)

Seeds - oil - flour – proteins

Evaluation of analytical equipment 

(Rancimat) 

GC-MS // UPLC-MSMS

Following of bioactive 

compounds – Fiber 

characterization by 

microscopy

2024 MICROBIOLOGICAL

STUDY

Collaboration with the industry 

(CURADOR)

Official analyses

1. 
2. 

3. 

4.

5.
6.

7.

8.

5

CRAW and hemp ... a long story !2
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Material and method3

Amines and amids

Amino acids

Carbohydrates

Carboxylic acids

Polymers

Hemp sample : Autopower (Seeding on May 16 2024 – 
Greenhouse transplantation on June 6 -
12 2024 – Sampling on August 7 2024)

COMPO SANA as soil

Biolog EcoPlateTM (31 carbon 
sources repeated 3 times by 

plate)

Substrate groups
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Material and method

Soil Fresh flowers Activated silica

Soil
10

+ Soil
9:1

+ Soil
9:1

Extraction
Ultrasonic - EtOH

Extract

Flowers after extraction

+ Soil
9:1

+ Soil
9:1

Fixed on activated silica

Micro-organisms 
extraction

Incubation – 66 hours at 22°C
Biolog

EcoPlateTM

Microplates reading (595 
nm)

Drying step – 1 hour at 60°C

T TC TSETCE TS

Incubation – 5 days at 22°C

3
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4

Absorbance data (595 nm)

AWCD Well index
Graphical classification

Principal component analysis 
(PCA)

Average Well Color 
Development 

(AWCD)

• Ai : individual absorbance

• A0 : minimum absorbance (A1:H4) 

A0 : choose minimum absorbance (A1:H4) instead of 
water absorbance (A0) to avoid negative values

Results Data treatment
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Results AWCD5

AWCD of each plate (3 
replicates by plate)

≠ ?

?

One Way ANOVA and Tukey HSD test

Are the results the 
same ?
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Results AWCD Well index – Graphical view 5
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Water
Pyruvic Acid Methyl Ester

Tween 40
Tween 80

α-Cyclodextrin
Glycogen

D-Cellobiose
α-D-Lactose

β-Methyl D-Glucoside
D-Xylose

i-Erythritol
D-Mannitol

N-Acetyl-D-Glucosamine
D-Glucosaminic Acid
Glucose 1-Phosphate

D,L-α-Glycerol Phosphate
D-Galactonic Acid γ-Lactone

D-Galacturonic Acid
2-Hydroxy Benzoic Acid
4-Hydroxy Benzoic Acid

γ-Amino Butyric Acid
Itaconic Acid

α-Keto Butyric Acid
D-Malic Acid

L-Arginine
L-Asparagine

L-Phenylalanine
L-Serine

L-Threonine
β-Hydroxy Glycyl-L-Glutamic Acid

Phenylethyl amin
Putrescine

Water
Pyruvic Acid Methyl Ester

Tween 40
Tween 80

α-Cyclodextrin
Glycogen

D-Cellobiose
α-D-Lactose

β-Methyl D-Glucoside
D-Xylose

i-Erythritol
D-Mannitol

N-Acetyl-D-Glucosamine
D-Glucosaminic Acid
Glucose 1-Phosphate

D,L-α-Glycerol Phosphate
D-Galactonic Acid γ-Lactone

D-Galacturonic Acid
2-Hydroxy Benzoic Acid
4-Hydroxy Benzoic Acid

γ-Amino Butyric Acid
Itaconic Acid

α-Keto Butyric Acid
D-Malic Acid

L-Arginine
L-Asparagine

L-Phenylalanine
L-Serine

L-Threonine
β-Hydroxy Glycyl-L-Glutamic Acid

Phenylethyl amin
Putrescine

Plate 01 – 3 replicates

Soil + Flowers Soil + Flowers 
after extraction

Soil + Silica + 
Extract

Soil + Silica Soil
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Results AWCD Well index - PCA 5

Projection similar to that 
obtained for the AWCD :
 

