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ABSTRACT 

 

Biochar, a carbon-rich material produced through the thermal conversion of biomass, represents 

a promising and versatile filler for the development of sustainable, high-performance polymer 

composites. This thesis explores the valorization of biochar into biobased materials with 

tailored properties. Biochar was produced from three biomass feedstocks—Laminaria digitata 

algae, beech wood, and flax shives—via slow pyrolysis at 600 °C, followed by physical 

activation with CO₂ at 900 °C. 

The activation process significantly enhanced the specific surface area, with an increase of up 

to 774 % observed for algae-derived biochar, while slightly decreasing the carbon content. This 

modification improved interfacial compatibility with polylactic acid (PLA). The biochars were 

incorporated into PLA at loadings of 10, 40, and 70 wt.%, and the resulting biocomposites were 

characterized using FTIR, XRD, DSC, TGA, DMA, BDS, and tensile testing. 

At low filler content (~10 wt.%), biochar improved composite stiffness (increased storage 

modulus, E′) and promoted nucleated crystallization of PLA without affecting the glass 

transition temperature (Tg). Higher biochar loadings significantly enhanced electrical 

conductivity, reaching 1.24 × 10⁻² S·cm⁻¹ at 70 wt.% activated beech biochar, and imparted 

antistatic and electromagnetic shielding properties. However, excessive biochar content led to 

particle agglomeration, resulting in reduced tensile strength and diminished processability. 

A techno-economic assessment of an integrated production facility processing 1 t day⁻¹ of beech 

wood waste biomass indicated a moderate capital expenditure (~€ 5 M), with production costs 

of € 1.55 kg⁻¹ for biochar and €3.95 kg⁻¹ for composite pellets. Scenario analysis demonstrated 

strong economic viability when all biochar was valorized in composite formulations, with a 

high net present value, a payback period of 3 years, and an internal rate of return of 

approximately an internal rate of return of about 48 %. 

Overall, the findings emphasize the critical roles of feedstock selection, pyrolysis and activation 

conditions, and filler loading in designing biochar-PLA biocomposites with optimized 

mechanical, thermal, and functional properties, offering a viable pathway toward circular and 

biobased material systems. 

Keywords: Biochar, Pyrolysis, PLA, Aspen Plus, Biocomposite, Physical activation, biomass, 

technical economic. 
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RÉSUMÉ 

Le biochar, un matériau riche en carbone produit par la conversion thermique de la biomasse, 

représente une charge prometteuse et polyvalente pour le développement de composites 

polymères durables et hautement performants. Cette thèse explore la valorisation du biochar en 

matériaux biosourcés aux propriétés contrôlées. Le biochar a été produit à partir de trois 

matières premières issues de la biomasse (algues Laminaria digitata, bois de hêtre et copeaux 

de lin) par pyrolyse lente à 600 °C, suivie d'une activation physique avec du CO₂ à 900 °C. 

Le processus d'activation a considérablement amélioré la surface spécifique, avec une 

augmentation pouvant atteindre 774 % pour le biochar dérivé d'algues, tout en réduisant 

légèrement la teneur en carbone. Cette modification a amélioré la compatibilité interfaciale avec 

l'acide polylactique (PLA). Les biochars ont été incorporés dans le PLA à des teneurs de 10, 40 

et 70 % en masse, et les biocomposites obtenus ont été caractérisés par FTIR, XRD, DSC, TGA, 

DMA, BDS et essais de traction. 

À faible teneur en charge (~ 10 % en masse), le biochar a amélioré la rigidité du composite 

(augmentation du module de stockage, E′) et favorisé la cristallisation nucléée du PLA sans 

affecter la température de transition vitreuse (Tg). Des charges plus élevées de biochar ont 

considérablement amélioré la conductivité électrique, atteignant 1,24 × 10⁻² S·cm⁻¹ à 70 % en 

masse de biochar de hêtre activé, et ont conféré des propriétés antistatiques et de blindage 

électromagnétique. Cependant, une teneur excessive en biochar a entraîné une agglomération 

des particules, ce qui a réduit la résistance à la traction et diminué l'aptitude au traitement. 

Une évaluation technico-économique de la simulation d'une installation de production intégrée 

traitant 1 t·jour⁻¹ de biomasse issue de déchets de bois de hêtre a indiqué des dépenses 

d'investissement modérées (~5 millions d'euros), avec des coûts de production de 1,55 € kg⁻¹ 

pour le biochar et de 3,95 € kg⁻¹ pour les granulés composites. L'analyse de scénarios a 

démontré une forte viabilité économique lorsque tout le biochar est valorisé dans des 

formulations composites, avec une valeur actuelle nette élevée, un délai de récupération de 3 

ans et un taux de rendement interne d'environ 48 %.     

Dans l'ensemble, les résultats soulignent le rôle essentiel du choix des matières premières, des 

conditions de pyrolyse et d'activation du biochar, ainsi que le taux de charge dans la conception 

de biocomposites biochar-PLA aux propriétés mécaniques, thermiques et fonctionnelles 

optimisées, offrant ainsi une autre voie de valorisation en matériaux biosourcés. 

Mots-clés : Biochar, Pyrolyse, PLA, Aspen Plus, Biocomposite, Activation physique, 

biomasse, Économie technique.
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General introduction  

One of the major challenges facing science, industry, and society in the 21st century is the 

transition to more sustainable production and consumption systems. Currently, the materials 

sector remains heavily dependent on fossil resources, both for the synthesis of polymer matrices 

and, for example, the manufacture of fillers or functional additives. This heavy dependence on 

fossil resources contributes to a high carbon footprint, a major impact on non-renewable 

resources, and the generation of persistent plastic waste in the environment. 

As shown in Figure 1, global plastic production has increased exponentially in recent decades, 

reaching a historic high of 410 million tons in 2023 [1]. This demonstrates not only the global 

economy's structural dependence on fossil-based polymers, but also the urgent need to embark 

on a path toward more sustainable and circular production and consumption systems. 

 

 

Figure 1: Global evolution of plastics production (1950–2023). Source: nova-Institute (2025). 

Reproduced under CC BY-NC-SA 4.0 license. 

Even though the bioplastics and biopolymers sector is beginning to gain relevance, its market 

share remains marginal compared to conventional production. This disparity has driven the 

search for biocomposites that combine biodegradable matrices with sustainable reinforcements, 

representing one of the most promising solutions for high value-added sectors such as 

automotive, biomedical, and technical packaging. 

In this context, biochar—a porous, carbon-rich material produced from biomass through 

pyrolysis—emerges as an effective alternative for use as a functional reinforcement. Biochar is 

characterized by its highly porous structure, large specific surface area, thermal stability, 

electrical conductivity, and environmentally friendly nature, combined with relatively low 

production costs. Although its applications have traditionally been confined to agriculture and 
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environmental remediation, its physicochemical properties make it particularly attractive as a 

reinforcing agent in biobased composite materials. 

One of biochar’s major competitive advantages lies in its versatility. Its properties can be 

tailored through the selection of biomass feedstock, precise control of pyrolysis conditions, and 

the application of post-treatment activation processes. This tunability enables biochar to be 

adapted for a wide range of material applications. 

Despite its considerable potential and the growing body of research on biochar-based 

biocomposites, significant scientific gaps remain. In particular, the relationship between the 

intrinsic properties of biochar and the overall performance of the resulting biocomposites has 

not yet been fully elucidated. Critical challenges—including particle dispersion, interfacial 

interactions with biobased polymer matrices such as polylactic acid (PLA), and the real impact 

of activation treatments on final material functionality—require further in-depth investigation. 

Moreover, the technical and economic aspects related to biochar production and its industrial-

scale integration have been only partially addressed, limiting effective technology transfer. 

Within this framework, there is a clear need for research that simultaneously addresses material 

optimization at the physicochemical level and its feasibility in engineering applications. To 

bridge these scientific and technological gaps, this thesis, entitled “New ways of biochar 

valorization in biobased materials with controlled properties: characterization and techno-

economic study,” is proposed. 

The main objective of this research work is to study new ways of valorizing biochar in biobased 

materials with controlled properties. To achieve this goal, the present research program is 

structured around the following specific objectives: 

1. Analyze the influence of biomass type and pyrolysis conditions on the structural, 

thermal, and surface properties of biochar. 

2. Study the effect of physical activation on the porosity, surface chemistry, and 

functionality of the resulting biochar. 

3. Establish relationships between the intrinsic properties of biochar and the mechanical, 

thermal, and functional behavior of reinforced PLA biocomposites. 

4. Analyze the technical and economic feasibility of producing biochar and PLA-

biochar biocomposites. 

The main research question guiding this work is decrypted as follows: what are the specific 

physicochemical properties of biochar necessary to obtain biobased materials with efficient 

technical performance and economic viability? 

To answer this question, a methodological approach is considered that combines the production 

of biochar from three different types of biomasses, the optimization of properties through 

activation, and exhaustive characterization. The biochar produced is then used as a 

reinforcement structure in the manufacture of PLA biochar biocomposites. These 

biocomposites are evaluated in terms of mechanical, thermal, and functional properties, with a 

deep focus on the effect of biochar. Finally, a technical-economic analysis is developed using 

process simulation to evaluate the production cost and feasibility of manufacturing biochar and 

biocomposites. This research falls within the framework of the circular economy and climate 
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change mitigation, providing information that facilitates the replacement of fossil-based 

reinforcements with high-performance biobased alternatives. 

This document is organized around four closely interconnected sections:  

- Chapter 1: The state of the art provides a comprehensive review of the scientific 

literature on the production, properties, and activation strategies of biochar. Also, it 

analyzes the current limitations in the development of biocomposites and their 

applications and identifies opportunities for innovation in the use of biobased 

carbonaceous fillers. 

- Chapter 2: Materials and methods section, where the raw materials and experimental 

protocols used for the synthesis of biochar by slow pyrolysis are detailed, as well as the 

activation method used. The manufacturing procedures for polylactic acid (PLA) and 

biochar biocomposites are also described, in addition to the physicochemical 

characterization techniques applied to the different products. 

- Chapter 3: Results and discussion section, this chapter is divided into two main parts. 

The first part concerns the properties of biochar. It presents an analysis of the results 

obtained after the pyrolysis of different biomasses and the activation of biochar. It 

discusses how the treatment temperature and activation processes modulate the porosity, 

specific surface area, surface chemistry, and structure of biochar. The second part deals 

with PLA biochar based biocomposites, evaluating the integration of biochar into PLA 

matrices and analyzing the influence of reinforcement load and type of reinforcement 

on chemical, mechanical, thermal, and electrical properties. 

- Chapter 4: Technical-Economic Analysis. Based on process simulations (Aspen Plus), 

this chapter evaluates the economic viability of industrial scaling of biochar production 

from waste and the subsequent production of biochar PLA biocomposites. 

At the end of this document, the most relevant contributions of the thesis are summarized in 

general conclusion and future lines of research are proposed to continue advancing in the 

recovery of waste through high-performance materials. 
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1 State of the art 

Introduction 

Biochar, an organic, porous, and carbon-rich material originating from biomass via pyrolysis, 

showcases compelling attributes and intrinsic performances. Its appeal as a reinforcement 

material for biocomposites and its auspicious electrical properties retains more attention and 

make biochar a versatile candidate for applications ranging from energy storage to catalytic 

devices.  

This state of art undertakes a comprehensive exploration of biochar, spanning production 

methodologies, physicochemical intricacies, and critical process parameters. The focus extends 

to optimization strategies for biochar properties tailored to specific applications, with a 

dedicated inquiry into diverse production methods and activation strategies. The review's 

second phase delves into a meticulous analysis of key properties within biochar-based 

composites, emphasizing limitations and unique performance characteristics crucial for diverse 

applications. By synthesizing a substantial body of research, this review aims to catalyze future 

investigations by pinpointing areas demanding attention in upcoming experiments, ultimately 

emphasizing the profound potential of biochar-based materials across technical and scientific 

domains. 

1.1 Biochar: production and properties 

1.1.1 Sources of biomass for biochar production 

Biomass is defined as any material that is derived from a biological source that can be plant-

based and animal-based. Biomass are classified as lignocellulosic and non- lignocellulosic. 

Lignocellulosic Biomass represents the most abundant feedstock on Earth to produce biofuels. 

It primarily consists of two carbohydrate-based polymers, cellulose and hemicellulose along 

with lignin, a complex aromatic polymer. Naturally occurring biomass is generally categorized 

into two major types: woody and herbaceous. Woody biomass is typically derived as a by-

product of wood processing industries, from forest residues, or cultivated specifically through 

energy crops. In contrast, herbaceous biomass originates from plants with non-woody stems 

and is characterized by shorter growth cycles, making it a rapidly renewable resource compared 

to woody species [2]. 

Non-lignocellulosic biomass is composed of a variety of components, including proteins, lipids, 

saccharides, inorganics, and a small fraction of lignin and cellulose [3]. Categories include 

sewage sludge [4], a by-product of wastewater treatment, which is frequently utilized in 

agricultural applications and land reclamation, offering potential as a bioresource despite 

variability in its composition. Manure [5], produced by both humans and animals, is rich in 

nutrients and commonly applied as a natural fertilizer in farming systems. Aquatic plants, 

including seaweeds, aquatic seed plants, and microalgae from freshwater and marine 

environments, represent a promising feedstock, especially in the field of bioplastic and biochar 

production [6]. Additionally, other organic residues such as animal hair, bones, and meat by-
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products are increasingly explored for their utility in biochar synthesis, given their high carbon 

and mineral content. 

1.1.2 Biochar production  

Biochar is a carbon-rich solid derived from the thermal stabilization of biomass or any other 

organic material [7]. In addition to carbon (C), it includes ash, hydrogen (H), oxygen (O), 

nitrogen (N), and sulfur (S) [8]. Its richness, along with the abundance of functional groups 

such as phenolics, alcohols, hydroxyls aromatics [9], contributes to its diverse characteristics, 

including alkaline pH, large specific surface areas, well-structured pores, tunable 

microstructure, good electrical conductivity, high thermal and chemical stability, make biochar 

attractive and useful in many fields [10], [11]. Table 1 presents the properties of various biochar 

produced by pyrolysis at temperatures ranging from 400 °C to 900 °C. 

Table 1: Properties of several raw biochar. 

Raw biochar 

material 

Tpyro 

 (°C) 

SBET  

(m2·g-1) 

Vp 

(cm3·g-1) 

pH 

 

EC 

(S·cm-1) 

C 

(%) 

O 

(%) 

H 

(%) 

N 

(%) 
Ref. 

Wheat Straw 500 ---- ---- 10.4 6.53×10-3 67.4 7.3 1.0 1.4 [12] 

Canola 600 < 2 0.001 9.4 1.12×10-3 77.5 12.3 2.3 7.6 [13] 

Conocarp waste 600 ---- ---- 12.2 9.03×10-3 82.9 6.5 1.3 0.7 [14] 

Alkaline lignin 900 27.0 ---- ---- 2.00×10-3 64.0 21.3 0.7 0.8 [15] 

Lignin-rich residue  700 14.3 0.029 ---- 5.00×10-2 70.2 28.2 1.0 0.6 [16] 

Walnut shells  700 296.2 0.154 ---- 1.00×10-2 87.4 10.5 2.1 0.1 [16] 

Sewage sludge  700 10.2 0.041 ---- 2.00×10-2 80.1 10.4 1.0 8 .5 [16] 

Bamboo 600 181.0 0.150 ---- ---- 82.9 5.0 2.2 0.5 [17] 

Bamboo 600 307.1 0.180 10.1 ---- 88.4 8.6 2.7 0.3 [10] 

Bio solid 400 7.6 0.048 7.5 167×10-4 21.4 20.4 0.9 3.3 [18] 

Bio solid 600 32.0 0.058 11.3 406×10-4 14.2 18.5 0.2 2.0 [18] 

Caption: Tpyro - Pyrolysis or carbonization temperature; SBET – Bruner-Emmett-Teller, surface 

area; VP - Pore volume; EC - Electrical conductivity; C - carbone; O - oxygen; H - hydrogen; 

N - nitrogen, wt.%. 

These physico-chemical properties are affected by biochar production conditions, in particular 

temperature [19]. Studies in the literature show that due to dehydration and decarboxylation 

reactions, the carbon content in char decreases with increasing temperature. Indeed, under the 

effect of temperature, light organic compounds essentially volatilize into CO, CO2, H2O and 

light hydrocarbons [20]. Also, unlike biochar produced from lignocellulosic biomass, in which 

constituents such as lignin are degraded, forming carbon-rich product (T > 500 °C) [21]. It has 

been shown that the heating rate during pyrolysis has no influence on pH, whereas temperature 

does. Indeed, the evolution of pH is proportional to the increase in temperature [12]. With 

increasing temperature, specific surface area and pore volume increase [22], in relation to the 
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gradual development of porous structure of biochar [18]. However, deformation of the pore 

structure has been observed at high temperatures greater than 500 °C [23]. Another property 

positively affected by pyrolysis temperature is electrical conductivity [18]. Some authors link 

this behavior with the decrease in oxygen rate [15]. While others attribute it to the increase in 

the content of soluble salts and the decrease in acidic functional group amount in biochar as 

temperature increases [24]. 

Due to its multiple and adaptable properties, biochar is increasingly being studied and tested 

for a wide range of applications such as soil remediation [25], CO2 capture [26], and the removal 

of organic [27], inorganic [28], and gaseous [29] pollutants. Moreover, biochar finds application 

in the production of capacitors [30], batteries [31], composites [32], and the reinforcement of 

bioplastics [33], among other uses [34], [35].  

1.1.2.1 Biochar production techniques 

There are various thermochemical routes such as (I) torrefaction, (II) hydrothermal 

carbonization, (III) gasification, and (IV) pyrolysis to produce biochar [34]. 

- Biomass torrefaction, also known as light pyrolysis, is a low-temperature (200 - 300 °C) 

heat treatment used as a pre-treatment of biomass to increase its calorific value and 

hydrophobicity [36]. During this process, hemicellulose and a portion of the cellulose undergo 

thermal decomposition, reducing the availability of hydroxyl groups. This prevents the 

formation of hydrogen bonds that would otherwise capture water molecules, making torrefied 

biomass more hydrophobic in nature [37]. The process is conducted within a controlled 

environment under atmospheric pressure, with oxygen content below 21 %, and residence times 

of biomass ranging from 5 to 120 minutes [38]. Torrefaction is further sub-classified based on 

temperature range and the medium used, and each sub-classification results in a product with 

distinct characteristics [39]. 

- Hydrothermal carbonization is a thermal depolymerization process that is used to 

convert wet biomass into crude oil, gas, and hydrochar [34]. This process is environmentally 

friendly and uses moderate temperatures between 180 and 250 °C [40] under a saturated 

pressure of 2 to 20 MPa [41]. 

- Gasification is a thermochemical process in which the carbon content of biomass is 

converted onto a gaseous fuel in the presence of a gaseous medium such as oxygen, carbon 

dioxide, steam or a mixture of these gases. This process takes place at a high temperature 

between 700 °C and 900 °C [42]. When air or oxygen is used, gasification is considered a partial 

combustion process [43]. Gasification is also considered an efficient method of converting 

waste into energy. Comprising various stages such as drying, combustion, pyrolysis, and the 

reduction zone also known as the gasification zone [44]. The yield of biochar obtained by 

gasification is lower than that of pyrolysis [8], but the structural morphology of the biochar 

produced by the two processes is similar [45]. 

- Pyrolysis is a high-temperature (300 - 1300 °C) heat treatment that breaks down 

biopolymer macromolecules into lower molecular weight compounds under an inert 

atmosphere [7], [10]. It is considered the most extensively studied thermochemical technique 
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[3]. During pyrolysis, moisture and volatile compounds are released from biomass due to 

reactions such as dehydration, decarboxylation, volatilization, and polymerization. This process 

produces syngas, bio-oil, and biochar [46]. 