- “Soil + Flowers” group perfectly 
isolated

- “Soil” group isolated from “Soil 
+ Activated Silica”, “Soil + Silica 
+ Extract” and “Soil + Flowers 
after extraction” groups

- Two groups for “Soil + Flowers 
after extraction”. Possible 
explanation : incomplete 
extraction for the second 
flower

- However, the “Soil +Silica + 
Extract” group is different 
from the other groups

Group 01Group 02

Group 03
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And if we go back to the field ...6

Grass has been sown throughout the field.  And to 
date, the grower has not noticed anything special in 
terms of grass growth (intensity, density, colouring, 
etc.) in the area corresponding to the CBD hemp crop 
compared to the rest of the field.

However, if we look at the data obtained by 
satellite (https://viewer.terrascope.be/) ...

https://viewer.terrascope.be/
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And if we go back to the field ...6

Sentinel2 LAI filter (quantifies the area of 
green leaves per m²)

July 15th 2024

September 21st 2024

Sentinel2 FAPAR filter (quantifies 
photosynthetic activity)

May 5th 2024

September 1st 2024
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Conclusions and perspectives 7

Conclusions

- Effective effect of hemp inflorescence bioactive compounds on soil microbiology : 
intensification of total carbon source consumption, demonstrated using Biolog
Ecoplate TM;

- Effect demonstrated in the field using satellite imagery : after 10 months, leaf 
density is still lower, and photosynthetic activity is lower than in the rest of the plot

And into the future …

- Identification of the groups of micro-organisms and the mechanisms involved : 
selection by the addition of a particular metabolite, elimination by the bactericidal 
action of the compounds present, …

- Monitoring of the cultivated land under real conditions : microbiological balance, 
influence of the type of soil, …
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And for your questions …
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Project Scope
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be@t in a nutshell

From nature, in a 

sustainable and circular 

way, to people.



22

Hemp in The 

Textile Industry

Nau Verde, Lda.

Consorsium:



Objective:

Development and Study of Hemp 

Crops:

- Different Varieties

- Analyses of Agricultural Conditions: 

Yield, Resistance, Water Consumption

- Impact of Geographical Environments: 

Soil and Climate Conditions

Hemp Cultivation

23

Guimarães, 

North of 

Portugal

Beja, 

South of Portugal

Location of be@t Cultivation Trials

biomaterials
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Cultivation Harvesting Retting Decorticating Cleaning

Production of 

Nonwovens 

and 

Biocomposites

Breaking and

Scutching

Hackling

Cottonization

Drawing

Production of 

Apparel, Home 

Textiles and 

Technical 

Applications

Knitting/

Weaving Finishing

Wet spinning

(100% hemp)

Cotton Spinning 

system

(Blended yarns) 

Wool 

Spinning 

system

(Blended yarns)

Roving

Pre-treatment

and

Semi-Wet spinning
Production of 

Biocomposites

Sources: https://swissflax.ch/

Adapted from: https://doi.org/10.3390/textiles4020011

https://swissflax.ch/
https://doi.org/10.3390/textiles4020011
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Cultivation Harvesting Retting Decorticating Cleaning

Production of 

Nonwovens 

and 

Biocomposites

Breaking and

Scutching

Hackling

Cottonization

Drawing

Production of 

Apparel, Home 

Textiles and 

Technical 

Applications

Knitting/

Weaving Finishing

Wet spinning

(100% hemp)

Cotton Spinning 

system

(Blended yarns) 

Wool 

Spinning 

system

(Blended yarns)

Roving

Pre-treatment

and

Semi-Wet spinning
Production of 

Biocomposites

Sources: https://swissflax.ch/

Adapted from: https://doi.org/10.3390/textiles4020011

https://swissflax.ch/
https://doi.org/10.3390/textiles4020011


Laboratory Scale Machinery of Hemp Fibre Extraction

Hemp Fibre
Extraction

26
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Breakin

g
Scutchin

g

Hackling 

Under Development



Mechanical Cottonization of Hemp Fibres

Hemp Fibre
Cottonization
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Biological Treatment of Hemp Fibres

Enzyme

s



CITEVE’s Pilot-Hemp Developments

Hemp Pilot
Developments
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Ring-Spinning Hemp-based Yarn Needlepunched Hemp-based Nonwoven
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Main challenges

- Limitations of knowledge about hemp cultivation and fibres extraction

process and involved machinery

- Lack of communication between the different players in hemp value-

chain

- Minimizing the variables of all process mainly in Retting process

- Lack of Life Cycle Assessment (LCA) studies of hemp value-chain

(from field to final products)

- Constrains in processing hemp fibre to different textiles products

(yarns, textile structures, biocomposites, etc.)



Oportunities/Future
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Opportunities for Hemp’s Futures

- Sustainability continues to grow as a major priority

- New Projects of R&D to respond to certain bottlenecks

- Development of new hemp-dedicated processes

- Increase in cultivated area, and recovery of lost knowledge,

through training programs

- Possibility of obtaining seeds and fibres from the same plant
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Commingling of hemp-based yarns for the continuous additive 
manufacturing to achieve improved impregnation quality

World Hemp Forum
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Context, issue & objectives

1Carneiro et al. (2015). Materials & Design, 83(15), 768-776
2Zhuo et al. (2022). Composites Science and Technology, 221, 109341

• Additive manufacturing (AM) (= 3D printing)

 Geometric freedom

 Fast production for small series 

 But diminished properties compared to conventionally manufactured parts1

• Materials development needs

 Higher mechanical performance

 Eco-friendly materials (reinforcement + matrix)

• Technological locks: Impregnation quality

 Pre-impregnation with thermoset

 Commingling of untwisted and smooth synthetic fibers2

Build plate

Print head

Deposited layer

Depositing layer

Z

X
Y

Matsuzaki et al. (2016). Scientific Reports, 6, 23058
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What do we want?

Developing new plant-based yarns using available and 
eco-friendly fibers, adapted to the AM of continuous-
reinforced biocomposites, having effective impregnation.

Non-eco-friendly



• Additive manufacturing by continuous yarn coating

• Hybrid yarn commingling
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Methodology

3 hemp slivers
+

3 PLA slivers

Draw frame

(Gills)

Hybrid hemp/PLA 
sliver

Hollow spindle 
machine

+ PLA multifilament

Hybrid hemp/PLA commingled 
and wrapped yarn

Properties Hemp yarn Hybrid yarn
Linear density 316 ± 4 tex 557 ± 16 tex

Twist level 39 ± 2 tpm 200 ± 2 tpm
Hemp volume fraction 100% 39%

3DP

Cutting

Ginoux et al. (2023). Additive Manufacturing, 66, 103471
Paux et al. (2023). Additive Manufacturing, 76, 103760
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Methodology
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Tomography

Void volume fraction

Chemical extraction

PLA mass fraction Hemp mass fraction

Conversion from densities

PLA volume fraction Hemp volume fraction
𝛷𝑣,𝐹 =

𝜌𝑃 × 1 − 𝛷𝑣,𝑉
𝜌𝑃 + Τ𝜌𝐹 𝜑𝑚,𝐹 − 𝜌𝐹

𝛷𝑣,𝑃 = 1 − 𝛷𝑣,𝐹 −𝛷𝑣,𝑉

Hemp YRC Hybrid YRC

Tensile characterization

Formulation control

Materials-structure-properties 
relationships

• Characterization



• Microstructure and formulation
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Results & discussion

Hemp YRC Hybrid YRC

1 mm

 Longitudinal voids

 Distribution of fiber orientations (± 20°) (Hemp yarn: 39 tpm)

 Bubble-like voids

 Unidirectionally oriented fibers (0°) (Hybrid yarn: 200 tpm)

Increase in polymer mass fraction (between the fibers)
  Void filler ( impregnation) and lubricant-like agent
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Volume fraction Hemp YRC Hybrid YRC

Hemp 33% 26% -21%

PLA 41% 60%

Void 26% 14% -46%
Less fiber, but less void!

Antagonistic effect:

 Mechanical performance?