1.1.2.2 Types of pyrolysis  

Depending on operating conditions, pyrolysis can be classified into different sub-classes. Each 

pyrolysis class has its own advantages and limitations [47]. The various subclasses include fast, 

slow, flash, and intermediate pyrolysis, depending on temperature ranges, pressure range, 

heating rates, biomass, and steam residence time [10], [47]. Other types of pyrolysis, such as 

vacuum pyrolysis and microwave pyrolysis, have also been reported in the literature [7], [46]. 

- Slow pyrolysis (also known as conventional pyrolysis): this is the oldest method of 

charcoal production. It is characterized by a slow heating rate and a long residence time [47]. 

These conditions of temperature and slowness of the process favor cracking and secondary 

reactions, which in turn lead to higher yields of biochar [8], [48]. During this pyrolysis, a high 

production of quinone groups produced by the aromatic radicals of lignin is observed, which 

can be correlated with complete carbonization of the material [49]. 

- Fast pyrolysis: this method is characterized by a high heating rate (10-200 °C·s-1) and a 

short residence time for vapor (0.5-10 s). The high heating rate involved in fast pyrolysis 

transforms the input biomass into a liquid product with a low exposure time in order to avoid 

cracking reactions that favor biochar formation [50]. The main product of fast pyrolysis is a 

liquid called bio-oil, which can find application as a liquid biofuel or from which valuable 

chemicals can be extracted [51]. The biochar produced by this type of pyrolysis has a higher 

porosity than that obtained by slow pyrolysis, which may be linked to a higher production of 

bio-oil [49]. 

- Flash pyrolysis: is a variant of fast pyrolysis, with higher heating rates and temperature 

(> 900°C) and shorter exposure time (< 1 s) [47]. The combination of these two features results 

in high yield of bio-oil and low yield of biochar [52]. Some of the disadvantages of this process 

are illustrated by the thermal instability of the bio-oil composition and its low pH, which make 

it corrosive. Also, fine particles can be entrained and find their way into the bio-oil [53]. 

- Intermediate pyrolysis: this type of pyrolysis is generally used to achieve a balance 

between liquid and solid products, i.e. between slow pyrolysis that gives the high biochar yields, 

but relatively low liquid products [10], and fast pyrolysis [43], [47]. 

- Vacuum pyrolysis: is the thermal degradation of biomass under low pressure (0.001-

0.02 MPa), in the absence of oxygen and without the need for a carrier gas to maintain the inert 

atmosphere [54]. This methodology is considered a promising technology for recovering energy 

from biomass and has proved to be an alternative means of obtaining oils enriched with valuable 

fatty acids [55].  

- Microwave-assisted pyrolysis: use microwave radiation as a heat source during 

pyrolysis, providing non-contact, rapid, selective, and energy-efficient heating. Also has a 

shorter processing time than conventional technologies using electrical energy as the heating 

source [46], [56]. This type of pyrolysis has many advantages, but its industrialization is a 
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challenge due to the complexity of reactor design, process control, and safety. Furthermore, 

most studies have been carried out on a laboratory scale, which contracts with the growing need 

for large-scale systems [57]. The design of the microwave oven will depend on the final product 

[7], [46]. For heating, microwaves penetrate the material forming a temperature gradient from 

the inside to the outside [58]. This type of pyrolysis promotes the development of porosity [7], 

[56]. The operating conditions for the above-mentioned pyrolysis process are shown in Table 

2. 

Table 2: Operating conditions for pyrolysis thermal conversion. 

Even though fast pyrolysis and flash pyrolysis are unfavorable for biochar production [52], 

biochar obtained has a higher specific surface area than the derived from slow pyrolysis. Due 

to the shrinkage of the solid matrix at higher temperature, the average pore diameter of biochar 

decreases, leading to the increase in specific surface area and availability of diffusion /reaction 

sites [64]. 

The effect of temperature, heating rate, and pyrolysis residence time has been studied by several 

authors in the literature [12]. In general, they have observed that biochar yield decreases with 

increasing pyrolysis temperature [65]. The amount of fixe carbon, pH, surface area and pore 

diameter rise with temperature due to thermal degradation of organic biomass [10]. The 

dominant functional groups of biochar, C-O and C-H, also decrease with higher heating 

temperatures due to more favorable dehydration [12]. At high temperatures, there are few 

hydrophilic functional groups available to establish a hydrogen bond with water [49]. 

Consequently, biochar produced at high temperatures has little affinity for water [66].  

Another factor that has a significant effect on biochar properties is the way it is heated. The 

relatively high porosity of low-temperature biochar in microwave pyrolysis may be attributed 

Conditions 

Pyrolysis type 

Slow Fast  Flash  Intermediate 
Microwave -

assisted 
Vacuum 

Temperature 

(°C) 
300 - 700 500 - 1000 800 - 1300 500 - 650 300 - 700 300 - 600 

Heating rate 

(°C/s) 
0.01 - 1 10 - 300 > 1000 1.0 - 10 0.5 - 2 0.1 - 1.0 

Vapor residence 

time (s) 

Minutes to 

hours 
0.5 - 10 < 0.5 0.5 - 20 < 30 0.001 - 1.0 

Particle size 

(mm) 
5 - 50 < 1 < 0.2 1 - 5 ---- ---- 

Pressure (MPa) 0.1 0.1 0.1 0.1 5-20 0.01 - 0.02 

References 

[30], [43], 

[47], [52], 

[59], [60], [61] 

[30], [43], 

[47], [52], 

[57], [59], 

[62]  

[43], [47], 

[52], [59], 

[60], [61]  

[43], [47], 

[60], [61], [63] 
[46], [52], [60] [54], [57], [61] 
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to the heat and mass transfer mechanisms during microwave heating. Because this heating is 

volumetric with a slow-temperature front, volatile substances formed inside the particles can 

escape freely, leading to pore formation, resulting in a great advantage [7].  

1.1.2.3 Biochar activation 

Even with precise control of pyrolysis parameters, the desired biochar properties may not be 

attained, necessitating activation. Among the most crucial properties of biochar are its porosity 

and surface area, which can be significantly altered through physical and/or chemical treatments 

[67], as illustrated in Figure 2. These treatments are also valuable for modifying the functional 

groups within the biochar. This adaptability renders biochar a versatile product suitable for 

various applications, as its properties can be tailored to enhance its performance [68]. 

Additionally, electrical properties may be potentially influenced after activation [69]. 

 

Figure 2: Physical and chemical activation process. 

Chemical activation of biochar can be achieved through two processes: (i) impregnating the 

raw biomass with a chemical agent and then subjecting it to heat treatment. During this process, 

the chemical agent dehydrates the sample and inhibits tar formation and evolution of volatile 

compounds. This increases the efficiency of the carbonization process [70]. In this case, 

porosity and elemental composition depend on the distribution of chemical agents in the 

biomass and on the activation parameters [71]. In the second process (ii) the biochar is 

immersed in a solution of a chemical agent (acid, base, salt, etc.) at room temperature up to 120 

°C for a set period of time [72], and then a secondary heat treatment is used to obtain the desired 

modified biochar [72], [73]. 

Physical activation takes place in two stages. First, carbonization, often carried out by pyrolysis 

in an inert atmosphere between 600 °C and 900 °C. Secondly, activation of biochar by thermal 

treatment in an oxidizing medium such as water vapor, carbon dioxide, ozone, limited air or 

moisture. The active oxygen in the activating agent is responsible for the combustion of the 
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most reactive parts of the carbon structure and the tar retained in the porous structure [68]. The 

most common activating agent is steam [74]. The increase in porosity is more significant at 

higher temperatures [68]. Furthermore, high-temperature steam activation significantly 

mitigates the adverse impact of low-temperature pyrolysis on the surface and porosity of 

biochar [75]. 

Compared to physical treatment, chemical activation produces higher activity with greater total 

surface area and pore volume [76]. This activation can be carried out at relatively low 

temperatures. However, the improved biochar activity and process efficiency is achieved with 

chemicals that are expensive, difficult to recover and responsible for corrosion of equipment 

leading to various environmental problems [70].  

1.2 Biochar composites  

Biochar composites and biocomposites retain more attention in recent years and exhibit 

excellent properties such as mechanical [77], thermal [78], and remarkable electrical 

conductivity [16]. The formulation of biochar composites is made by using synthetic polymers 

(PP, PVA, PC, etc.) or biopolymers (PLA, PBS, PHBV, etc.) as illustrated by Figure 3.  

 

Figure 3: Composite reinforced with biochar. 

Moreover, biochar biocomposites demonstrate good degradability and compostability [79] as 

well as high performance shielding against electromagnetic interference [80]. In addition, due 

to biochar’s high CO2 adsorption and retention capacity, it is also used to enhance the CO2 

sequestration capacity of certain composites [81]. Furthermore, the low density of biochar 

allows for the inclusion of a larger quantity of fillers in synthetic polymers, while significantly 

limiting the increase in the weight of the overall product. To illustrate, the final product weight 

of a composite containing 50 % biochar (with a density of approximately 1,3 -1,4 g·cm-3) in PP 

matrix (~ 0,91 g·cm-3) is much lower than that of a composite containing talc (~ 2,7 - 2,8 g·cm-

3) and carbon black (1,8 - 2,1 g·cm-3) with the same filler content [82]. The utilization of biochar 
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as reinforcement in biocomposites is highly versatile and diverse. Biochar can be used as a 

standalone reinforcement [82] or can be effectively combined with various materials, including 

wood fibers [83], cellulose [84], glass fibers [85], and more. Its applications extend across a 

wide spectrum of matrix groups, as illustrated in Figure 3. It is also employed in composites 

with cementing matrices [86], and with polymer matrices such as PE [87], PLA [88], PP [89], 

nylon [90], rigid polyurethane foams [91], PC [92], Epoxy Resin [93], etc. The latter being the 

most widely studied and used matrix in the world [34].  

1.2.1 Metal and cementitious matrix-based biochar composites 

Industrialization and rapid technological progress have led to chemical contamination of water, 

affecting the environment and the health of living organisms. As some pollutants do not degrade 

and accumulate within living organisms, new alternatives have been sought. One alternative is 

the use of biochar-based composites to ensure the product’s biodegradability. As shown in the 

study by Jinchuan Yan et al. [94], biochar-supported nanoscale zerovalent iron composite was 

employed for trichloroethylene removal. Also, Zhang et al. [95] used chitosan-modified 

magnetic biochar to enhance Cr (VI) removal from aqueous solution. The maximum adsorption 

capacity increased from 75.8 mg·g-1 for the magnetic biochar to 127 mg·g-1 for the modified 

magnetic biochar. Other examples are highlighted by L. Liang et al. [96] where they reported 

different methods of producing magnetic biochar composites to remove inorganic contaminants 

such as acid orange 7(AO7), Ni(II), Cr(VI), Pb(II), Cu(II), Cd(II),Zn, etc., and organic pollutants 

such as dyes, phenol, pesticides, and antibiotics. 

Silva et al. [97] show the potential application of waste-based magnetic biochar/titanium 

dioxide (BC/TiO2) composite materials in the photocatalytic removal of antibiotics from 

aquaculture effluents. In their study, the authors evaluated the photodegradation of two widely 

used aquaculture antibiotics, sulfadiazine (SDZ) and oxolinic acid (OXA). The observed 

removal rates were 87 % for SDZ and 98 % for OXA when using 100 mg·L-1 of the 

BCMag_TiO2 composite. 

1.2.1.1 Cementitious composites 

The properties of biochar-based composites extend beyond water decontamination; they are 

also finding applications in building materials using clay as a matrix [98], concrete [99] and 

cement [100], as depicted in Figure 3. The use of biochar is seen as a potential solution for 

improving the properties of cementitious composites. The addition of mixed wood feedstock 

biochar significantly improves the mortar’s waterproof, compressive strength, and flexural 

strength. In addition, it promotes waste recycling and carbon sequestration [89]. Gupta & 

Kashani [101] found that adding 3 % of pyrolyzed peanut shell biochar at 500 °C to cement 

matrix reduces its workability; however, it increases the setting speed of cement by 30 %, 

increases hydration by 23 %, improves compressive strength by 20 % and can reduce CO2 

equivalent emissions due to net carbon sequestration of the biochar. Similar results were 

obtained by K. Tan et al. [102] by studying the effect on certain properties when replacing some 

portions (0 %, 1 %, 3 %, 5 %, et 10 %) of cement with pyrolyzed wood biochar obtained at 

different temperatures (between 400 - 700 °C). They also found that the albedo (the fraction of 
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light that is reflected by an object) and thermal conductivity of the mortars decreased linearly 

with the biochar content.  

This trend in physical properties and environmental benefits was also presented by Roychand 

et al. [103], when studying the recycling of bio-solids as cement composites. They compared 

the properties of three composites: I) composites with cement and biosolids in raw form; II) 

composites cement and biochar from bio-solids pyrolyzed under nitrogen at 600 °C for 1 hour; 

III) finally, composite cement and ash produced from bio-solids calcined at 550 °C for 15 hours. 

They observed that adding 10 % biosolids to the cement compound increased its total porosity 

by more than 21 times and decreased its compressive strength by 80 % at 28 days of curing. On 

the other hand, adding the same percentage of biochar enhanced its mechanical resistance of ~ 

278 % and reduced   its total porosity of ~ 87 % compared to that of cement compounds mixed 

with biosolids.  Finally, replacing 10 % cement with bioash showed a ~ 66 % reduction in total 

porosity and 11 % reduction in compression strength at 28 days compared to cement specimens 

mixed with biochar. In contrast, Laili et al. [104] showed that using oil palm empty fruit bunch 

biochar as cement reinforcement has no effect on compressive strength but positively affects 

water resistance. Cement specimens reinforced with more than 8 wt.% biochar, were found to 

be water resistant. In contrast, samples containing 5 wt.% biochar failed the water immersion 

test, cracking and crumbling after four weeks. 

1.2.1.2 Influence of particle size in cementitious biochar composites 

It should be noted, however, that the particle size of the biochar used plays an important role. 

According to Restuccia & proFerro [105], the toughness of cementitious composites is 

significantly influenced by the particle size of materials and their effective dispersion within 

the cement paste. Lieu et al. [106] indicate that dispersion is a critical factor influencing the 

capacity of particles to enhance composites. Consequently, inadequate dispersion of particles 

results in various defects within the composites and diminishes the reinforcing impact of 

particles. 

Gupta and Kua conducted a study investigating the effect of particle size and biochar dosage 

on the fresh and hardened properties of cement mortar [107]. The findings revealed that both 

coarse biochar (2 - 100 μm) and fine biochar (0.10 - 2 μm) expedite cement hydration, leading 

to higher early strength development compared to control samples. Additionally, the authors 

noted a significant reduction in early age (One day) water permeability by approximately 50 % 

with the addition of 0.50 wt.% coarse and 1 wt.% fine biochar. This reduction was attributed to 

the pore refining and densification effects of biochar in the cementitious paste. However, it is 

important to note that the rugged texture of biochar adversely affects the workability and 

rheology of cementitious mixes, while the fine particles of biochar enhance water tightness in 

cementitious materials through pore compaction and blocking [108].   

1.2.2 Polymeric biochar-based composites 

Biocomposites and biodegradable polymers offer an alternative to the ecological crisis and 

plastic pollution. They are already used in a wide range of applications, including biomedical 

[109], automotive [110], aviation [111], packaging [112], textile fibers [113] and others [114]. 
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However, these biocomposites have certain weaknesses in terms of mechanical, electrical, and 

thermal properties. Consequently, biochar has been used to improve their physical behavior and 

increase their biodegradability. Table 3 illustrates the mechanical and thermal properties of 

biochar-based composites.  

Table 3: Mechanical and thermal properties of some biochar-based composites. 

Polymer or 

biopolymer 

Raw 

Biochar 

Biochar 

Temperature 

(Tpyro) (°C) 

Biochar 

load  

(wt. %) 

TC  

(◦C) 

Tm  

(◦C) 

TS 

(MPa) 

TM  

(GPa) 
Ref. 

PP Date palm 900 

0.0 120.9 165.7 35.0 1.1 

[115] 5.0 123.2↗ 165.2↘ 34.5↘ 1.1↗ 

15.0 123.1↗ 166.6↗ 34.0↘ 1.4↗ 

PLA 

Coffee 

powder 

waste 

700 

0.0 129.3 153.4 52.5 2.5 

[116] 5.0 128.3↘ 152.8↘ 51.0↘ 2.7↗ 

7.5 126.6↘ 150.2↘ 50.1↘ 2.8↗ 

PLA Bamboo - 
0.0 129.1 159.8 34.0 2.8 

[117] 
7.5 135.1↗ 156.6↘ 40.7↗ 3.7↗ 

PLA 
Cotton 

fibers 
1 000 50.0 - 151.0↘ 47.6↗ - [118] 

PA 4,10 Corn cob 500 
10.0 247.3 225.9 68.0 3.1 

[119] 
20.0 248.4↗ 224.9↘ 66.0↘ 3.4↗ 

PP Starch 1 100 

0.0 113.2 159.7 21.7 0.4 

[120] 0.50 113.5↗ 160.2↗ 36.6↗ 0.6↗ 

1.0 121.3↗ 162.9↗ 36.9↗ 0.7↗ 

PLA/PBAT 

75/20  

70/20 

Coconut 

shell 
800 

5.0 99.0 176.7 28.2 2.5 
[32] 

10.0 98.0↘ 176.8↗ 24.6↘ 2.5↗ 

UHMWPE Bamboo 1 000 

60.0 134.3 121.7 94.5 1.4 

[121] 70.0 133.9↘ 122.4↗ 128.9↗ 2.0↗ 

80.0 132.8↘ 122.8↗ 95.0↗ 2.1↗ 

PBS Miscanthus ~ 500 

0.0 91.2 115.7 41.5 0.8 

[122] 

10.0 89.4↘ 115.2↘ 42.5↗ 1.1↗ 

15.0 89.8↘ 115.8↗ 42.5↗ 1.2↗ 

20.0 88.4↘ 115.5↘ 43.0↗ 1.3↗ 

25.0 87.9 115.6↘ 44.0↗ 1.3↗ 

Nylon Miscanthus 650 20.0 196.4 222.3 81.0 2.5 [90] 

PHBV Miscanthus 650 

0.0 124.0 174.0 38.3 3.5 

[123] 
10.0 121.0↘ 175.0↗ 32.2↘ 3.7↗ 

20.0 122.0↘ 174.0≡ 33.1↘ 4.7↗ 

30.0 124.0≡ 174.0≡ 32.8↘ 5.2↗ 

Caption: - No data; Tpyro - Pyrolysis or carbonization temperature; TC - Crystallization 

temperature; Tm - Melting Temperature; TS - Tensile Strength; TM - Tensile Modulus; PLA -

polylactic acid; PP - polypropylene; PA - polyamide; PBAT - polybutylene adipate-co-

terephthalate; UHMWPE - Ultra high modular weight polyethylene; PBS - Poly(butylene 
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succinate); PHBV - poly(3-hydroxybutyrate-co-3-hydroxyvalerate); ↘ - diminution; ↗ - 

Increase; ≡ - no or very little variation from reference.  

Several studies have shown that the addition of biochar to PLA promotes crystallization and 

increases its biodegradability. This addition can also result in a composite material which is 

recyclable, compostable, and can be used to manufacture agricultural accessories, such as 

branch separators or tomato supports [124]. This is due to the fact that modified PLA presents 

good mechanical properties and thermal stability compared to PLA alone [125]. A similar trend 

toward improving these properties is evident in biocomposites with other polymers matrix, such 

as bio-sourced polyamide [119]. Papadopoulou et al.[79] studied biocomposites of butylene 

succinate with varying biochar content (1 %, 2.5 %, and 5 % by weight). They found that the 

inclusion of 2.5 wt.% miscanthus straw biochar, compared to butylene succinate alone, resulted 

in notable enhancements: around 19 % in tensile strength, 19 % in Young's modulus, and 39 % 

in impact resistance. Moreover, they observed an increase in crystallization, diffusivity, and 

thermal conductivity. As well, Cooper et al. [122] added miscanthus biochar to a bio-sourced 

poly(butylene succinate) matrix to improve the thermomechanical properties of the bioplastic. 