• Mechanical performance
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Results & discussion

Hybrid YRC

Hemp YRC

Properties Hemp YRC Hybrid YRC

E1 (GPa) 9.6 ± 0.5 15.2 ± 0.7 +58%

E2 (GPa) 5.7 ± 0.2 8.2 ± 0.2 +44%

σM (MPa) 122 ± 3 137 ± 7 +12%

εr (%) 2.2 ± 0.1 1.4 ± 0.1 -36%

E1

E2

Elastic 
domain

Plastic 
domain

Hemp  hybrid YRC:
From pseudo-ductile to fragile behavior

Stick-slip 
mechanism1

1Shah (2016). Composites Part A: Applied Science and Manufacturing, 83, 160-168

• Early and neat transition from E1 to E2: 0° alignement +   
 fiber/fiber interactions and  fiber/matrix interactions

• Around 50% increase in stiffness

If considered without void: scaling factor 𝐾 = Τ1 (1 − 𝛷𝑣,𝑉)

Around 30% increase in stiffness while having 20% less fiber

• Sharp rupture: crack propagation from matrix to fibers

Fiber/fiber 
sliding
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• Hybrid vegetal fibers/thermoplastic fibers commingling for continuous AM of biocomposites
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Conclusion & perspectives
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In summary

What’s next?

Development of new hybrid yarns for continuous AM
  Use of less brittle thermoplastic to improve εr and σM

  Study on yarn manufacturing parameters to better adapt to the AM process

    aligned fibers
    void volume fraction
    fiber/matrix interactions

   Stiffer and more resistant material
   Matrix/fiber interface > fiber content

Quality improvement Mechanical performance improvement

 impregnation
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Institute of  Biological Chemistry Laboratory for Cellular Metabolism and Engineering

Two large USDA-NIFA SAS Grants

Partnerships with:

Oregon State University, UC Davis and 

Univ. of Nevada Reno, Tribal Nations

Building a foundation for a vibrant 

hemp industry in the Western USA.

Industrial hemp grown for 4 “F”s:

• Fiber

• Food

• Fuel

• “Farmacy” 

Sustainably Incorporating Hemp Biobased Economy 
into Western U.S. Regional Rural and Tribal Lands
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Hemp Value Chain Development, 
Production, and Utilization

Oil Plants

Flowers

Useable

Post-extract

Livestock feed

Plant-based 

protein

Extracting

Essential Oil 

Compounds

Pharmaceuticals

Nutraceuticals

Flavors

Aromas

Biologicals

Fiber Plants

Secondary Primary

(line) Fiber

Fabric

Insulation

Carpeting

Paneling

Graphene

Batteries

Cordage

Pulp

Recycling

additive

Decorticating

Bast FiberHurd/Shives

Fiber board

Compost

Mortar

Paper filler
Absorbant
bedding
Chemical 
feedstocks:
Plastics
Paints
Sealants

Tow

Cordage 

bagging

Fiber board

Genetic pool developed for diverse end-use evaluation

Commercial grain, fiber, and essential oil hemp materials evaluated

Genetic materials identified with superior end-use traits

Food and feed
Fiber and 

advanced materials

Genetic materials evaluated for end-uses quality/anti-quality characteristics

Aromas, flavors, 
nutraceuticals, and 

pharmaceuticals

Food

Beer

Feed

Chem

Food

Fuel

Paint

Adhesives

Personal 

care

products

Oil Cake

Food Flour

Meat Shell

Grain Plants

Hulling Pressing/Crushing

Harvest

Intermediate
processing

Primary 
materials

End-
product 

uses

OSU Forest Products
D. Fiber aspect ratio
E. Cellulose crystallinity
F. Bast-to-Hurd ratio
ARS Cotton Fiber Engineering
G. Fiber length distribution
H. Fiber fineness
I. Fiber strength

OSU Seed Laboratory
A. Plant female/male expression
Washington State University
B. Seed oil composition
C. Seed protein content
J. Essential oils
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Grain/Fiber Dual Crop Variety Trials

Over a dozen partners nationwide
Essential Oil Variety Trials - Focus on Regional Needs
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USDA-SAC Diversity Trials –
Rebuilding the NPGS Hemp Collection
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Varieties Vary Widely in Composition:
Seed Lipids