They observed that biocomposites filled with 25 % biochar showed improvements of 57 %, 13 

% and 32 % in tensile modulus, thermal deflection temperature, and thermal expansion, 

respectively.  

The addition of biochar to some polymers has beneficial effects with respect to the heat release 

rate. The high thermal stability of the biochar contributes to reducing it. Das et al. [126] show 

that adding 35 wt.% pine wood biochar to Polypropylene reduces around 54 % peak heat release 

rate (PHRR). The biochar is also useful to improve the mechanical properties of other 

biocomposites. Das et al. [127] exposed that adding 24 wt.% of biochar to a wood-

polypropylene bio-composite increases its tensile modulus from 3.1 to 3.5 GPa, and flexural 

modulus from 2.3 to 3.4 GPa approximately.  

In some cases, it is possible to obtain biocomposites reinforced with biochar derived from the 

same material. For instance, in the research conducted by Das et al. [128] three different 

charcoals 6 wt.% (gluten char, pine bark char and carbon black) to make a composite with wheat 

gluten plastic. They found that the addition of biochars to gluten significantly enhanced its 

properties. However, among all the composites, the one with gluten char was found to have the 

best mechanical and water-resistant properties, with a substantial reduction in water uptake by 

38% and increase in indenter-modulus by 1 525 %. 

The manufacturing capability of biochar-based composites is diverse and highly applicable, for 

example: PLA reinforced with biochar from wheat stalks pyrolyzed at 800 °C used for 3D 

printing, as shown in Figure 4A [129] or composite of thermoplastic polyurethane (TPU) and  

digitalis purpurea biochar, produced at 450 °C for 3D printed film [130]. Other examples 

include BIOPLAST GS2189 reinforced with 2.5 % and 5 % wood biochar pyrolyzed at 550 °C 

for the manufacture of agricultural accessories such as biodegradable supports to avoid breaking 

tomato stalks (Figure 4 C) [78]. As well as a 50/50 blend of starch and polycaprolactone 

reinforced with various fillers (10 %, 20 % and 30 %) of biochar pyrolyzed at 800 °C from 

coffee grounds to produce thermoformed containers (Figure 4 B) [131]. Other research has 
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highlighted the appeal of biochar-based biocomposites for lightweight automotive parts due to 

their low weight and environmental impact.[132].   

 

Figure 4: Images of different biochar-based biocomposites taken from the literature presented 

above: A) filaments PLA with 5 vol.% biocarbon. B) thermoformed coffee lid made with 10 

wt.% biochar from spent coffee grounds.  C) biodegradable support, Bioplast 2189 and Bioplast 

2189-biochar composites. 

1.2.3 Factors affecting the properties of biochar-based biocomposites 

The properties of biochar-based composites are influenced by several factors, including the 

textural and structural characteristics, and dispersion of biochar added [125]. Additionally, the 

use of coupling agents plays an important role. The proper dispersion of biochar particles has 

been shown to improve the mechanical properties and rheology of biocomposites [133]. In some 

cases, the addition of biochar severely increased the zero-shear viscosity from approximately 

160 Pa·s to over 5000 Pa·s. However, reducing the particle size significantly reduced it to 

approximately 260 Pa·s [134]. To achieve this, various techniques are used, such as ball milling, 

which reduces the size of biochar particles. However, this reduction can sometimes lead to a 

decrease in functional properties like electrical conductivity [135]. Richard et al. [136] studied 

the effect of loading and particle size on the tribological properties of polymer composites 

reinforced with biochar particles. They found that increasing the content rate with biochar 

particles reduces the coefficient of friction and wear rate of the composite compared to the neat 

polymer. 

Zhang et al. [87] emphasized the significance of a well-structured porous surface. They 

revealed that increasing the pyrolysis temperature reduces the number of functional polar 

groups in biochar, increasing the affinity between biochar and non-polar groups of the polymer. 

However, it's important to note that the porous structure of the biochar, which facilitates strong 

physical and mechanical bonding within the bio-composite, has a more pronounced impact on 

mechanical properties than this affinity. The authors highlight that better mechanical properties 

of biocomposite were reached with biochar pyrolyzed at 500 °C and 600 °C, which exhibited 
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the best pore structure. Nizamuddin et al. [137] observed this phenomenon in which high 

porosity favors polymer infiltration into its pores, resulting in better properties.  

In some cases, coupling agents such as maleic anhydride grafted polypropylene (MAPP) have 

been used to improve the interfacial bonding of components in composites. The use of MAAP 

can potentially improve the mechanical and water absorption properties as well as the 

dimensional stability of the composites [138]. By adding 9 wt.% MAPP to the bamboo-

polypropylene composite, the flexural, tensile and impact strengths increased by 22.9, 29.6 and 

1.92 %, respectively, compared to the base composite [139]. Other studies have shown that the 

use of MAPP in biochar-wood-polymer composite improves the materials due to the reaction 

of the MAAP carbonyl group with the hydroxyl group of the wood or natural fiber [140]. 

However, due to the porous structure of biochar that facilitates polymer infiltration and creates 

mechanical interlocking or physical bond, certain properties such as the flexural strength in the 

biochar-polymer composite is increased by 12 % compared to the polymer alone, without any 

needs of coupling agents [141]. Therefore, for biochar-polymer biocomposites, it is preferable 

not to use MAAP due to the absence of functional groups on the biochar surface, which would 

not contribute to the adhesion of the composite elements [126].  

1.2.4 Biocomposites based on activated biochar 

The surface of biochar can be readily modified to improve its compatibility with polymers and 

thus obtain composites with better properties. For this purpose, some authors have chosen to 

use plasma-retreated biochar or activated carbon to ensure a better interface between filler and 

polymer [120].  

A study conducted by Zhang et al. [84] showed that the incorporation of active biochar into 

MCC/PLA composites had the effect of stimulating an early exothermic crystallization, 

increasing the glass transition temperature and melting temperature and retarding composite 

degradation. With the addition of biochar, certain mechanical properties were improved, 

notably (i) tensile strength, (ii) flexural strength, and (iii) impact strength. The stiffness, elastic, 

creep resistance, and anti-stress relaxation capacity of the composite were also improved.  

Another study, conducted by Lan et al. [142] showed that using chemically modified tree bark 

biochar to prepare polydimethylsiloxane composite membranes improved the overall 

performance of the membranes. The modified particles were well dispersed in the polymer 

matrix, resulting in enhanced mechanical properties. However, it should be noted that while 

activation of biochar can improve many mechanical properties, the activation method used can 

have an impact on the electrical properties of composites. Some studies show that KOH 

activation tends to attack the structural domains of the carbon matrix, resulting in a highly 

porous and disordered structure, with poor electrical conductivity [143]. 

Ho et al. [117] observed that the tensile and flexural strengths and also the ductility index of 

PLA/bamboo biochar composites increased with the percentage of biochar. The latter reached 

maximum values when the bamboo biochar charge was at its optimum at around 7.5 %. This 

improvement was attributed to a good dispersion of biochar particles in the polymer matrix. 

Similarly, Pudełko et al. [78], who used biochar derived from wood and sewage sludge (10 - 

20 %) as reinforcement in polylactic acid (PLA) and BIOPLAST GS2189, found a decrease in 
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the mechanical properties of the composites due to the agglomeration of the biochar particles. 

This observation underlines the importance of good dispersion to improve the mechanicals 

properties of biochar-based composites. 

In summary, as explained by Das et al. [141], the use of activated carbon in composites has 

several advantages. First, it promotes sustainable and cleaner production by using waste. 

Second, higher surface area, carbon content, hardness and stiffness of the active biochar 

improve the performance of biocomposites. In addition, adding active biochar to the bio-

composite could reduce manufacturing costs, as less MAPP can be used to maintain comparable 

mechanical and flammability properties. 

1.2.5 Fire-resistant biocomposites 

Although biochar is used as a fuel, it is also useful to improve the fire resistance of 

biocomposites. Choi et al. [144] reported that the presence of biochar improves the thermal 

stability of composite blocks of corn cob powder, achieving a 27.6 % improvement in 

composites containing 10 % biochar (Figure 5 part A). In a recent study, Shah et al. [145] 

evaluated the fire-retardant properties of rice husk biochar reinforced recycled high-density 

polyethylene. Using different loads of biochar from 10 to 40 wt.%, authors observed that the 

flammable properties were improved with biochar rate and affirm that at high content (40 

wt.%), the rice husk biochar reinforced recycled PE exhibited the best thermal stability (Figure 

5 part B), the lowest burning rate, the highest limited oxygen index (LOI), and displayed the 

best fire-retardant properties. 

 

Figure 5: A) TG curves of corn cob, corn cob biochar and their composites from Choi et al. 

[144]. B) TG curves of the recycled HDPE and HDPE rice husk biochar composites from Shah 

et al. [145]. 

The trend of reduced flammability in composites due to the presence of biochar has been 

observed by Das et al. [146] who also observed that in biochar-based wood/polypropylene 
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composites, a higher proportion of biochar and less wood is beneficial in reducing flammability. 

The stability of biochar contributes to the formation of effective carbon to limit the transfer of 

oxygen gas to polymers as seen in Figure 6. This also compromises tensile and flexural strength, 

as when biochar pores are filled with flame-retardant substances, polymer infiltration into the 

biochar becomes ineffective and thus limits physical adhesion. 

  

Figure 6: Graph of the average limiting oxygen index in different biocomposites, created from 

data provided by Das et al. [146]. 

In other studies, biochar is used to host a naturally flame-resistant material, such as lanosol. 

Perroud et al. [33] Studied the effects of lanosol-doped biochar on the mechanical and fire 

resistance properties of bioplastics. To manufacture the composite, 4 wt.% of lanosol was 

initially doped into 6 wt.% of biochar using various techniques: mechanical (dry mixing), 

chemical, and thermal doping. Subsequently, this biocarbon, doped with lanosol, was blended 

with 65 wt.% wheat gluten and 25 wt.% glycerol. The study revealed that all bioplastics 

incorporating the doped biocarbon exhibited enhanced flame retardancy compared to the 

bioplastic alone. Notably, the composites utilizing lanosol thermally doped in biochar 

demonstrated superior mechanical resistance compared to the other two composite variations. 

1.2.6 Electrical characteristics of biochar-based biocomposites and their practical 

applications 

Owing to their fundamental molecular arrangement, naturally-occuring polymeric compounds 

generally demonstrates insulating behaviour, due to covalent bonds, and absence of readily 

available charge transporters, consequently impeding electron movement across the material 

structure [147]. Such a characteristic, useful where dielectric steadfastness matters, in practice 

restricts their deployment where electrical conductance is critical, like in sensors, antistatic 

layers, and flexible electrical components. 
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Nevertheless, incorporating biochar, a carbon enriched substance, represents a hopeful tactic 

for getting past this barrier. Properly designed to boast appropriate properties, e.g. large area, 

right porosity, and graphitic carbon regions [148], biochar can greatly improve pathways for 

transporting electrical charges within the material. The approach not just improves electrical 

conductance, of resultant biocomposites, but additionally, works in tandem with values of both 

eco-friendliness, alongside affordability. Derived from agricultural or waste products, biochar 

emerges as a renewable and relatively economical additive. Therefore, biocomposite-polymers 

strengthened with biochar, signify an ecologically sound solution when it comes to advanced 

functional material generation, and these are useful for electronic systems, sensing elements, 

protection against electromagnetic radiation, as well as "smart" packaging. 

Ahmed et al. [149] indicated that 5 wt.% biochar is the minimum required amount to make an 

electrically conductive sugarcane bagasse biochar / polyvinyl alcohol biocomposite films. 

Unterweger et al. [150] analyzed the properties of poly(3-hydroxybutyrate-co-3-

hydroxyvalerate) and biochar derived from carbonized wood dust and cellulose fibers at 

temperatures ranging from 900 to 2 300 °C. They observed a significant improvement in 

mechanical performance and electrical conductivity. The latter improved by increasing the 

biochar charge, reaching 1.7 S·cm-1 when the biochar load was 15 to 20 % by volume.  As 

presented in Figure 7. 

 

Figure 7: Graphs of mechanical and electrical properties of biocomposites extracted from 

Unterweger et al. [150].  A) Relative mechanical performance in dependence of filler type and 

fill content. Tensile. Tensile strength (TS), modulus (TM) and elongation at break (TE), impact 

strength (IS), and heat deflection temperature (HDT-A). B) Electrical conductivity of PHBV 

composites in the measured frequency range. Impact of filler content (5 - 20 vol.%) and filler 

type (carbonized cellulose fibers (CF) or wood dust (CW)). 
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Figure 7 part A, shows that biochar loading has a pronounced effect on the mechanical 

properties of the composite. In particular, the tensile modulus and tensile strength improved 

significantly with increasing biochar fraction, suggesting an increase of stiffness and strength 

in the polymer base. In contrast, the elongation at break decreased with a general increase in 

the matrix stiffness that resulted in decreased ductility. Conversely, both impact strength and 

heat deflection temperature improved significantly, suggesting that the thermo-mechanical 

stability of the reinforced composites is enhanced. 

The changes to electrical conductivity (σ) with frequency are presented in Figure 7 part B. The 

control (PHBV) had a very low conductivity value, which is expected as it is insulating 

polymer. However, the addition of the biochar, CF2000 in particular, demonstrates that the 

conductivity increased exponentially with biochar content, even exceeding several orders of 

magnitude of the neat polymer. This effect arises from conductive networks forming in the 

matrix that assists the charge transport process. Importantly, the findings demonstrate that 

biochar will enhance the stiffness, thermal stability of PHBV and electrical conductivity of the 

material, providing more direction for novel applications within functional biocomposites. 

This behavior of conductivity as a function of biochar loading has also been demonstrated by 

Umerah et al. [151] who showed that the conductivity of biochar composites from coconut shell 

waste and PLA increases with the increment of biochar load. Their results suggest that it is 

possible to create polymer nanocomposites with high mechanical, thermal, and electrical 

properties, suitable for use in 3D printing, biomedical, and food packaging applications. These 

applications have also been highlighted by George et al. [32]. On other hand, Jasim et al. [152] 

found that due to the electrical and hydrophilic properties of biochar, PLA/Thymol/biochar 

composites can be used in antistatic packaging to dissipate static charges. 

The electrical conductivity of biochar is influenced by the composition of biomass. Indeed, high 

lignin content gives a biochar with better conductivity in comparison with low lignin biomasses 

[15]. However, the electrical conductivity of biochar is mainly influenced by the pyrolysis 

temperature, as indicated by Bartoli et al. and shown in Figure 8 [16]. High pyrolysis 

temperatures increase the biochar aromatization [153], enhance the specific surface area and 

carbon content, with a notable impact on the quantity of sp2 hybridized carbon. This specific 

type of carbon significantly contributes to the electrical conductivity exhibited by the produced 

biochar [32], [154].  

Graphitization has been observed at temperatures between 600 °C and   800 °C [155].  Al-

Wabel et al. [14] show that in the biochar produced from conocarpus residues and pyrolyzed at 

temperature ranging from 200 °C to 800 °C, the conductivity varies from 0.76 ± 0.004 to 10.26 

± 0.04 dS·m-1, which may be due to the presence of salts and high carbonization. Conductivity 

is strongly dependent on the degree of carbonization, with high carbon content resulting in high 

electrical conductivity. Gabhi et al. [156] found that bulk conductivity increased from 2.5.10-4 

to 399.7 S·m-1 when carbon content rise from 86.8 to 93.7 wt.%  This information coincides 

with the idea that the electrical properties of biochar composites are enhanced by the presence 

of highly purified carbon, low functional group content and small particle size [32]. 
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Figure 8: Electrical conductivity of biochar and commercial carbon black (VULCAN® 9 N115) 

as a function of pressure. Figure taken from Bartoli et al. 2022 [16]. 

Furthermore, the electrical conductivity of biochar is also affected by compression, which is 

described by the phenomenon of elastic electrical conductivity behavior. According to this 

phenomenon, the conductivity of biochar increases with compression load and decreases to the 

previous compression level when the load is released [156]. This phenomenon was also 

observed by Giorcelli et al. [148] who explained that it is due to the compaction process of 

biochar powders. As pressure increases, air is expelled from the pores and the void between 

particles decreases. As a result, the structure of biochar particles becomes deformed, increasing 

the effective contact between the biochar particles and thus conductivity. Biochar-polymer 

composites possess properties that enable them to be used as three-point bedding strain sensors 

with high sensitivity of electrical conductivity towards the applied strain [157]. 

To adapt biochar for specific applications that require enhanced conductivity, it often undergoes 

pre- or post-treatments. In the case of electromechanical detection, biochar is often impregnated 

with conductive materials, such as Cu2+/Cu+ which has been used in conjunction with biochar 

to manufacture an ultra-sensitive enzyme-free electrochemical glucose sensor [158] and the 

ultra-sensitive electrochemical detector of nitrite in water [159]. 

For use in the materials production Giorcelli et al. [160] annealed (thermally activation) olive 

biochar at 1 500 °C to achieve a good degree of graphitization. This yielded an electrical 

conductivity of 103 S/m, enabling them to produce a fully reversible silicon-rubber 

piezoresistive material. In the case of Sobhan et al. [69], steam-activated biochar used at 800 

°C for fabricating a biosensor from 85 wt.%. Activated biochar (ABC)/PLA-based composite. 

This biosensor exhibited good electrical conductivity, compared to PLA alone, high NH3 

sensitivity, and was suitable for smart food packaging.  
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As mentioned above, it is possible to create supercapacitors based on biochar with excellent 

electrochemical performance, promising specific capacitance and high energy [161]. Thomas 

et al. [162] produced a banana stem biochar pyrolyzed at 500 °C composite with polyaniline. 

They made several mixtures (polyaniline 3-6 mmol and biochar 0.2-1 g) and observed that the 

compound of 0.6 g biochar and 4 mmol of polyaniline had the best electrical conductivity of 

4.1 S·cm-1. This composite exhibits a capacitance of 57.5 F·g-1 which means better 

electrochemical performance compared to various biochar-based electrode materials reported 

in the literature such as BC-NiO nanocomposite [163] and modified tea waste biochar [164]. 

Table 4 illustrates the electrical conductivity properties of composites based on biochar as an 

effective filler to enhance functional properties. Some possible applications are also indicated.  

Table 4: Electrical conductivity of certain composites and their possible applications. 

Polymer or 

biopolymer 

Raw 

Biomass 

Biochar 

temperature 

(Tpyro) (◦C) 

Biochar load 

(%) 

Electrical 

propriety 

Possible 

applications 
Ref. 

UHMWPE  Apple 900  70  8.2 × 10−2 S·cm-1 
antistatic materials,  

electronic circuit 
[165] 

UHMWPE Bamboo 1000 80 5.3 × 10−1 S·cm-1 

antistatic materials, 

shielding against 

electromagnetic 

interference  

[121] 

UHMWPE Bamboo 1 100 70 3.9 × 10−1 S·cm-1 
antistatic materials,  

electronic circuit 
[165] 

PVA Leaf mixture - 
6 2.4 ×10-7 S·cm-1 electronic devices, 

anti-static materials 
[166] 

10 1.83×10-6 S·cm-1 

PVA Cotton  1 000 

10 1 m S·m-1 piezoresistive 

sensors,  

impact detectors 

[167] 20 2.90 S·m-1 

30 7.5 S·m-1 

PVA 
Sugar cane 

bagasse 
800 12 2.38×10-2 S electronic devices [149] 

PVA 
Sugar cane 

bagasse 
1 000 5 1.91×10-2 S 

resistive piezo 

materials 
[149] 

Epoxide Resin Coffee 1 000 15 35.96 S·m-1 electronic devices [168] 

Epoxide resin Miscanthus 

650 

20 

0.20 S·m-1 

sensors  [148] 700 1.88 S·m-1 

750 2.75 S·m-1 

Caption: PLA - polylactic acid; PBAT - polybutylene adipate-co-terephthalate; UHMWPE - 

ultra high molecular polyethylene; PVA - Poly(vinyl alcohol; Electrical propriety may be 

resistance, conductance or electrical conductivity. 
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1.3 Conclusion 

The literature review highlights the extensive opportunities for utilizing biochar as a filler in 

biobased materials, which allows for environmental and economic benefits. There is a well-

documented need for enhanced waste valorization methods, and the production of sustainable 

materials. Biochar is typically understood as a very versatile bioproduct of thermochemical 

processes that have a carbon rich nature, tunable physicochemical properties, and wide 

functional versatility.  

Biochar's intrinsic properties of high specific surface area, high porosity, thermal stability, and 

electrical conductivity make it an outstanding option for biopolymer reinforcement. Its intrinsic 

properties also afford a wide range of applications from energy storage systems and 

electromagnetic shielding to catalysis, sensors and advanced composites. Unfortunately, 

agglomeration and poor dispersion complications in matrices continue to be problematic and 

negatively impact the mechanical and electrical properties of the biocomposites. Figure 9 

presents a summary of the properties of biochar, how they work, and the effects they have on 

the composite. 

Figure 9: Summarizes of the causal effect between biochar properties and final properties of 

biocomposite performances. 

The assessment of biochar's different production methods, activation methods, and process 

factors presented in this review contribute to the understanding of how synthesis conditions 

influence a material's structural and functional performance. The methods have been used to 

conduct comparative studies towards demonstrating the importance of refinements to factors to 

optimize biochar properties to applications while providing improved homogeneity of 

composites and performance. 

In additionally, research into biochar-based composites are promising as they show mechanical, 

thermal, and chemical properties that are often superior to their natural fiber analogs. The 



 

26 

 

components of biochar such as hydrophobicity and thermal stability provide benefits in the 

stability of biopolymers, while the potential of modifying the electric manifestations of 

composting with biochar creates many opportunities for applied area such as electronic devices, 

smart packaging, and protective materials. 

Also, in closure, the evidence provided by the studies reviewed show biochar provides a unique 

material in the quest to develop sustainable, high-performance biocomposites. Future studies 

should focus on improving biochar dispersion and compatibility with biopolymer matrices, test 

new forms of composites, and further studies on the electrical functionality in biochar-based 

composites systems. Studies need to be conducted on the long-term durability of biochar based 

biocomposites for the performance of these materials to contribute to a circular and sustainable 

biobased society. 

Chapter 1 outlined the urgency of replacing fossil‑based polymers with sustainable alternatives 

and introduced biochar as a versatile, carbon‑rich filler capable of enhancing the mechanical, 

thermal, and functional properties of biopolymers. Having established the research gaps, this 

work now turns to the experimental procedures to produce biochar from three diferent 

biomasses and their integration into poly(lactic acid) matrices to make biocomposite, followed 

by the characterization methods.  
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2 Materials and methods 

Introduction 

This chapter describes the materials and methods used to produce biochar and PLA - biochar 

biocomposites. The chapter provides details on the biochar activation process, which aimed to 

improve its physicochemical properties, along with the experimental background and system 

configuration used for biomass pyrolysis. The formulation, mixing, and moulding processes 

used for the biocomposites are presented. Finally, a series of characterization methods are 

reviewed to evaluate the structure, thermal, mechanical, and morphological properties of 

biochar and biocomposites. 

2.1 Biochar synthesis  

2.1.1 Materials 

The beech wood is the second most widespread hardwood in France [169]. It is moderately 

heavy and solid, with good mechanical properties and a high combustion value, as well as a 

low ash percentage, which makes it versatile in its use. This versatility has led to extensive 

study, making it a valuable reference for comparisons. Flax shives are the main waste product 

produced during fiber extraction, and they represent the lignified part of the flax stem [170]. 

Normandy accounts for 63 % of France’s production of fiber flax [171]. Laminaria digitate 

seaweed is a large brown alga used in Europe as a food supply for algivores in the mariculture 

of abalone and sea urchins. It has been investigated for methane gas production through 

bioconversion trials in France and the US [172].  In addition, Laminaria digitate is being used 

for alginate extraction [173]. Biomasses were selected for their abundance in France. 

The beech wood (BW) used in this study was provided by Pini Pellets Company, and its average 

particle size was 6 mm. Flax shives (FS), provided by “La Coopérative Terre de Lin”, were 

ground and sieved at our laboratory. The average particle size ranges between 600 µm and 1 

mm. Laminaria Digitata Algae Flakes (ALD) are provided by La Place des algues marketplace, 

and their particle size is 1mm. The table 5 below shows summarizes the characteristics, 

evaluated during this study, of the used biomasses. 

Table 5: Elemental analysis and characteristics of biomass. 

Biomass 

Elemental analysis (wt.%) Characteristics Composition* 

C H N O 
Density 

(g·cm-1) 
pH 

PCI 

(cal·g-1) 

Hemicellulose 

% 

Cellulose 

% 

Lignins 

and 

cutins % 

Beech 

wood 

(BW) 

46.86 5.62 0.07 47.45 1.59 4.17 4 446.74 

25 49 12 

Flax shives 

(FS) 
47.59 5.71 0.21 46.49 1.51 6.55 3 167.40 

19 47 26 
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Laminaria 

digitata 

algae 

(ALD) 

33.42 5.61 0.75 60.22 1.57 6.55 3 167.40 

- 

Caption: - No data C - Carbon; H - Hydrogen; N - Nitrogen; O - Oxygen ; *The remaining 

percentage represents the amount of soluble compounds. 

2.1.2 Pyrolysis experimental setup 

For the biochar production, the slow pyrolysis cycles were carried out in a semi-continuous 

experimental setup. It consisted of stainless steel (Ø = 90 mm, L = 970 mm) placed horizontally 

in a tubular furnace. A flow meter at one of the reactor inlets regulated nitrogen flow and was 

used as a carrier gas. At the outlet, it was connected to a condenser and a cold bath to recover 

the bio-oils formed from the condensation of the vapors. The furnace used was from Carbolite 

and had a maximum temperature of 1 200 °C and a maximum power of 2 340 W. The cold bath 

and the coolant were kept at a constant temperature of 0 °C.  

Pyrolysis experiments were performed at 600 °C for each feedstock used. In the manipulations, 

about 500 g of feedstocks were introduced into the reactor and the reactor was fed with a flow 

rate of 500 mL·min-1 of nitrogen to create an inert atmosphere. The furnace was adjusted to the 

required temperature with a heating rate of 10 °C·min-1. The feedstock was pyrolyzed for 2 

hours. The heat was then turned off, and the facility was allowed to cool to temperatures below 

70 °C to allow the solid carbon to accumulate without burning in contact with air. Once cooled, 

the biochar was weighed and collected in plastic bags for further analysis. Figure 10 illustrates 

the layout of the reactor used.  With this process, a biochar yield between 25-27 % was obtained 

for each biomass. 

 

Figure 10: Layout of tubular reactor. 

2.1.3 Activation experimental setup 

As activation improves porosity and surface area [174], [175], some of the coals produced at 

600 °C were physically activated in a CO2 atmosphere. Before activation, each biochar 
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specimen was reduced to particles measuring less than 1 mm. The activation cycles were carried 

out in the same semi-continuous experimental setup used to perform pyrolysis. Only one spoon 

was added to hold the sample, and it was adapted to contain two inlets to which two flowmeters 

were connected to control the input of carbon dioxide and nitrogen, respectively. 

For the activation, we use N2/CO2 with a cooling method at 900 °C [176].  Approximately 300 

g of biochar were introduced into the reactor, and the reactor was fed with a flow rate of 500 

mL·min-1of nitrogen to establish an inert atmosphere. The furnace was adjusted to the required 

temperature with a heating rate of 500 °C·min-1. The biochar was then subjected to an activation 

process for a duration of 2 hours in the presence of 300 mL·min-1 of carbon dioxide. Subsequent 

to this, the activated biochar was allowed to cool in a nitrogen atmosphere to room temperature. 

Once cooled, the biochar was weighed and collected in plastic bags for further analysis.  

Table 6 shows a summary of the types of biochar produced, the pyrolysis temperature, and the 

activation temperature. 

Table 6:Summary of the types of biochar produced 

Biochar  Tpyrolyse Activation conditions 

Beech wood biochar BCBW 

600°C 900°C CO2 

Activated beech wood biochar BCBWA 

Flax shives biochar BCFS 

Activated flax shives biochar BCFS 

Laminaria digitate algae biochar BCALD 

Activated laminaria digitate algae biochar BCALDA 

 

2.2 Biocomposites manufacture  

For the preparation of the biocomposites, the biochar produced in the previous section were 

used. Beech wood, flax shives, and laminaria digitata algae biochar with particle size of less 

than 1 mm. The biopolymers used was PLA 2003D with a melt flow index of 1 g/10 min (210 

°C / 2.16 kg) provided by NatureWorks LLC product (Annex 1). 

2.2.1 Biocomposites processing 

Biocomposites with different biochar loading rates of 10 %, 40 %, and 70 % were fabricated 

using beechwood biochar, with the remaining biochar variants comprising a 10 % loading. The 

composites were created by mixing biochar with a moisture content of less than 5% mass, as 

measured on a thermal balance (Sartorius MA160), and a particle size of less than 1 mm, with 

PLA20003D of size 4 mm for 1 minute in a mixer. The mixture is subsequently passed through 

a single-screw extruder (Standard extruder, Scamex), with zone temperatures ranging from 145 
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to 155 °C and a rotation speed of 30 revolutions per minute. This process results in the formation 

of composite yarn, which is subsequently cut into granules. These granules are then 

thermopressed (Scamex Press 200 T 500 x 500) in the form of plates (20 cm x 25 cm), with a 

thickness of approximately 2 mm, at a temperature of 155 °C and a pressure of 150 bar. The 

thermopressed plates are then cut using a laser cutter at 80 % power (Mllaser). Figure 11 

summarizes the steps in the biocomposite production process. 

 

 

Figure 11: Illustration of the biocomposite production process. 

2.3 Characterization 

2.3.1 Physical-chemical testing 

2.3.1.1  Skeletal density 

True (skeletal) density is the intrinsic, porosity‑free density of a material, governed by its 

chemical composition and crystal structure [177]. It is measured with a gas pycnometer, which 

calculates the sample volume from the pressure change of an ideal gas (PV = nRT) in two 

chambers, a reference chamber and a sample chamber that holds the specimen [178], [179], 

[180]. Helium is the preferred gas because it does not adsorb on particle surfaces and easily 

penetrates pores due to its small molecular size [181]. While the technique does not modify the 

material, it requires the specimen to fit the instrument; solid samples often need to be ground 

into powder, a step that can disrupt the original pore structure 

In this study, biochar skeletal density was measured by helium pycnometer (Ultrapyc 5000 

fitted with a 1.8 cm chamber) see in Figure 12. The instrument measures the density of solids 

and semi-solids, by detecting the change in pressure due to the volume of helium that is 

displaced by the sample within the sealed and pressure-equilibrated chamber. It is assumed that 

helium atoms can penetrate all open pores within the biochar particle. Each biochar sample was 

measured ten times, and the mean of three measurements was reported. 
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Figure 12:  Simplified diagram of a gas pycnometer setup. Image recreated from the Ultrapyc 

5000 Anton Paar scheme. 

2.3.1.2  Specific surface area and porosity measure 

The gas adsorption method is a common to measure the specific surface area and pore size 

distribution of materials. The Brunauer–Emmett–Teller (BET) theory is the most widely 

utilized model in determining the specific surface area of materials. Typically, BET analysis is 

performed using nitrogen gas (N2) as the adsorbate due to its high affinity for solid surfaces. 

The gas is introduced at low pressures, and molecules begin to adsorb onto the surface. As the 

gas pressure increases, a monolayer is formed, followed by multilayer adsorption. The amount 

adsorbed is determined to calculate the surface area using the BET equation for two stages 

involved in the application of the BET method. First, it is necessary to transform a physisorption 

isotherm into the ‘BET plot’ and from it derive a value of the BET monolayer capacity, 𝑛𝑚 . In 

the second stage, the BET-area, noted a(BET), is calculated from nm by adopting an appropriate 

value of the molecular cross-sectional area [182]. 

It is customary to apply the BET equation in the linear form: 

 

𝑝 𝑝𝑜⁄

𝑛(1 − 𝑝 𝑝𝑜⁄ )
=

1

𝐶𝑛𝑚
+

𝐶 − 1

𝐶𝑛𝑚

(𝑝 𝑝𝑜⁄ ) 

 

Equation 1 

where n is the specific amount adsorbed at the relative pressure p/p° and nm is the specific 

monolayer capacity. According to the BET theory, parameter C is exponentially related to the 

monolayer adsorption energy, thereby serving as an indicator of the shape of the isotherm 

within the BET range. 

The adsorption isotherms are qualitative evaluated using the six types groups of physisorption 

isotherms recommended by the IUPAC1985 [183]. However, over the past years, various new 

characteristic types of isotherms have been identified and shown to be closely related to 

https://www-sciencedirect-com.ezproxy.normandie-univ.fr/topics/engineering/gas-adsorption-method
https://www-sciencedirect-com.ezproxy.normandie-univ.fr/topics/agricultural-and-biological-sciences/surface-area
https://www-sciencedirect-com.ezproxy.normandie-univ.fr/topics/materials-science/pore-size-distribution
https://www-sciencedirect-com.ezproxy.normandie-univ.fr/topics/materials-science/pore-size-distribution
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particular pore structures. The proposed updated classification of physisorption isotherms is 

presented in Figure 13[182]. 

 

Figure 13: Classification of physisorption isotherms, from Thommes M. et al. [182] 

Type I (a) isotherms are given by microporous solids having relatively small external surfaces, 

represents materials with narrow micropores (< 1 nm), showing rapid adsorption at low relative 

pressures, while I(b) isotherms are found with materials having pore size distributions over a 

broader range including wider micropores and possibly narrow mesopores (< ∼2.5 nm).  

Type II is typical of nonporous or macroporous solids (> 50 nm), with clear monolayer-

multilayer adsorption, and Type III reflects weak adsorbate–adsorbent interactions, usually 

seen in nonporous surfaces, therefore no identifiable monolayer formation.  

Type IV(a) isotherm, capillary condensation is accompanied by hysteresis. This occurs when 

the pore width exceeds a certain critical width, which is dependent on the adsorption system 

and temperature and IV(b) as IV(a) indicate mesoporous structures (2 - 50 nm), with hysteresis 

loops due to capillary condensation, the latter showing more complex pore connectivity, these 

types are given by conical and cylindrical mesopores that are closed at the tapered end.  

Type V isotherms are observed for water adsorption on hydrophobic microporous and 

mesoporous adsorbents. Finally, Type VI isotherm is representative of layer-by-layer 

adsorption on a highly uniform nonporous surface. The step-height now represents the capacity 

for each adsorbed layer, while the sharpness of the step is dependent on the system and the 

temperature.  
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In this study, surface area, total pore volume and mean pore diameter of biochar were estimated 

with adsorption of nitrogen at 77 °K using BET surface area and pore size distribution analyzer 

(Make: BEL Microtrac BEL Corp. Model: Belsorp max II). Biochar samples were first dried at 

105 °C for 24 hours and then vacuum degassed (Vacuum Degasser Belprep-VAC III) at 400 

°C for 6 h before BET analysis [184]. 

2.3.1.3  Scanning electron microscopy (SEM)  

Scanning electron microscopy (SEM) delivers high resolution surface imaging by rastering a 

focused electron beam across the specimen, achieving spatial resolution from subnanometer to 

a few nanometers that is far superior to optical microscopy [185]. Electron sample interactions 

generate signals that reveal both topography and composition. The most common detectors are 

the secondary electron detector (SED) for detailed surface morphology and the backscattered 

electron detector (BSD) for compositional contrast [186]. When coupled with energy dispersive 

Xray spectroscopy (EDS), SEM also provides elemental analysis by detecting characteristic 

Xray photons emitted during -electron atom interactions- [187].   

To visualize the surface of composites, a JSM-IT100LA (Jeol) scanning electron microscope 

was used. A low accelerating voltage of 5 kV-10 kV was used for secondary electron SEM. A 

wide range of solid materials can be analyzed directly by SEM. Biological materials and 

insulating samples often require special imaging, such as low vacuum or low kV imaging, to 

reduce surface loading and beam damage. Insulating samples can be coated with a thin layer of 

gold or platinum to minimize loading [185]. In our case, biocomposites were previously 

metallized with two gold microlayers in a DII-29030SCTR Smart coater. 

For the study of biochar and biomass, the analyses are being carried out on a JCM 7000 (Jeol), 

SEM-EDS was used for biochar surface morphology and surface composition. The tests were 

performed at an electron accelerating voltage between 5 and 10 kV and on surfaces of 100, 20 

and 5 micrometers. 

2.3.1.4  Fourier transform infrared spectroscopy 

FTIR measures the absorption of infrared radiation by molecular bonds, allowing identification 

of functional groups in a material because each group exhibits characteristic vibrational 

frequencies in the mid-infrared region (≈ 400–4000 cm⁻¹) [188] [189]. The technique employs 

an interferometer to collect the entire spectrum simultaneously, and a Fourier transform 

converts the interferogram into a conventional absorbance spectrum [190]. Spectra can be 

recorded in transmission, attenuated total reflection (ATR) or reflection modes. ATR is a non-

destructive, label- free method that requires no sample preparation; the sample is placed on a 

high- refractive- index crystal (e.g., Ge, ZnSe, Si, or diamond), and an evanescent wave 

penetrates a few micrometres into the material, providing surface- sensitive- information 

independent of thickness [191]. This makes ATR especially suitable for solid, liquid or polymer 

samples where traditional transmission is difficult [192]. The resulting spectra enable rapid 

qualitative and quantitative assessment of chemical composition and changes induced by 

processing or functionalisation. 
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FTIR-ATR equipment was used to analyze the chemical properties of raw biomass, composite 

samples, and pure biochar. An Invenio FTIR spectrometer in ATR mode was used, with 32 

scans for each sample. The wavelength range studied was from 400 to 4000 cm-1 with a 

resolution of 4 cm-1. FTIR spectra were processed using OPUS - Spectroscopy software and a 

smoothing filter of 25. To ensure the effectiveness of the measurement, in one biocomposite, 

which could well be heterogeneous, square samples of 1.5 cm x 1.5 cm (Figure 14) were cut 

and the analysis was performed at three points of the square and three samples per 

biocomposite.  

 

Figure 14: Square samples of biocomposites for ATR measurement. 

2.3.1.5  Thermogravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) is a method of thermal analysis in which changes in the 

physical and chemical properties of materials are measured as a function of increasing 

temperature (with constant heating rate) or as a function of time (with constant temperature 

and/or constant mass loss). This analytical technique affords insights into a myriad of physical 

phenomena, including phase transitions, the occurrence of absorption and desorption, and 

chemical phenomena such as thermal decomposition and solid-gas reactions. In this method in 

which the mass of a sample is measured over time as the temperature changes, a negative mass 

variation signifies desorption or thermal degradation. Conversely, a positive mass variation is 

indicative of adsorption phenomena. TGA is a common technique for analyzing the thermal 

characteristics of composites and biomass [193], [194]. 

In this study, TGA was carried out using a NETZSCH TG 209 F1 thermal analyzer. The sample, 

placed in an alumina (AL2O3) crucible, was heated at a constant rate of 10 °C·min-1 from 25 

to 800 °C, under an inert 20 ml·min-1 argon atmosphere. 

2.3.1.6  Differential scanning calorimetry (DSC)  

Calorimetry is a fundamental technique used to assess the thermal behavior of materials, linking 

temperature changes to specific physical properties. Calorimeters are specialized instruments 

used to investigate the thermodynamic properties of biomolecules and nanoscale materials. 

Among the various types, Differential Scanning Calorimetry (DSC) is one of the most widely 

utilized. DSC analyzes thermal transitions by measuring heat flow and temperature variations 

over time. As the temperature changes, the DSC detects the excess heat absorbed or released 

by a sample by comparing it to a reference, providing insights into phase transitions, 

crystallization, melting, and other thermal events [195], [196]. 
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For this study DSC was performed using a NETZSCH DSC 214 thermal analyser.  The sample 

(8-12 g) was placed in a closed concaves crucible. All experiments were repeated two times. 