Seed Oil Content 
(~22% - 31% most varieties)

Fatty Acid Composition

Oleic acid, Linoleic acid and Gamma Linolenic acid, Linolenic acid 

and stearidonic acid showed major changes among the varieties. 
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DOE Project – Biochar and Hemp in Crop Rotations

LCA

US DOE EERE RACIPAC Program
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Areas of study and field trials

Colville

Tribe

Tekoa 

Farm

Yakama

Nation
WSU-

Pullman

Field trial w/ GHG monitoring

WSU laboratory facilities

Field trial w/o GHG monitoring
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System Boundary – Benchmark Scenario (Baseline)
Functional unit: 1 tonne of hemp

Tillage Fertilizing

Sowing Growing

Harvesting
Hemp

Other crops

Inputs: Seeds, Raw materials, Herbicides, Fertilizers (N, P, K), Water (irrigation), 

Diesel (machinery, transport), Electricity

Outputs: Wastewater, Waste, Machinery emissions, Field emissions (N2O), CO2, CH4, 

black C emissions

System Boundary: “Cradle-to-Gate”

System Boundary – Alternative Scenarios (Biochar)
Functional unit: 1 tonne of hemp

Tillage Biochar use

Sowing Growing

Harvesting
Hemp

Other crops

Inputs: Seeds, Raw materials, Herbicides, Biochar, Water (irrigation), 

Diesel (machinery, transport), Electricity

Outputs: Wastewater, Waste, Machinery emissions, Field emissions (N2O), CO2, CH4, 

black C emissions

System Boundary: “Cradle-to-Gate”

Lower production 

impact

Lower N2O 

emissions

Increased crop 

yield

Soil carbon 

benefits

Avoided wildfire 

emissions

Life Cycle Assessment
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Questions?

David Gang
gangd@wsu.edu
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Mycelium based  
materials for thermal  

insulation



Presentation of the laboratory

Main research subject of the innovatielab :
• Biobased composite materials 

including mycelium materials
• Solar boat
• Smart farming
• Care robot

2



General challenge of  
thermal insulation market :

Important need of thermal insulation : 70%
of accomodations in France have an energy
label inferior or equal to D

Need of environmental friendly solution :
Only 2% of external insulation is biobased

Need of high performance : current
biobased solutions have lower performance

3



Product life cycle

4



The study at Inholland
Main question : How can thermal conductivity of 
insulating mycelium-based panel for building be improved 
by adding air cavities inside of it ?

Sub question:
• Characterize of the material (Conductivity, 

mechanical behavior)
• Find the best cavity shape and pattern
• Study the influence of the cavities on the 

conductivity
• Optimise conductivity and mechanical requirement
• Research manufacturing solutions 5



The study at Inholland
Main results :

• Conductivity of Hemp/mycelium based materials :
• Regular production method : 45 mW/K / 100kg/m3
• Improved production method : 42,5 mW/K.m / 80kg/m3

• Mechanical performance Hemp/mycelium based materials :
• Young's modulus of 2,88 MPa (at 2% strain)
• maximum tensile stress at 0.092 MPa.

Conclusion of the study:
• Promising theorical results
• Necessity to improve processes of fabrication ( repeatability & 

insertion of cavities)
• Many challenges before industrialization 6



Hyphos project

Muchroom substrate

Clients : small market 
gardener and muschroom 

farms
Mycelium packaging:

Insulating panels

Clients : thermal 
insulation installers

1

Clients : Industries (parts to wedge : 
mechanics, doors, windows...) & 

Luxury (cosmetics, wines and spirits)

3
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What’s next ?
Research continue

• Innovatie Lab develops production line for 
mycomaterials in open source

• ESTP (Troyes) :
• 15 students working with mycelium to improve 

comfort in building
• Recruitment of 1 student to explore 3D mycelium 

printing
Hyphos :

• Incubation’s Jury around 10th December
• Goals : production of the first packaging in March
• Require 15 000 € to start in January 8



Le projet Hyphos c’est déjà…
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Help me to make this 
world better !
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