The samples were subjected to the following heat-cool-heat cycles under an inert atmosphere 

(Argon (Ar)): 

• First heating from 20 to 200 °C at 10 °C·min-1, Ar. 40 mL·min-1.  

• Cooling from 200 to 20 °C at 10 °C·min-1, Ar. 60 mL·min-1.  

• Second heating from 20 to 200 °C at 10 °C·min-1. Ar. 40 mL·min-1. 

The thermal parameters, i.e., glass transition temperature (Tg), cold crystallization temperature 

(Tcc), melting temperature (Tm), crystallization temperature (Tc), and enthalpies, were 

determined. 

The degrees of crystallinity of pure and reinforced PLA were calculated using the following 

equation [197]:  

𝑥𝑐 =
∆𝐻𝑚 − ∆𝐻𝑐𝑐

∆𝐻𝑚
0 𝑥 

100

𝜔
 

 

Equation 2 

Where xc is the degree of crystallinity in %, Hcc and Hm are representatives of the cold 

crystallization and the melting enthalpies in J·g-1, respectively, and H0
m is the melting enthalpy 

of 100 % crystalline PLA, which is equal to 93.7 J·g-1, according to H. Jung and S. Kimb, 2014 

[198]. 

2.3.1.7  X-RAY Diffraction analysis (XRD) 

XRD is a non-contact technique that is used to determine the crystalline structure and phase 

composition of materials. The crystalline substances in question produce a unique pattern, akin 

to a fingerprint [199], [200]. The process entails the direction of a monochromatic X-ray onto 

the specimen under investigation, followed by the meticulous analysis of the resulting 

diffraction pattern. The process under consideration provides insights into a variety of structural 

characteristics of crystalline materials, including the crystal structure, degree of crystallinity, 

crystallite size, atomic spacing, crystalline phase, transition, and their quantitative proportion. 

Additionally, it facilitates the determination of microstructure, quantitative resolution of 

chemical species, isomorphous substitutions, unknown crystalline materials, and solids [201]. 

The biochar was analyzed by powder diffraction on a Siemens D5000 XRD, in a 2-theta scan 

range of 30-90 °, with a step size of 0.02 for the biocomposites. In the case of PLA and 

biocomposites, they were analyzed in the form of 20 mm diameter discs with a scanning range 

of 2-70 ° for PLA and 2-90 ° for biocomposites. The samples were dried overnight at 105 °C 

before being placed on the sample holder. 

The values of the crystallinity indices for samples were calculated by using the deconvolution 

method with the following equation: 
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𝐶𝑖 =
𝑠𝑐

𝑠𝑡
𝑥 100 

 

Equation 3 

where Sc represents the area of the crystalline domain and St represents the area of the total 

domain. 

2.3.2 Dynamic testing 

2.3.2.1 Dynamic mechanical analysis (DMA)  

DMA can be described as the application of an oscillatory force to a sample under various 

conditions of temperature or frequency, followed by analysis of the response of the material to 

that force. From this response, properties such as the tendency to flow (also known as viscosity) 

are calculated from the phase lag and the stiffness (modulus) from the sample recovery. These 

properties are typically characterized in terms of the material's capacity to dissipate energy in 

the form of heat (damping) and its ability to regain its original shape after deformation 

(elasticity). This approach enables the description of the relaxation process of the polymer 

chains [202]. The force in question generates stress, which in turn causes deformation. The 

relationship between these two factors provides information about the stiffness of the sample, 

also known as modulus. This indicates the performance of the material in a specific application 

in the real world; however, the DMA modulus is not exactly the same as the Young’s modulus 

of the classic stress–strain [203].  Depending on the test setup, it is possible to make statements 

about several different material properties such as physical properties as glass transition 

temperature Tg [204], and mechanical properties [205]. 

For this study DMA was performed on 60 × 10 × 2 mm samples (Figure 15) with an Artemis 

DMA 242 E (Netschz, Selb, Germany). Double cantilever method with a ramp between 20 °C 

and 145 ◦C at 5◦C-min-1 at a frequency of 1 Hz, with a dynamic amplitude of up to 30 µm and 

a force range between 4 ± 4 N. 

 

Figure 15: Dimensions (mm) of DMA specimen. 

2.3.2.2 Broadband dielectric spectroscopy (BDS) 

Broadband dielectric spectroscopy (BDS) is the process of measuring the interaction of an 

electromagnetic wave of a certain frequency with a sample. The response of the sample to this 

excitation is a time-dependent polarization, due to fluctuations in charge density, which can be 

expressed as a time-dependent current density according to the Maxwell-Ampère equation 

[206]. The primary function of BDS is to ascertain the dielectric properties of a material in 

relation to the applied electrical frequency. This technique yields a wealth of information, 

including the dielectric constant, dielectric loss, and electrical conductivity. 
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For this study, a Keysight E4980A Precision LCR Meter (Agilent Technologies, Santa Clara, 

CA, USA) was used. The sample dimensions were cut with an ML-W1290 (Mllaser, Pont-à-

Mousson, FRA) into disks of 25 mm in diameter and ~ 2 mm in thickness. BDS tests were 

conducted at 20 °C. The frequency range was between 100 and 1 MHz. The E4980A gave the 

capacitance (Cp) and the loss tangent (tan δ). So, the dielectric constant (ε’), dielectric loss (ε”) 

and electrical conductivities (σAC) were determined according to the following equations 

[207], [208].  

𝜀′ =
𝐶𝑝 ∗ 𝑒𝑝

𝜀0 ∗ 𝑆
 Equation 3 

𝜀′′ = tan 𝛿 ∗ 𝜀′ Equation 4 

𝜎𝑎𝑐 = 𝜔 ∗ 𝜀′′ ∗ 𝜀0 = 2𝜋𝑓 ∗ 𝜀′′ ∗ 𝜀0 Equation 5 

where Cp is the electrical capacitance given in Farad, S is the cross-sectional area of the sample 

(in m²), ep is the distance between electrodes (in m), and ε0 is the permittivity of vacuum (given 

as 8.541878*10-12 F·m-1). 𝜎𝑎𝑐 is expressed in S·m-1, ω is the angular frequency and 𝑓 is the 

applied electrical frequency (in Hz).  

2.3.3 Static mechanical testing 

The objective of conducting traction tests on specimens is to ascertain the mechanical 

characteristics of the specimen material [123], [209]. The mechanical properties of the produced 

composites were evaluated using tensile strength testing according to ISO 527-2 type 5a over a 

50 mm gauge length (shown in Figure 16). Loading was applied at a rate of 5 mm·m-1 crosshead 

movement using an AGS-X 50 KN universal test machine Shimadzu. Eight repetitions from 

each formulation were tested. The tensile strength, tensile modulus of elasticity, and strain at 

failure were determined using the TRAPEZIUM LITE X data processing. 

 

Figure 16: Dimensions (mm) of the ISO 527/2-5A specimen figure taken from E. Romero et 

al.2021 [210] 
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2.3.4 Process simulation framework  

To evaluate the scalability of the biochar production process, a computer simulation was 

developed using Aspen Plus®, a commercial process simulation platform widely used for the 

steady state design and analysis of chemical engineering systems. The environment provides a 

library of unit operations (reactors, separators, heat exchangers, compressors, dryers, crushers, 

etc.) that can be linked together to construct a flowsheet representing the entire production 

chain, from raw material handling to product recovery. This software was used to perform mass 

and energy balances for the slow pyrolysis and mixing stages. The simulation results provide 

the basis for the technical-economic analysis (TEA). The specific details of which, including 

thermodynamic property methods, block specifications, and cost estimation parameters, are 

described extensively in Chapter 4. 

Chapter 2 detailed the materials, the slow‑pyrolysis at 600 °C, the CO₂ activation at 900 °C, the 

extrusion‑injection protocol used to fabricate PLA‑biochar composites at 10, 40, and 70 wt.% 

loadings, and the different methods of characterization. With these protocols in place, Chapter 3 

presents the comprehensive physicochemical, thermal, electrical and mechanical 

characterization that reveals how feedstock, pyrolysis, and activation dictate composite 

performance. 
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3 Results and discussion 

Introduction 

Chapter 3 provides a detailed examination of the experimental results generated in this study, 

with a focus on the physico-chemical characterization of the biochar-based biocomposites. The 

first part, entitled “Analysis of biochar properties: effect of biomass and pyrolysis temperature” 

presents a systematic assessment of the three selected biomass feedstocks (Laminaria digitata 

algae, beech wood, and flax shives) following slow pyrolysis at 600 °C and subsequent CO₂ 

activation at 900 °C. The physico-chemical analysis includes skeletal density, specific surface 

area, pore volume, elemental composition, and surface functional groups (FTIR). Particular 

attention is given to elucidating the influence of biomass type and thermal treatment on 

crystalline structure (XRD) and porosity development (BET), and to establishing correlations 

with the micro- and nanoscale features observed by SEM–EDS. 

In the second part, entitled “Biochar-based biocomposites: Influence of biochar type and 

content”, the chapter evaluates the impact of these biochar properties on the performance of 

polylactic acid (PLA) matrices incorporating biochar at loadings of 10 wt.%, 40 wt.%, and 70 

wt.%. Comprehensive data are presented on thermal transitions (DSC), thermal stability (TGA), 

crystallinity (XRD), viscoelastic behaviour (DMA), dielectric response (BDS), and tensile 

performance. The discussion highlights the role of CO₂ activation in enhancing interfacial 

adhesion, promoting PLA crystallite nucleation, and improving electrical conductivity within 

the composites. 

This chapter highlights the findings to identify the most promising biochar–PLA combinations, 

while recognizing the trade-offs associated with stiffness, conductivity, and mechanical 

strength. This synthesis provides a rigorous foundation for the techno-economic analysis 

developed in Chapter 4. 

3.1 Analysis of biochar properties: effect of biomass and pyrolysis temperature 

3.1.1 Assessment of structural properties 

3.1.1.1 Skeletal density  

Figure 17 shows the evolution of the skeletal density of the three biomasses, laminaria digitata 

algae (ALD), beech wood (BW), and flax shives (FS) undergo a pyrolysis process (600 °C) 

followed by an activation process (CO2, 900 °C). It can be observed that, although the initial 

real density of the three biomasses is similar, the variation of the density magnitude after 

pyrolysis and subsequent activation differs among them, likely indicating differences in their 

intrinsic structural features. However, a consistent trend emerges across all cases: the biochar 

derived from each biomass exhibits a higher density than the original biomass, and the activated 

biochar demonstrates a higher real density compared to the non-activated biochar. Considering 

that both pyrolysis and physical activation are thermally driven processes involving elevated 

temperatures, the observed behavior of the densities is consistent with the conclusions drawn 

by Brewer et al. [211] in New Approaches to Measuring Biochar Density and Porosity where 

it was stated that density increases with temperature. 
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Figure 17: Skeletal density of the three biomasses, biochar produced at 600 °C and activated 

biochar. 

A comparison of the biomasses reveals that following pyrolysis and activation, the change in 

density was most evident in flax shives in both cases, both in the biochar and the activated 

biochar. However, in the case of beech wood biochar, the density increase after pyrolysis was 

the smallest among the three biochar, but after activation, it surpassed the density of the 

activated algae biochar.  

3.1.1.2 Specific surface area and porosity 

This section presents the analysis of specific surface area and porosity using gas adsorption. 

Figure 18 shows the isotherms of different types of pyrolyzed carbon (noted BC) from laminaria 

digitata algae (BCALD), beech wood (BCBW), and flax shives (BCFS) at 600 °C, as well as 

their activated versions (noted A) under CO₂ at 900 °C, BCALDA, BCBWA, and BCFSA, 

respectively. 

 

Figure 18: Comparison of N2 adsorption isotherms at 77 K for the three-biochar samples 

BCALD, BCBW, BCFS and their activated version, BCALDA, BCBWA, BCFSA. The inset 

enlarges the low adsorption. 
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The isotherms of biochar in this figure are classified into six different types according to the 

IUPAC. Wood biochar and flax shives biochar have curves similar to those of type one, which 

are those that have micropores and mesopores on their surface, while the curves of algae biochar 

are more similar to those of type two, which is the category of materials that have macropores 

on their surface.     

The curves for flax shives and wood biochar show rapid adsorption at very low relative 

pressures. This behavior is characteristic of materials in which adsorption mainly occurs by 

filling micropores. In contrast, the slow increase in higher pressures suggests a smaller 

contribution from mesopores or adsorption on the external surface. However, high adsorption 

volumes of over 100 cm³ (STP) per gram are also observed, which is related to a larger surface 

area and greater pore volume. By contrast, algae biochar has low adsorption volumes, indicating 

that it is less porous. When activated, the three carbons show greater adsorption, synonymous 

with an increase in surface area and the development of porosity. 

This observation is further substantiated by the results presented in Figure 19 where the impact 

of activation on the surface area is most evident. 

 

Figure 19: Effect of activation on the surface area (SBET) of the three-biochar produced. 

This increment is primarily attributed to the decomposition of organic matter, which leads to 

the formation of micropores. Additionally, higher temperatures cause the breakdown of 

aliphatic alkyls and ester groups, exposing the aromatic lignin core. This exposure further 

contributes to the observed increase in biochar surface area [212]. Furthermore, beech wood 

and flax shives biochar have a larger specific surface area than algae biochar, approximately 50 

times larger because the surface is dependent on feedstock type [213]. Table 7 shows the 

specific surface, total pore volume, and mean pore diameter. 
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Table 7: Specific surface using Brunauer–Emmett–Teller method, total pore volume and mean 

pore diameter of different types of biochar. 

Sample 
SBET 

 (m2·g-1) 

Total pore volume  

(cm3·g-1)  

Mean pore diameter  

(nm) 

BCALD 1.33 ± 0.01 0.01 ± 0.00 24.33 ± 1.92 

BCALDA 11.63 ± 1.08 0.02 ± 0.00 6.68 ± 0.35 

BCBW 440.15 ± 3.78 0.19 ± 0.01 1.72 ± 0.06 

BCBWA 674.77 ± 1.42 0.81 ± 0.72 4.78 ± 4.27 

BCFS 401.05 ± 4.16 0.16 ± 0.01 1.63 ± 0.07 

BCFSA 602.56 ± 0.43 0.31 ± 0.00 1.89 ± 0.30 

From this table, we can see that the activation process significantly increases the SBET, 

representing an increase of around 774 % for algae biochar, 53 % for beech wood biochar, and 

50 % for flax shives biochar. Knowing that high specific surface area biochar has high porosity, 

and that high porosity improves the physical bonds between the matrix and the reinforcement, 

from Figure 19 and Table 1 it can be deduced that the composites created using BCBW and 

BCFS will exhibit superior mechanical properties. 

3.1.2 Assessment of morphological and elemental properties (SEM-EDS) 

Figure 20 presents the surface morphology of the raw biomasses, their corresponding biochar 

pyrolyzed at 600 °C under N2 and the biochar activated at 900 °C under CO2, with images 

captured at a maximum scale of 20 micrometers. 

Figure 20: Surface morphology of the three biomasses, biochar derivatives and activated 

biochar. The scale bar of 20 micrometer. 
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The first column shows the untreated biomasses (ALD, BW and FS). For the algae (ALD), we 

see a homogeneous surface with no visible pores. This type of compact surface is common in 

algae, whose cell walls can be rich in polysaccharides or lipids [214]. This is consistent with 

the algae Laminaria digitata, which has a high content of polysaccharides such as alginates in 

ranges from roughly 44 % to 52 % of the dry algal material. [173]. For the cases of flax shives 

(FS) and beech wood (BW), image overexposure hinders clear visualization of surface features. 

The second column displays the biochar (BCALD, BCBW, BCFS). Structural details begin to 

emerge at this stage. BCALD exhibits some visible channels, though without apparent pores. 

This indicates a slight thermal decomposition of cellular components, releasing gases that 

generate some internal porosity [215]. BCBW shows an increased porosity and more organized 

pattern. Pores with an alveolar structure similar to vascular bundles or tracheid are observed, 

while BCFS presents the most regular morphology, with remarkable structural development. 

Straight and well-defined canals are observed, with a highly organized and directional structure, 

typical of the vascular tissue of herbaceous plants, coinciding with the observations of Downie 

et al. in 2009 [215] on herbaceous biochar that preserves tubular xylem morphologies.  

In the third column, the activated biochar (BCALDA, BCBWA, BCFSA). BCALDA reveals 

further surface development. The emergence of concavities likely macropores is observed in 

accordance with the effect that the activation significantly increases the specific surface area 

and porosity [216]. BCBWA exhibits a well-defined pore network, with great variability in size. 

A larger internal surface area is inferred, which is consistent with efficient activation. In 

literature, it has been reported that activated wood biochar present excellent adsorption 

properties [217], [218] and improve the mechanical properties of biocomposites. Similarly, 

BCFSA retains its linear structure, although it has a greater number of visible pores. In addition, 

it is characterized by its high regularity and order in pore arrangement, which is beneficial for 

adsorption and catalysis applications [219].  

Both the BET analysis and the microscope images show that activation significantly promotes 

the development of pores in biochar. Biochar of terrestrial origin (BCBW and BCFS) have a 

much more porous structure than biochar of marine origin (BCALD). This could be related to 

the fact that minerals do not break down as quickly as carbon compounds. 

Figure 21 shows the elemental distribution of the different biomasses, their biochar when 

pyrolyzed at 600 °C, and the version of biochar activated at 900 °C, determined by energy 

dispersive spectroscopy (EDS).  
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Figure 21: Elemental distribution in different biochar and biomass, data extracted by EDS. 

The carbon content of biomass is relatively uniform among terrestrial feedstocks, typically 

around 40 %, and is slightly lower in marine biomass. Following pyrolysis, a substantial 

increase in carbon content is observed in all biochar samples compared to their original 

biomasses, with particularly pronounced enrichment in beech wood and flax shives-derived 

biochars, reaching values above 80 % in BCBW and BCFS. This carbon enrichment is a well-

known characteristic of the pyrolysis process, which eliminates volatile and oxygen-rich 

compounds and leads to the formation of a more stable carbonaceous matrix [220], [221]. 

However, this trend is not consistently maintained after activation. While in some cases, such 

as BCBWA, the carbon content increases slightly relative to the non-activated biochar; this 

increment is modest compared to that induced by pyrolysis. In contrast, for BCFSA and 

BCALDA, activation results in a reduction of carbon content, in some cases to levels 

comparable to or even lower than those of the original biomass. This indicates that carbon is 

partially consumed or released during the activation process, which is consistent with pore 

development and surface gasification. 

With respect to oxygen content, the opposite trend is initially observed, as oxygen decreases 

markedly after pyrolysis. This reduction is attributed to the progressive loss of oxygen-

containing functional groups with increasing temperature [222], [223], reflecting a higher 

degree of carbonization and aromatization. Upon activation, the oxygen content continues to 

decrease in BCBWA and BCFSA, in agreement with the thermal effects described above. In 

contrast, an increase in oxygen content is observed for algae-derived biochar, which may result 
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from partial oxidation and the incorporation of oxygen-containing surface functionalities during 

CO₂ activation [176]. 

Furthermore, biochars derived from lignocellulosic residues (BCBW and BCFS) exhibit lower 

concentrations of potassium (K) and calcium (Ca) compared to algae-based biochars, reflecting 

the lower abundance of these elements in the original feedstocks. After pyrolysis and activation, 

a notable increase in the relative concentration of these inorganic elements is observed, likely 

due to their limited volatilization under the slow pyrolysis and activation conditions employed. 

Similar behavior has been reported in previous studies, where temperature and heating rate were 

shown to strongly influence the retention of inorganic nutrients [18], [224]. 

Although nitrogen (N) is not visible in the biomass samples in the figure, small amounts are 

detected in BCBW, BCFS, and their activated counterparts, possibly due to nitrogen retention 

on the biochar surface during pyrolysis and activation. Other elements, such as sodium (Na), 

magnesium (Mg), and chlorine (Cl), are present only in trace amounts in most samples, but 

occur at higher levels in BCALDA, which may be related to inorganic impurities or soluble 

salts present in the raw algal material. 

Overall, these results demonstrate that the elemental composition of biochar is governed not 

only by the type of biomass precursor but also by the specific pyrolysis and activation 

conditions. These parameters must therefore be carefully considered when selecting biochar for 

targeted applications such as soil amendment, adsorption processes, or environmental 

remediation systems [215], [225]. 

3.1.3 Assessment of chemical properties FTIR-ATR 

Figure 22Figure 22 shows the ATR spectra of biochars produced at 600 °C (BCALD, BCBW, 

and BCFS) and their activated forms (BCALDA, BCBWA, and BCFSA). The observed 

changes in peak positions and intensities reflect the presence and evolution of multiple 

functional groups. Overall, the ATR spectra exhibit numerous similarities, indicating the 

presence of shared functional groups among the samples. This similarity is particularly evident 

for flax shives- and beech wood-derived biochars, which is consistent with their common 

lignocellulosic origin. An important observation is that activation leads to a general decrease in 

peak intensities, suggesting a modification or reduction of surface functional groups. In 

addition, the BCALD spectrum shows distinct peaks at 1 177 cm⁻¹ and 617 cm⁻¹ that are absent 

in the activated algal biochar spectra.  
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Figure 22: Comparison of infrared spectra of the three types of biochar (BCALD, BCBW, 

BCFS) and their activated version (BCALDA, BCBWA, BCFSA). 

Table 7 summarizes the observed vibrational bands identified in the different biochar samples 

and their respective functional groups are detailed, allowing the surface chemical composition 

of the material to be identified. 

Table 8:  Functional groups present in different biochars. 

Wavenumber 

(cm⁻¹) 
Assigned functional group 

Scientific 

reference 

~ 3400 – 3200 
O–H stretching (hydroxyls, bound water, alcohols, 

phenols) 
[226] 

2667 O–H Vibration Carboxylic Acid (Carboxylic Acids) [226] 

2332 C≡C stretch or adsorbed CO₂ (trapped CO₂ resonance) [227] 

2104 C≡C (terminal alkyne) stretching or CO₂ combinations [226] 

1993 Transition metal carbonyl, Aromatic combination bands [226], [228] 

1580 
Aromatic C=C stretching, or asymmetrical COO⁻ vibration 

(carboxylates) 
[229] 

1450 C–H strain in CH₂/CH₃, aromatic vibration [221] 

1177 C–O stretching (alcohols, ethers, esters, phenols) [226] 

868 
Vibration outside the aromatic C–H plane (substituted 

benzene rings) 
[227] 

617 
Vibration of aromatic rings (C–H out of plane) or 

inorganic compounds (silicates) 
[226] 
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When comparing the curves of the different samples in Figure 6, we can see that flax shives 

biochar shows greater intensity in the region 3 400 – 3 200 cm⁻¹ and carboxylic bands (2 607 

cm⁻¹), which suggests a higher content of polar oxygenated groups (–OH, –COOH). In the case 

of wood biochar, they have a lower intensity of oxygenated bands, indicating a lower amount 

of surface oxygen. The aromatic bands (1 580 and 868 cm⁻¹) are relatively lighter, reflecting a 

certain aromaticity. While algae biochar exhibits the most intense bands in aromatic regions (1 

580, 868, 617 cm⁻¹) and lower definition of polar bands (–OH, –COOH). 

3.1.4 Effect of biomass and activation on the crystal structure of biochar 

Figure 23 shows the X-ray diffractograms obtained for biochar derived from beech wood 

(BCBW), flax shives (BCFS) and Laminaria digitata algae (BCALD), pyrolyzed at 600 °C and 

their respective versions activated by CO₂ heat treatment at 900 °C (BCBWA, BCFSA, and 

BCALDA). 

 

Figure 23: Comparison of the diffractograms of the three types of biochar (BCALD, BCBW, 

BCFS) and their activated version (BCALDA, BCBWA, BCFSA). 

The X-ray diffraction (XRD) pattern of BCBW exhibits broad and diffuse peaks, indicating a 

predominantly amorphous structure. This behavior is characteristic of carbonaceous materials 

in which graphitic ordering has not yet been fully developed. The low intensity and large peak 

width suggest that graphitization remains limited under pyrolysis conditions at 600 °C [230]. 

Analysis of the activated sample shows a very similar diffraction profile to that of BCBW, with 

only a slight narrowing of the (100) peak in the 45–60° (2θ) range. This observation suggests 

that CO₂ activation at 900 °C induces only a minor increase in structural ordering. These results 

support the widely accepted view that activation primarily promotes pore development rather 

than the formation of crystalline carbon structures. 
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In contrast, the BCALD and BCALDA diffractograms display sharper and more intense peaks, 

which are indicative of the presence of crystalline mineral phases within this type of biochar. 

Following activation, a similar pattern is observed, albeit with changes in peak intensities. The 

amorphous background is markedly reduced, and mineral-related peaks become more 

pronounced, likely due to carbon loss during activation and the relative enrichment of inorganic 

constituents, such as silica- and potassium-containing compounds, present in the ash of this 

agricultural residue. A minor peak at 42.3 ° is also detected and may be attributed to the 

presence of KCl [231] which is consistent with the EDS results showing potassium and chlorine 

in the algal biochar. 

Finally, the BCFS and BCFSA diffractograms are dominated by amorphous features, 

characterized by broad undulations and the absence of well-defined crystalline peaks. A wide, 

low-intensity peak in the 45–60 ° (2θ) range is observed, similar to that seen in BCBW. This 

similarity indicates that, despite differences in biomass origin, biochars produced at the same 

pyrolysis temperature (600 °C) tend to exhibit largely amorphous structures. The broad diffuse 

peak between 45 ° and 60 ° is a hallmark of amorphous or turbostratic carbon, commonly found 

in biochars generated at moderate temperatures [232]. This feature is associated with reflections 

from the (100) and (101) planes of disordered graphitic domains [233]. 

Table 9 summarizes the crystallinity indices of the biochars, calculated using the deconvolution 

method described by Equation 3 in Chapter 2. 

where Sc represents the area of the crystalline domain and St represents the area of the total 

domain.  

Table 9: Crystallinity index of different biochars and their activated versions. 

Biochar 

Total area of the 

crystalline peaks 

(a.u.·2θ) 

Total area of the crystalline 

and amorphous peaks 

(a.u.·2θ) 

Crystallinity index 

(%) 

BCALD 123.16 731.26 54.86 

BCALDA 448.66 875.27 51.26 

BCBW 203.40 743.54 27.36 

BCBWA 444.35 1255.98 35.38 

BCFS 161.95 579.16 27.96 

BCFSA 54.50 789.08 28.46 

According to the values in Table 9, the effects of seaweed biochar activation on the crystallinity 

index are small but show a downward trend. In contrast, for beech wood biochar, activation had 

a greater effect on the crystallinity index, and the trend is upward. In the case of flax shives 

biochar, there was no significant change in the crystallinity index with activation, as the change 

was less than 1 %. The general trend in the crystallinity index is, in descending order, algae 

biochar, activated algae biochar, then activated wood biochar, activated flax shives biochar, 

𝐶𝑖 =
𝑠𝑐

𝑠𝑡
𝑥 100 Equation 3 
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then flax shives biochar, and the lowest is wood biochar. Consider that the latter three have a 

difference of less than 1 %, which could be considered negligible. 

3.1.5 Preliminary conclusions on biochar properties  

The physicochemical behaviour of the biochars is primarily governed by both the nature of the 

feedstock (Laminaria digitata algae, beech wood, and flax shives) and the applied thermal 

treatments (pyrolysis at 600 °C and CO₂ activation at 900 °C). Depending on the biomass type 

and processing conditions, several key trends were identified. 

Activation consistently leads to an increase in specific surface area (SBET) and total pore 

volume. In certain cases, particularly for algae-derived biochar, the specific surface area 

increases by more than an order of magnitude. In addition, activation increases the apparent 

bulk density and promotes the development of interconnected microporous and mesoporous 

networks, while macroporosity remains dominant in algae-based biochars. 

Elemental analysis shows a clear enrichment in carbon content following pyrolysis. However, 

CO₂ activation generally results in a reduction of the surface carbon fraction, likely due to 

partial carbon gasification, which simultaneously contributes to the formation of new pores. 

FTIR spectroscopy indicates a relative loss of oxygen-containing functional groups during 

pyrolysis, with the type and abundance of surface functionalities varying according to the 

biomass source. 

XRD analysis reveals predominantly amorphous, turbostratic carbon structures in beech wood- 

and flax shives-derived biochars, whereas algae derived biochars exhibit distinct crystalline 

mineral phases, likely associated with potassium- and chlorine-containing compounds.  

The trends in biochar characteristics are summarized in the biochar physicochemical map. The 

data presented in Figure 24 represent the average values obtained from at least two independent 

measurements per sample. 

 

Figure 24: Physicochemical map of biochar properties. 
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Overall, the results are internally consistent and demonstrate that CO₂ activation effectively 

enhances surface area and porosity, thereby improving adsorption capacity and interfacial 

properties.  

3.2 Biochar-based biocomposites: Influence of biochar type and content 

This section describes the characteristics of different composites made with PLA and different 

types of biochar as fillers, as well as different load percentages. The polylactic acid (PLA) is 

used as the matrix, because it is one of the most widely used and studied biodegradable matrix 

in biocomposite research. It is commercially available and has well-characterized properties. 

This makes it a suitable reference for evaluating the specific effect of biochar on the properties 

of the material and reducing the uncertainty associated with the polymer matrix. In addition, 

there are studies that show its affinity with certain carbon reinforcements, which is what biochar 

is replacing. Finally, PLA is a widely used material in industry, which could facilitate the 

transfer of the new biochar PLA composite to industry. Figure 25 shows a diagram with the 

composition of the different composites studied in this section. 

 

Figure 25: Diagram of the different types of biochar and biocomposites. 

3.2.1 Assessment of morphological properties 

Figure 26 shows the SEM micrographs corresponding to the surfaces of the different materials 

and treatments: PLA, PLA with biochar, and PLA with activated biochar. 
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Figure 26: SEM images of the surface of various composites. 

In the image of pure PLA, relatively smooth and homogeneous surfaces are observed, with the 

presence of superficial microcracks. These cracks could be associated with internal stresses 

generated during the manufacturing process or drying. No embedded particles or significant 

irregularities are visible, confirming the absence of additional phases. 

In column 2, the different biocomposites with 10 wt.% biochar are observed. In the case of 10% 

BCALD, the surface shows a clear heterogeneity, with the presence of dark aggregates 

distributed irregularly. Particles embedded in the polymeric matrix are observed, although in 

some cases there seems to be a lack of interfacial compatibility, which generates cavities and 

voids. For 10% BCBW, the surface has a more compact area, but the rough morphology 

associated with the presence of biochar is still distinguished. Regions with partial detachment 

of the reinforcement are identified. However, for the 10% BCFS, the observed area presents 

low particle definition, probably due to detachment during the process, which suggests a lower 

interaction between the biochar and the matrix in this condition. These results coincide with 

what was reported by Zouari et al., 2022 [125] where the addition of biochar increases 

roughness and generates areas of poor interfacial adhesion due to chemical incompatibility. 

Column 3 presents the biocomposites with 10 wt.% activated biochar. For 10% BCALDA, a 

more homogeneous surface is observed compared to an inactivated biochar. The particle 

distribution appears finer and better integrated with the matrix. The activation of biochar 

generates an increase in porosity and specific surface, which favors adhesion at the interface 
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[234]. In the case of 10% BCBWA, it presents an intermediate pattern: there is roughness, but 

with more dispersed particles and better anchored in the matrix. The reduction of cavities and 

voids suggests greater compatibility. Finally, for 10% BCFSA, a rough but continuous surface 

is distinguished, with particles embedded in a more uniform way. This shows that activation 

improves dispersion and interfacial adhesion, reducing structural defects. 

3.2.1.1 Influence of biochar activation on the biocomposite surface 

Neat PLA exhibits smooth surfaces with only minor irregularities, although microcracks are 

present. Incorporating 10 wt.% non-activated biochar into the matrix increases surface 

roughness and leads to the formation of cavities, voids, and particle detachment, indicating 

limited interfacial compatibility. In contrast, composites containing activated biochar show 

markedly improved integration between the matrix and the reinforcement. The biochar particles 

are more uniformly distributed, and interfacial defects are reduced, suggesting enhanced 

adhesion and stability of the composite material. 

These observations align with literature reports indicating that biochar activation increases the 

number of surface functional groups [235], which can enhance interactions with polymeric 

matrices. As a result, composites reinforced with activated biochar are expected to exhibit 

superior mechanical and thermal properties compared to those containing untreated biochar. 

3.2.2 Assessment of microstructural properties  

3.2.2.1 Evaluation of the PLA- biochar chemical interaction using FTIR 

Figure 27 shows Infrared Fourier Transform (FTIR) spectra for four different samples: pure 

PLA and three PLA compounds with biochar additions (10% BCALD, 10% BCBW and 10% 

BCFS). It has been revealed that the addition of 10% biochar produces small changes to the 

chemical characteristics of PLA.  

 

Figure 27: FTIR spectra of 100% PLA and biocomposites: 10% BCALD, 10% BCBW and 10% 

BCFS. 
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The 100% PLA spectrum exhibits the typical peaks of polyester, including C=O stretch near 

1750 cm⁻¹ and C–O bands between 1200 and 1100 cm⁻¹ [226]. In mixtures containing 10  wt.% 

biochar (BCBW, BCFS and BCALD), changes in the intensity and shape of these bands are 

observed, indicating interactions between the functional groups of PLA and the oxygen-rich 

surfaces of biochar.  This same behavior was observed in composites with activated biochar. 

This same behavior was observed in composites with activated biochar.  

However, the change is most noticeable in Figure 28 which shows the characteristic 

transmittance of PLA samples with different charges of beech wood activated biochar 

(BCBWA). In this sense, it is observed that as the amount of biochar in the matrix increases, 

the absorption bands that correspond to the functional groups of the PLA decrease in intensity. 

In particular, the one of greatest interest, in the region of 1 750 cm⁻¹ corresponds to the C=O 

stretch; and that of the region of 1 080–1 180 cm⁻¹ is associated with C–O–C bonds.  While at 

the same time the signals attributed to oxygenated groups that are present in the biochar 

(aromatic −OH, C=O and C=C) appear and increase in regions around 3 400 cm⁻¹, 1 600 cm⁻¹ 

and 1 100 cm⁻¹, respectively. This suggests that the introduction of biochar not only dissipates 

the polymer signal but also introduces new surface functionalities that can cause interactions 

(hydrogen bonds or dipole interactions) at the interface. 

 

Figure 28: FTIR-ATR spectra of pure PLA and PLA–BCBWA composites with different loads 

of beech wood biochar (10, 40, and 70 wt.%) 

However, at high concentrations (≥ 40 %), the intensity of the bands whose intensities were 

related to PLA are even more attenuated, which can be related to lower chemical compatibility 

and the possible existence of areas where interfacial adhesion can be very weak.  

Despite the decrease in the intensity of the bands, the characteristic bands of PLA remain 

unchanged in position, suggesting that the addition of biochar does not fundamentally alter the 
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chemical structure of the polymer, and interactions are mainly physical in nature or through 

weak hydrogen bonds, with no formation of significant new covalent bonds.  

3.2.3 Assessment of thermal stability (TGA) 

The thermogravimetric curves presented in Figure 29 show the impact of the nature of biochar 

on the thermal stability of the different PLA formulations at 10 wt.% biochar. Initially, all 

samples, including pure PLA, show excellent thermal stability up to approximately 250 °C, 

where the mass remains constant, indicating the absence of degradation or loss of volatile 

compounds. This behavior is typical of polymers that do not contain low molecular mass 

additives. 

 

Figure 29: Mass degradation curves with respect to the temperature of PLA and PLA-biochar 

compounds (10 wt.%). Heated at a constant rate of 10 °C·min-1 from 25 to 800 °C, under an 

inert 20 ml·min-1 argon atmosphere. 

The pure PLA curve features an abrupt decrease in mass that begins around 300 °C and 

completes around 375 °C. The loss of mass is almost total, leaving a negligible residue. In 

contrast, charged compounds in which degradation begins at slightly lower temperatures, 

suggesting that the presence of biochar could have altered the polymer's degradation 

mechanism and where residue remains between 10% and 15% of initial mass. The addition of 

biochar decreased thermal stability, which could be due to the presence of K in the biochar, 

causing it to act as a catalyst in degradation[236]. 

Comparing the maximum degradation temperature of biochars to that of their activated 

versions, it can be seen that in all cases, the temperature of the activated version is slightly 

lower. If, on the other hand, we make the comparison according to the type of biochar, it is 

obvious that those with the lowest degradation temperature are BCALDs, followed by BCFS 

and finally BCBWs. This is consistent with the elemental analysis presented above, which 
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shows that BCALD has the highest amount of K, followed by BCFS and finally BCBW, with 

0.61%, 1.37%, and 11.37% potassium, respectively. 

A comparison of the degradation curves for the biomasses, biochars, and biocomposites used 

can be found in annex 2, which shows that the biochar samples are the most stable. The 

maximum degradation temperatures for the biomasses and the 10% biochar-PLA 

biocomposites range from 280 °C to 350 °C. The degradation of biomass involves more stages 

than biocomposites and others, and if comparing with Figure 29, the curves for the 

biocomposites are more similar to the degradation curves of PLA than to the others, which is 

consistent with the fact that they are 90% PLA. 

3.2.3.1 Effect of biochar beech wood loading on thermal stability of PLA-biochar 

biocomposite 

Figure 30 shows the thermogravimetric analysis of biocomposites formulated with different 

proportions of activated biochar (BCBWA) in a PLA matrix to analyze the effect of loading on 

thermal stability. 

 

Figure 30: Mass degradation curves of PLA and PLA-BCBWA composites with different beech 

wood biochar contents (10, 40, and 70 wt.%). heated at a constant rate of 10 °C·min-1 from 25 

to 800 °C, under an inert 20 ml·min-1 argon atmosphere. 

The progressive incorporation of biochar has a significant effect on the thermal stability of the 

composite material. The 100 % PLA begins its main degradation at around 320 °C and reaches 

its maximum mass loss at around 370 °C. However, as the biochar loading increases, the 

thermal profile changes significantly: biocomposites with 10 wt.%, 40 wt.%, and 70 wt.% 

BCBWA show a reduction in the maximum degradation temperature, suggesting that in this 

temperature range, biochar acts as a catalyst for the thermal degradation of the matrix. 

Moreover, the final residue at 800 °C increases directly with biochar concentration, which 

aligns with a large part of the biochar being composed of carbon and its thermal stability.  
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In summary, the addition of the BCBWA filler and the increase in its concentration significantly 

reduce the thermal stability of the compound a, which is reflected in the reduction of the 

maximum degradation temperature. 

3.2.4 Assessment of thermal transitions (DSC) 

Figure 31 displays the DSC thermograms from biocomposites made with 10 wt.% of various 

biochars and a PLA matrix, along with pure PLA control. Showing the effect of the nature of 

biochar and its activation on the matrix. The thermal transitions have taken place at the 

following locations: glass transition temperature (Tg) at approximately 55 – 60 °C; cold 

crystallization (Tcc) temperatures at approximately between 100 – 130 °C; and melting point 

(Tm) between about 145–160 °C. Pure PLA presented a clear thermal signal and little 

crystallinity; the data indicated that biochar alters these thermal responses. 

 

Figure 31: DSC thermograms from biocomposites made with 10 wt.% of the three biochar in 

PLA. First heating from 20 to 200 °C at 10 °C·min-1, Ar. 40 mL·min-1. Cooling from 200 to 20 

°C at 10 °C·min-1, Ar. 60 mL·min-1.  Second heating from 20 to 200 °C at 10 °C·min-1. Ar. 40 

mL·min-1. 

It was noted that the biocomposite 10% BCFS had a double exotherm in the cold crystallization 

region, which could indicate that biochar is affecting nucleation mechanisms or induction of 

heterogeneous crystalline phases. In addition, it was noted that the melting peak intensity and 

location were different for each of the biocomposites. Specifically, there was generally an 

increase in the intensity of Tcc for composites like 10% BCALDA and 10% BCFSA which 

would indicate a nucleating effect of biochar which promotes PLA crystallization [237], [238]. 

The 10% BCBWA biocomposite exhibited less definition of thermal events which could 

indicate poor dispersion or limited interfacial interaction between the biochar and the polymer 

matrix. 
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In broad terms, these findings indicate that the type of biochar (biomass, activation method) has 

a direct effect on the thermal properties of the biocomposite, particularly crystallization of the 

biocomposite will affect the mechanical properties and dimensional stability of the final 

biocomposite. 

3.2.4.1 Effect of biochar beech wood loading on thermal transition of PLA biocomposite 

Figure 32 displays the DSC thermograms for pure PLA and for biocomposites with 10 wt.%, 

40 wt.%, and 70 wt.% of the beech wood activated biochar (BCBWA). For pure PLA, one 

notices a glass transition at around 62.6 °C, cold crystallization at 126.7 °C, and a melting point 

(Tm) of 151.9 °C, which is indicative of PLA with low initial crystallinity. 

 

Figure 32: DSC thermograms of PLA and biocomposites made with different charges of beech 

wood biochar (10, 40, and 70 wt.%). First heating from 20 to 200 °C at 10 °C·min-1, Ar. 40 

mL·min-1. Cooling from 200 to 20 °C at 10 °C·min-1, Ar. 60 mL·min-1.  Second heating from 

20 to 200 °C at 10 °C·min-1. Ar. 40 mL·min-1. 

Upon introduction of biochar, we can see severe alteration of the thermal transitions. The 

biocomposite containing 10 % BCBWA presents decreased Tcc (123.7 °C) and decreased Tm 

(152.4 °C), indicating that biochar has begun nucleating PLA. At 40 % BCBWA there is even 

earlier cold crystallization (116.6 °C) and clear double melting (Tm) at 147.4 °C and 153.8 °C 

showing there is crystal or secondary recrystallized crystals forming during heating. For the 

case of 70 % BCBWA, the Tcc lowered even more (114.6 °C), and Tm appears lower (149 °C) 

indicating a stronger nucleating effect, which, however, compromises the perfection of the 

crystalline structure formed. Table 10 shows a summary of the characteristics highlighted in 

the DSC analysis. 
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Table 10: summary of characteristic data obtained from ATG and DSC analysis. 

ATG/ DSC Tdmax °C Tg °C Tcc °C Tm °C △Hc J/g △Hf J/g xc 

100% PLA 353.9 58.60 126.70 151.90 1.92 1.63 0 

10% BCALD  299.7 56.90 124.00 149.30 15.51 14.68 0 

10% BCALDA 279.0 57.60 118.20 145.3/152.4 24.79 25.52 0.87 

10% BCBW 345.2 58.80 127.90 152.70 8.92 9.51 0.70 

10% BCBWA 337.9 58.70 128.70 152.40 10.65 11.25 0.71 

40% BCBWA 299.6 57.50 116.60 147.4/153.8 22.38 22.81 0.76 

70% BCBWA 261.4 57.80 124.60 148.90 6.89 6.99 0.38 

10% BCFS  338.3 57.20 112.90 147.2/154.2 31.58 34.89 3.93 

10% BCFSA 325.5 58.60 125.50 151.40 19.49 20.25 0.90 

Caption: Tdmax - maximal degradation temperature; Tg – Glass transition temperature Tcc – 

Cold crystallization temperature; Tm - Melting Temperature; △Hc – Crystallization enthalpy; 

△Hm – Melting enthalpy; xc – Crystallinity index by DSC. 

These findings confirm that the content of biochar has a significant effect on the crystallization 

abilities of PLA, acting as a nucleation source and advancing the crystallization time. The 

nucleating effects of biochar are most evident in composites derived from shives biochar (10% 

BCFS, 10% BCFSA) and algae activated biochar (10% BCALDA). However, the multiple 

melting peaks along with the lower Tm at high loadings may be due to heterogeneity in the 

crystalline morphology or restrictions on the mobility of the polymer chain because of the high 

loading amount. 

3.2.5 Assessment of structural properties (XRD) 

Figure 33 shown is an X-ray diffractogram (XRD) of different PLA compounds with 10 wt.% 

of various biochar, in addition to pure PLA as a reference.  
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Figure 33: XRD curves of PLA and 10 % PLA-biochar biocomposites with the three types of 

biochar and their activated versions. 

The diffractograms of PLA show a mostly amorphous tendency. For the 10% BCALD 

compound, an increase in the amorphous halo is observed with the loss of the only peak visible 

at this scale. However, changes in the curve of the compound with the BCALDA in which 

several defined peaks are evident, alluding to an increase in the crystallinity of the 

biocomposite. When passing through the beechwood biochar, we observe a similar 

phenomenon in which the bioparticles have more defined peaks. 

In this case, the activated version presented an inverse behavior to the previous one, with the 

active version being more amorphous than the non-active version. This spectrum is very similar 

to that of PLA alone. So, this suggests that they do not promote crystallization at all. Finally, 

the BCFS curves in which the appearance of crystalline peaks is evident. The appearance of 

these sharp peaks on the amorphous halo of PLA is evidence that flax shives biochar induced 

PLA crystallization. The intensification of the crystalline peaks in the compound with activated 

biochar (BCFSA) could indicate that activation with CO2 at 900 °C enhanced the nucleating 

properties of flax shives biochar, probably due to an increase in surface area and the creation 

of active sites. 

When comparing biomass types, flax shives biochar behaves as an effective nucleating agent 

for PLA, while beech wood biochar and some are less so. A material's ability to induce 

crystallization depends on its surface properties (such as area and chemistry), which provide 

sites for the formation of crystalline cores. 
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3.2.5.1  Effect of activated biochar beech wood loading on the structure of PLA 

biocomposite 

Figure 34A shows the curve of pyrolyzed beech wood biochar at 600 °C, PLA and the 10 wt.% 

beech wood biocomposite. The biochar is an amorphous line, which does not have any obvious 

peak on this scale. Continuing with the PLA, which, although it is also mostly amorphous, is 

possible to distinguish peaks at 11.4 ° and 33.8 °. Finally, the biocomposite, which not only has 

more defined crystalline peaks, but also others are more evident at 22.3 ° and 57.3 °. 

 

Figure 34: XRD curves: A) comparison between beech wood biochar (BCBW), PLA, and 

BCBW-PLA biocomposite (10% BCBW), B) comparison between activated beech wood biochar 

(BCBWA), PLA and BCBWA-PLA biocomposite (10% BCBWA). C) effect of the activated 

biochar loading on the structure of PLA. 
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Figure 34B shows the X-ray diffractograms obtained for activated beech wood biochar, PLA 

and composite from the mixture of these two. For start focus on the curve of activated biochar, 

which presents a wide and amorphous beak, characteristic of pyrolyzed products 600 °C. At 

this scale for the PLA, it is more evident to see the wide beaks, however they continue to be in 

the amorphous halo. In the case of biocomposite it is also maintained in the amorphous halo, 

and if the curve becomes more stable, other than that, there is no significant effect on the 

addition of biochar to PLA. 

Figure 35C shows us the effect of biochar loading on the crystallinity of biocomposites. The 

PLA has a pronounced amorphous background, and with some wide and not very intense peaks. 

By adding 10 wt.% activated biochar, it becomes even more amorphous. However, that changes 

as the percentage of biochar exceeds 10 wt.%. At 40 and 70 wt.% we can observe how the peaks 

become more crystalline and increase in intensity, which could denote that the biochar acts as 

a nucleating agent, increasing the crystallinity of the biocomposites.  

3.2.5.2 Effect of BCALD and BCALDA on the structure of PLA 

Following the same sequence of comparative analyses of biochar, versus PLA and its 

compounds, Figure 35A shows the curves of activated biochar, pure PLA and of the compounds 

10% activated algal biochar. It appears that although the algal biochar has defined crystalline 

peaks, which could be due to the minerals present in the seaweed, at the time of creating the 

polymer, the crystalline peaks that are most defined are the characteristic peaks of the 

biopolymer. It is interesting how biochar works as a nucleating agent for the polymer, 

highlighting peaks. It is also observed that some characteristic peaks of biochar are not visible 

at this scale in biocomposites. This is because the proportion of semblances with respect to the 

polymeric matrix is not so important. In spite of them, some of them are appreciable. 

  

Figure 35: A) XRD curves of PLA, activated laminaria digitata algae biochar (BCALDA) and 

the 10 % BCALDA-PLA biocomposite (10% BCALDA). B) comparative curves of PLA, 10 % 

BCALD and 10 % BCALDA biocomposites.  
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Figure 35B presents the comparison of biocomposites 10 % algal biochar and 10 % activated 

algal biochar. Interestingly, the biocomposite of 10 % algal biochar without activation is 

amorphous, even more so than PLA itself, even though inactivated algal biochar exhibits 

crystalline peaks.  Something similar happens with activated beech wood biochar that does not 

promote crystallinity but rather reduces it. 

3.2.5.3  Effect of non-activated (BCFS) and activated (BCSFA) flax shives biochar on the 

structure of PLA 

Figure 36 illustrates the different diffractograms of flax shives biochar and flax shives biochar-

PLA composites. The diffractogram of flax shives biochar is compared in Figure 37 A to the 

ones of 100% PLA and 10% BCFSA biocomposite, and here it is evident how an amorphous 

biochar, being mixed with PLA can highly promote crystallinity in the polymer. It is perhaps 

due to the chemistry of the surface in the biochar. In the case of activated biochar, it also 

promotes crystallinity in the polymer and makes it much more powerful, even doubling the 

intensity of some peaks such as the one present at 11.4 ° theta.  

Figure 36: A) XRD curves of PLA, flax shives biochar (BCFS) and 10% flax shives biochar-

PLA composite (10% BCFS). B) activated flax shives biochar (BCFSA), PLA and its  

biocomposite (10% BCFSA) C) comparative curves of 100% PLA with flax shives biochar-PLA 

composites (10% BCFS and 10%BCFSA). 
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Figure 36B shows the curves for BCFSA, PLA, and the 10% BCFSA composite. In this case, 

we observe that although the activated biochar is generally amorphous, as is the PLA, the 

composite exhibits crystalline peaks. The peaks corresponding to the PLA increase when mixed 

with this biochar filler, suggesting a nucleating effect. In both cases, adding BCFS or BCFSA 

increases crystallinity. However, when comparing the 10% BCFS and 10% BCFSA 

biocomposites, as shown in Figure 36C, it can be observed that the peak intensity for some 

cases of the activated version is almost double that of the non-activated version. This would 

suggest that the 10% BCFSA composite is more crystalline, but when calculating the 

crystallinity, it can be seen that the value is very similar, and this is because not only did the 

crystalline area increase, but the entire area increased, so the ratio remains the same. 

Table 11 shows a summary of the values of the crystallinity indices for biochar, PLA and its 

biocomposites calculated by using the deconvolution method equation 3 presented in chapter 2 

and remembered in the biochar section 3.1.4 (page 49).  

Table 11: DRX analysis summary table 

Material Type 
Crystallinity 

index (%) 
Comments 

Beech wood 

biochar 

(BCBW) 

non-activated  27.36 amorphous structure: diffuse peaks 

activated*  35.38 
amorphous structure: narrowing and minimal peak 

definition, slight increase in crystalline index 

Flax shive 

biochar (BCFS) 

non-activated  27.96 amorphous structure: no defined peaks 

activated*  28.46 
amorphous structure: activation has no significant 

effects 

Laminaria 

digitata biochar 

(BCALD) 

non-activated  54.86 
Presence of crystalline structure: defined peaks, 

possible presence of minerals 

activated*  51.26 
Presence of crystalline structure: slight reduction in 

peak intensity with activation 

PLA 100%  Mostly amorphous: small peaks can be distinguished 

PLA + BCBW 

10% BCBW 

non-activated 
44.59 

Presence of crystalline structure: increase in the 

intensity of PLA peaks and in the crystallinity index 

10% BCBW 

activated* 
25.62 

Amorphous structure: reduction in PLA peaks, does 

not significantly affect the crystallinity index 

40% BCBW 

activated* 
37.66 

Presence of crystalline structure: increase in the 

intensity of PLA peaks and in the crystallinity index 

70% BCBW 

activated* 
37.75 Presence of crystalline structure: increase in the 

intensity of PLA peaks and in the crystallinity index. 
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Peak intensity greater than 40% but no significant 

changes in the crystallinity index 

PLA + BCFS 

10% BCFS 

non-activated 
48.26 

Presence of crystalline structure: increase in the 

intensity of PLA peaks and in the crystallinity index 

10% BCFS 

activated* 
47.07 

Presence of crystalline structure: increase in the 

intensity of PLA peaks and in the crystallinity index 

Activation increases the intensity of the peaks, 

without significantly affecting the crystallinity index 

PLA + BCALD 

10% BCALD 

non-activated 
33.20 

Amorphous structure: reduction in PLA peaks, slight 

increase in the crystallinity index 

10% BCALD 

activated* 
49.25 

Presence of crystalline structure: increase in the 

intensity of PLA peaks and in the crystallinity index 

* Activation under CO₂ at 900 °C  

The calculation is based on the relationship of the crystalline area and the total area of the X-

ray diffractograms. Presented that PLA with a crystallinity index of 26.00 % increased 

considerably with the addition of certain additives, such as 10% BCALDA (49.25 %) and 10% 

BCFS (48.26 %), indicating greater molecular organization induced by the presence of these 

components. However, not all additives had this effect: the 10% BCBWA material showed a 

crystallinity of 25.62 %, even lower than that of pure PLA, suggesting possible interference in 

the crystallization process, possibly due to the chemical nature or morphology of the biofiller 

used. On the other hand, when the BCBWA concentration was increased to 40 % and 70%, an 

increase in the absolute crystalline area was observed, although the crystallinity index remained 

relatively constant (~37.7 %), indicating that, although more crystalline regions were formed, 

the ratio between crystalline and amorphous phases did not vary significantly. These results are 

interesting, as the crystallinity of PLA directly influences properties such as stiffness, thermal 

resistance, and biodegradation rate, which are critical aspects in the design of functional 

biopolymers. 

In general, the crystal structure is affected by many factors, and clear trends are not always 

apparent. In the case of biochar, activation only caused a slight decrease in peak intensity for 

BCALD, while for BCBW it caused a slight broadening of the peaks. Overall, it did not cause 

a drastic change in crystallinity.  

On the other hand, in biocomposites, BCFS biochar, which presented more amorphousness in 

their structure, contributed more to the increase in PLA peaks, perhaps due to the chemistry on 

the surface. Those whose crystallinity was evident, such as BCALD, did not always favor this 

increase; perhaps a high mineral content can cause the opposite effect.   

3.2.6 Assessment of rheological behavior (DMA)  

Figure 37 shows the dynamic mechanical analysis (DMA) curves of 7 samples: pure PLA 

(100% PLA), three mixtures with 10% of different biochar  (BCBW, BCFS, BCALD) and three 

other mixtures with 10% of activated biochar (BCBWA, BCFSA, BCALDA).The curves show 
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how the storage module and the loss module change with temperature. With this analysis, it is 

possible to see how the material behaves with heat and force. It is also possible to calculate its 

glass transition temperature (Tg), among other important factors [239]. The pure PLA sample 

(gray line) shows that when the temperature increases, E' falls, especially near 65 °C, indicating 

the change in the vitreous state of the polymer. This sudden drop comes with a marked peak in 

the loss modulus E (around 170 MPa), which shows a greater loss of mechanical energy and 

confirms the Tg that exists. This behavior is typical of an amorphous PLA, whose Tg is normally 

between 55 and 65 °C [240], [241]. 

 

Figure 37: Curves of DMA for PLA pure and PLA-biochar composites: 10% BCBW, 10% BCFS 

10% BCALD and 10% BCBWA, 10% BCFSA 10% BCALDA. Double cantilever method with a 

ramp between 20 °C and 145 ◦C at 5◦C-min-1 at a frequency of 1 Hz, with a dynamic amplitude 

of up to 30 µm and a force range between 4 ± 4 N. 

3.2.6.1 Effect of the biochar type on viscoelastic properties 

The effect of biochar type on viscoelastic properties is visible in Figure 37, when mixing PLA 

with 10 wt.% BCALD (red line), changes the way PLA behaves mechanically. The E' curve 

gradually decreases with temperature, which means that it gradually loses stiffness. The peak 

of E'' is lower and wider compared to the other mixtures (10% BCBW and 10% BCFS), 

indicating a more dispersed Tg and perhaps a more heterogeneous system. This can happen 

because biochar is not evenly distributed or because it does not bind well to the polymer matrix 

[125]. The fact that there are pores within the sample could also play a role. 

However, for 10% BCBW biocomposite (green line) although at first the E' value increases 

slightly compared to pure PLA, the stiffness is lost more gently. The peak of E'' is slightly 

higher in temperature (around 68 °C), which could indicate there's more energy dissipation. 

This may be because biochar restricts the movement of the chains somewhat. This could say 

that adding inactivated BCBW doesn't improve stiffness much, but it does increase damping 
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capacity. In addition, E' recovers a little above 110 °C, perhaps because heat causes it to 

recrystallize [242].  

On the other hand, incorporating 10 wt.% BCFS (blue line) increases the stiffness quite a bit, 

with a higher initial E' (around 1700 MPa). This may be that the reinforcement is better 

distributed or that it gets along better with the matrix. The estimated Tg is also around 69 °C, 

with a sharper, narrower peak of E', which could suggest that the structure is more rigid, but 

can still release energy well in that transition. 

In general, the comparison of PLA with 10 wt.% biochar blends, shows that the addition of 

biochar usually improves the material's stiffness at room temperature (higher E'), which is 

consistent with other studies on PLA and biochar compounds [243] But, the type and origin of 

the biochar has a big influence on how the system behaves with heat and mechanically, 

especially on Tg, how it releases energy, and how stable it is at high temperatures. According 

to this data, the mixture with 10% BCFS is the one that best increases the storage module 

without affecting the Tg, which makes it interesting for things that need more mechanical 

strength without losing flexibility.  

3.2.6.2 Effect of activated biochar to the properties of PLA viscoelastic properties 

Figure 37 also presented the effect of the addition of activated biochar. The storage module and 

the loss module of 10% BCBWA biocomposite (green line) double compared to 10% BCBW 

(green dotted line) one. The peak of Tg is clearer, but it is still around 66 °C. This means that 

activation did not change much the temperature at which the biocomposite goes into the glassy 

state. This makes sense because activating biochar improves the ratio of PLA to backfill, 

causing PLA to move less and increase both stiffness and dissipation. 

On the other hand, BCFSA makes PLA more rigid, with a higher initial E' (close to 2500 MPa). 

Perhaps this is because the reinforcement material is better distributed or because it interacts 

better with the PLA. It also has a loss modulus of about 350 MPa. The Tg is also calculated at 

68°C, with a sharper and narrower peak of E'', suggesting that the structure is harder, but can 

still release energy well in that transition. As in 10% BCBWA, in the activated case of flax 

shives biochar-PLA biocomposites, the ambient temperature values of the modulus of loss are 

twice those of biocomposites. The E'' peak is more pointed and intense than in 10% BCFS, 

indicating a very marked glass transition with high energy dissipation. But such a high E'' could 

also indicate more friction within the material, which may have to do with areas that are not 

equal. 

Finally, we also saw this increase in E' and E'' in the 10% BCALDA compounds. But E′ has 

lower values than 10% BCBWA and 10% BCFSA, more similar to the original PLA, although 

somewhat better. The peak of E′′ is at Tg, above 66 °C, but it is not as intense as in the other 

two compounds. This indicates that the improvement in the bond between PLA and biochar is 

not very good, probably because they do not get along very well. There are studies that say that 

chemistry and how biochar is activated influence how it binds with polymers. 

In short, PLA becomes stiffer and its thermal response changes when activated biochar is added. 

This agrees with previous studies reporting that biochar can reinforce biopolymers, improving 
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their mechanical properties and thermal stability. Among the fillers, BCBWA achieves a good 

balance between stiffness and energy dissipation, showing strong reinforcement together with 

a pronounced Tg. BCFSA provides the highest reinforcement, increasing stiffness significantly, 

although its energy dissipation is lower than that of BCBWA. BCALDA also improves the 

properties of PLA, but to a lesser extent compared to BCBWA and BCFSA. 

3.2.6.3 Effect of beech wood biochar loading in PLA-biochar composites viscoelastic 

properties 

Figure 38 shows the dynamic mechanical analysis (DMA) curves of 3 samples: pure PLA (100 

% PLA), two mixtures of PLA with 10 wt.% biochar (10% BCBWA), and 40 wt.% biochar 

(40% BCBWA). The curves show how the storage module and the loss module change with 

temperature. With this analysis, the glass transition temperature is estimated. 

   

Figure 38: Effect of charging on DMA curves of beech wood activated biochar PLA 

biocomposites. Double cantilever method with a ramp between 20 °C and 145 ◦C at 5◦C-min-1 

at a frequency of 1 Hz, with a dynamic amplitude of up to 30 µm and a force range between 4 

± 4 N. 

The storage module (E′) of pure PLA starts at around 900 MPa at room temperature. As the 

temperature rises, it gradually drops until it drops suddenly to around 60-70 °C. This matches 

the typical glass transition temperature (Tg) of PLA. The modulus of loss (E′′) is at its highest 

point around 65 °C, which confirms the Tg. This is normal in a semi-crystalline polymer such 

as PLA, where the stiffness decreases greatly when Tg is exceeded. 

For 10% BCBWA biocomposite, the storage module (E′) goes up quite a bit compared to PLA. 

At room temperature, E′ is almost twice as high (~2 000 MPa). The peak of E′′ becomes larger 

and centered near 66 °C, with more area below the curve, indicating that the activated biochar 

better strengthens the matrix. Activating biochar surely improves the way it binds with PLA, 

making the compound stiffer and better able to withstand heat. 
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Finally, for 40% BCBWA biocomposite, although E′ is higher than in pure PLA, it does not 

reach the levels of 10% BCBWA. Here, the peak of E′′ stays close to the Tg of the PLA, but the 

curve gets weird at higher temperatures (above 100 °C). This indicates that the particles are 

coming together and that the matrix may not be entirely homogeneous. This shows that if there 

is a lot of biochar, the interactions are not as good and can act as faults that reduce the transfer 

of forces. 

In summary, PLA has a Tg close to 65 °C, which is consistent with what has been seen in other 

studies. If you add 10 wt.% activated biochar (BCBWA), the storage module improves a lot. 

This means that activated biochar strengthens the material because it binds better, so activation 

is key for the matrix and reinforcement to come together well. However, if a lot of biochar (40% 

BCBWA) is used, irregular areas and possible failures are created, which makes the 

reinforcement not as good and affects thermal stability. 

3.2.7 Assessment of dielectric behavior (BDS) 

Figure 39 shows the variation in electrical conductivity (in S·cm⁻¹) of PLA biocomposites with 

10 % by weight of different biochar: BCALD, BCFSA, and BCBW, compared to pure PLA, in 

a frequency range of 100 Hz to 1 MHz.  

 

Figure 39: Effect of frequency on the conductivity of PLA and respective biocomposites loading 

10% of different biochar. 

Pure PLA is found to exhibit extremely low electrical conductivity, in the order of 6.68 x10-11 

to 1.20x 10-6 S·cm⁻¹, which is consistent with its insulating nature. The incorporation of biochar 

generates a notable increase in conductivity, especially at frequencies above 10⁴ Hz. Among 

the different biocomposites, 10% BCBW shows the highest conductivity, reaching values close 

to 10−4 S·cm⁻¹ at 1 MHz. This suggests greater effectiveness in forming continuous conductive 

paths, possibly due to the presence of mineral residues or more continuous carbonaceous 
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structures that facilitate electronic transport. It is followed by 10% BCFSA and 10% BCALD, 

with conductivities in the order of 10−5 and 10−6 S·cm⁻¹ respectively, indicating that the 

treatment or origin of the biochar has a considerable influence on its electrical performance. 

These results suggest that, even at low concentrations (10 wt.%), the type of biochar has a 

significant impact on the electrical property of biocomposites, which could be exploited in 

applications such as antistatic materials, sensors or electromagnetic interference (EMI) barriers. 

3.2.7.1 Effect of beech wood biochar loading on the conductivity of PLA-biochar 

biocomposite 

Table 12 shows the electrical conductivity (S·cm⁻¹) values obtained for PLA biocomposites 

with different biochar contents (0, 10, 40 and 70 wt.%) in a frequency range from 100 Hz to 1 

MHz. A clear trend of significant increase in conductivity is observed with the increase in the 

amount of biochar incorporated. 

Table 12: Effect of biochar loading on electrical conductivity (S·cm⁻¹), measured at different 

frequencies (Hz) of the PLA and BCBWA biocomposite. 

Frequency 

(HZ) 
 102  103 104  105 106 

Conductivity 

(S·cm⁻¹) 

100% PLA  6.68x10-11 4.15x10-10 5.80x10-09 7.76x10-08 1.20x10-06 

10% BCBWA 7.94x10-11 3.68 x10-10 5.07x10-09 6.48x10-08 8.83x10-07 

40% BCBWA 5.84x10-05 6.33 x10-05 6.32x10-05 7.22x10-05 9.46x10-05 

70% BCBWA 1.02x10-02 1.21 x10-02 1.24x10-02 1.24x10-02 1.20x10-02 

As in the previous graph, we observe that pure PLA has highly insulating behavior. This low 

conductivity remains at 10 wt.% in the compounds, but slightly higher than that of pure PLA. 

However, by incorporating 40 wt.% BCBWA, there is a considerable jump in conductivity, 

reaching values in the order of 10-5 S·cm⁻¹, with a relatively stable response throughout the 

frequency range. Finally, with 70% BCBWA, a drastic increase is observed, with values of up 

to 10-2 S·cm⁻¹, which indicates a clear formation of continuous conductive networks within the 

polymer matrix. 

In conclusion, the addition of biochar increased conductivity. Beech wood biochar has the best 

impact on conductivity. The higher the percentage of biochar, the greater the conductivity, 

reaching 2.21x10-2 S·cm⁻¹ for composites containing 70 wt.% biochar. These results confirm 

that biochar not only acts as a structural load, but also as a functional component, improving 

the electrical response of the material, making it potentially useful for applications in sensors, 

antistatic coatings or EMI (electromagnetic interference) materials. 

3.2.8  Assessment of mechanical behavior (tensile test) 

Figure 40A and Figure 40B compare the effect of biochar type on Young's modulus and the 

tensile strength of mixtures with PLA. It is observed that the addition of biochar maintains, or 
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even slightly improves, the Young's modulus in most cases, indicating a strengthening of 

stiffness due to the dispersion of carbonaceous particles in the polymer matrix. However, the 

tensile strength decreases noticeably compared to pure PLA, especially in formulations with a 

high biochar content, reflecting a loss of ductility attributed to the brittle nature of the biochar 

and the lesser interfacial cohesion with the matrix. This behavior is consistent with what is 

reported in the literature, where biochar acts as a rigid phase that increases stiffness but 

sacrifices resistance to plastic deformation [88]. 

Figure 40: A) Young’s modulus of PLA and composites. B) Tensile strength. 

These graphs of the mechanical properties allow us to confirm several elements mentioned 

throughout these results. Biochar influences the mechanical properties of biocomposites. 

Compounds containing a high proportion of biochar discourage dispersion. When the biochar 

content reaches 70%, the material breaks even before the mechanical test is performed, which 

is why no results appear in the graph. In addition, it is confirmed that composites based on 

terrestrial biochar have better mechanical properties than those based on algae biochar. 

3.2.9 Preliminary conclusions on biochar-PLA biocomposites. 

The data suggest that the addition of biochar changes the properties of PLA in multiple 

directions: 

• At low contents (10 wt.%), stiffness (E′, Young's modulus) would either increase or 

stay the same, while tensile strength would, due to embrittlement and poor interfacial 

cohesion, continue to decrease. 

•  Biochar activation enhances dispersion and interfacial bonding (SEM) and enhances 

stiffness and dissipation (DMA), but at some very high loads (≥ 40 – 70 wt.%), 

heterogeneities and structure failure occurs. 

• In TGA/DSC, biochar behaves as a nucleating agent (especially BCFS), advancing Tcc 

and changing Tm (double melting in medium/high loads). 
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• Electrical conductivity increased with contents and was greater in wood biochar 

(BCBW) than others.  

• FTIR implied that there were no covalent reactions, but physical interactions (H-

bonding/dipoles) were instead implied 

3.3 Conclusion on Chapter 3:  

Chapter 3 shows that the activated beech wood biochar (BCBWA) delivers the most balanced 

performance for PLA-biochar biocomposites. After CO₂ activation its BET surface area rose 

by ~53 % and the carbon content remained high (>  80  %), producing a dense, porous filler 

that, when mixed at 10–40 wt.%, increased the storage modulus by up to 2 × that of neat PLA 

and generated an electrical conductivity of ≈10⁻⁴ S cm⁻¹ at 40 wt.% and ≈10⁻² S cm⁻¹ at 

70 wt.%. The same activation markedly improved interfacial adhesion, as SEM revealed finer, 

more uniformly dispersed particles and fewer voids compared with untreated biochar, while 

FTIR showed a reduction of PLA characteristic bands and the appearance of oxygenated 

groups, indicating mainly physical (hydrogen bond/dipole) interactions. 

Flax shives-activated biochar (BCFSA) produced the strongest nucleating effect, increasing 

PLA crystallinity from 26% to ~48% and shifting cold crystallization to lower temperatures 

(Fig. 33 34), which improved thermal stability. Algae-derived activated biochar (BCALDA) 

achieved the largest increase in BET (≈774%) compared to its non-activated version, but due 

to its lower porosity, lower carbon content, and mineral residues, it contributed less to 

mechanical reinforcement. 

Overall, both the selection of biomass, the processes of production and activation of biochar, 

and the processes of production of biocomposites controls filler morphology, surface chemistry 

and particle dispersion, which in turn dictate composite stiffness, crystallinity, electrical 

pathways and tensile strength. Consequently, activated beechwood biochar is the most suitable 

filler for multifunctional, high performance biobased materials, while activated flax shive 

biochar is preferred when maximal crystallinity and thermal stability are required. 

At the end, we could highlight the following correlations:  

• Activation increases the surface area, which in turn improves dispersion, resulting 

in a higher DMA storage modulus (E′) and Young's modulus: the activated samples 

(BCALDA, BCBWA, BCFSA) show more porous surfaces (SEM), which directly 

translates into the higher E′ values observed in DMA for the activated composites 

(especially BCBWA). 

• Carbon content and crystallinity of filler increase electrical conductivity: wood 

biochar (high C, moderate crystallinity) delivers the highest conductivity at low 

loadings (10 % BCBW). 

• Filler content (≥ 40% by weight) increases the percolation threshold, which causes 

an increase in conductivity and, in turn, greater mechanical fragility: conductivity 

jumps from 10⁻⁵ S cm⁻¹ (40 % BCBWA) to 10⁻² S cm⁻¹ (70 % BCBWA), coinciding 

with the observed loss of tensile strength and the appearance of cracks in SEM at high 

loadings. 
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• Nucleating effect (high crystallinity filler) causes a change in the Tcc of the DSC, 

which in turn alters the thermal transitions: activated flax shives biochar (BCFSA) 

raises PLA crystallinity to ≈ 48 %, causing the cold crystallization temperature to fall 

from 126.7 °C to ≈ 115 °C (DSC), which also leads to a more pronounced double 

melting behavior (indicative of heterogeneous crystals).
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4 Techno-economic evaluation of biochar transformations  

Introduction 

As announced in chapter 1 of this thesis, the transition to eco-friendly materials, renewable 

energy systems, has sparked interest in biochar, a porous, versatile, and carbon-laden material 

produced by thermochemical processing of biomass.  

To assess the reliability and viability of biochar transformations, this chapter presents a 

theoretical technical-economic assessment of biochar production by pyrolysis of beech wood 

waste and the subsequent manufacture of PLA-biochar biocomposites. Several scenarios (S1, 

S2, S3, S4) are presented in which the biocomposite is marketed as a pellet and as clips for 

cultivation, used in agriculture. The analysis presents results of the simulation of the process in 

ASPEN Plus, mass and energy balances, capital expenditure (CAPEX), operational expenditure 

(OPEX) and financial indicators such as net present value (NPV), internal rate of return (IRR), 

payback period, and return on investment (ROI). This study aims to evaluate the profitability 

of a biochar and biocomposite production plant at an industrial level. Figure 42 presents a 

summary of the topics covered in the chapter, shows the production process for biochar and 

PLA-biochar biocomposites, the scope of the ASPEN plus simulation, the four scenarios 

production studied under the two sales hypotheses (100 % and 80 %), and the economic 

indicators evaluated. 

 

Figure 41: Graphic summary of chapter 4. 

The economic viability of biochar depends mainly on the type of biomass, the technological 

scale, local logistics, and the valorization of co-products, e.g. the integration of energy recovery 

and co-product used significantly improves profitability by diversifying revenue streams [244]. 

To enable standardized comparison, all monetary data presented in this section have been 

converted to euros (€). Annex .  

Table 13 shows the cost of biochar production at different technological scales. 
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Table 13: Cost of biochar production at different scales. 

Category Feedstock / Technology Cost / Price Value Ref. 

Traditional Small-Scale 
Agricultural residues / 

Earth-block kilns 

€ 0.03 to 0.07 kg-1 

($ 0.03–0.08 kg-1) 
[245] 

Small-Scale / Batch Agricultural waste 
€ 0.03 kg-1 to € 1.87 kg-1 

($ 0.03-2.06 kg-1) 
[246] 

Mobile Systems 
Agricultural waste / 

Prototype mobile kilns 

€ 0.79 kg-1 and € 1.87 kg-1 

($ 0.87–2.06 kg-1) 
[246] 

Industrial Scale General production 
€ 0.04 kg-1 to € 0.13 kg-1 

($ 50-150 ton-1) 
[247] 

Feedstock cost is an important factor, usually representing between 15 % and 30 % of total 

production cost [248], although it can reach up to 60 % when acquisition and processing are 

included [249]. Consequently, local waste availability and public policy support (such as carbon 

removal subsidies) are decisive for system profitability [250]. For example, a industrial-scale 

projet in Spain, achieves an internal rate of return of 22.35 % due to CO₂ removal revenues 

[251], also in Poland, biochar applied to agriculture is viable  when supported by subsidies of 

of approximately € 21.88 ($ 30) per ton of CO₂ sequestered [252], and fixed facilities in the 

United States (e.g., Michigan) are profitable due to abundant biomass [253]. 

A significant challenge for this research is the scarcity of specific techno-economic data 

regarding biochar production and biochar-PLA biocomposites within the French context. To 

address this limitation, this study utilizes references from European Union members (such as 

Spain and Poland) and outside EU (such as United States). 

PLA is one of the most commercially important biodegradable polymers, however, it has 

limitations in hardness, thermal resistance, and cost [110]. The integration of biochar as a 

reinforcement opens a path to improve yield, reduce cost and, in turn, increase sustainability. 

Current studies offer fragmented analyses, some on biochar production [254], [255], [256], and 

on PLA production [257]. But few carry out the economic study to manufacture biochar and 

biocomposites, integrating a complete simulation of Aspen Plus. This work aims to bridge this 

gap, providing a techno-economical study for a market expected to reach €410.84 million by 

2030 [258]. 

4.1 Production Cost Analysis (raw materials, processing processes, and necessary 

equipment) 

The cost analysis was carried out by evaluating two integrated blocks:  

(i) the production of biochar from beech wood waste, slow pyrolyzed at 600 °C.  
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(ii) And the manufacture of PLA-biochar biocomposites in granular form, which contains an 

average of 10 wt.% of biochar as filler and 90 wt.% of PLA as matrix. An estimated bulk density 

of 1.28 g·cm-3 and a processing temperature of 180 – 200 °C. The process is aimed at the 

production of technical pellets for applications in the sustainable sectors. The scenario in which 

these pellets are processed and sold as clips for crops is also evaluated. Table 12 shows a 

summary of the assumptions on which the calculations in this technical economic analysis were 

based. 

Table 14: Key techno-economic assumptions and operational parameters for the biochar-PLA 

biocomposite plant in Rouen. 

Basic Assumptions of Operation 

Location Rouen, Normandie 

Feedstock (Beech wood waste) 330 ton·year-1 

Biochar Yield 26 wt.%  

PLA-biochar biocomposites  536 ton·year-1 

Days of operation 330 days 

Weight of biocomposites clips 2 g 

Bank loan financing (5 years) € 5,500,000.00 

Interest annual 5 % 

Tax 25% [259] 

Plant's lifespan 10 years 

The limits of the system include: the acquisition of biomass, the crushing and drying of the 

biomass, transport, and pyrolysis. Also, the acquisition of biopolymers and the manufacturing 

process of biocomposites is important. Figure 42 shows the simplified flow of the process.  

 

Figure 42: Simplified process flow. 

In this study, the calculations are made considering several scenarios:  

- S1) All biochar produced is processed into biocomposite that will later be sold in the 

form of pellets, with a loss during the process of 3 %.  

- S2) 50 % of the biochar produced will be marketed and the other 50 % will be processed 

into biocomposites to be sold in pellet forms with a loss of 3% during the process.  

- S3) 50 % of the biochar produced will be marketed and the other 50 % will be processed 

into biocomposites to be sold in the form of crop clips with a 5 % loss during processing.  
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- S4) All biochar produced is processed into biocomposite that will be sold in the form of 

agriculture clips, with a loss during processing of 5 %. 

4.2 ASPEN Plus Simulation Methodology 

This section provides a comprehensive and technically rigorous description of the Aspen Plus 

model developed to simulate the integrated thermochemical conversion of biomass as seen in 

Figure 43,  combined with the co-processing of PLA. The model represents the full processing 

chain, including biomass preparation, drying, pyrolysis, partial combustion, char separation, 

and the final PLA-char blending step. This section explains the structure of the flowsheet, the 

underlying assumptions, and the role of each unit of operation in the process. 

 

Figure 43: Simplified process flow diagram of biomass pyrolysis and product recovery. 

4.2.1 Biomass Description 

The used biomass data into the Aspen Plus model is defined as a non-conventional component 

(NCPSD) to accurately capture its physicochemical characteristics and particle size 

distribution. Its ultimate analysis specifies a composition dominated by carbon (46.7 %), 

hydrogen (5.57 %), and oxygen (47.72 %), with negligible nitrogen and sulfur contents. These 

elemental values enable reliable estimation of the heating value and predict the decomposition 

pathways occurring during drying and pyrolysis. 

The biomass is represented as a homogeneous WOOD-type material with a mass fraction equal 

to unity. A particle size distribution (PSD) is integrated into the model, a critical element for 

representing heat and mass transfer, drying kinetics, and char formation. The PSD follows the 

Rosin-Rammler-Sperling-Bennett (RRSB) function with a characteristic diameter D₆₃ = 0.03 m 

and a dispersion coefficient of 1, providing a realistic distribution across particle size classes. 

Illustration of biomass configuration in Figure 44. 
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Figure 44: Biomass composition and PSD definition (ULTANAL, PROXANAL, NCPSD). 

4.2.2 Biomass Preparation - CRUSHER 

The CRUSHER unit models the initial particle size reduction of raw biomass. This mechanical 

operation ensures homogenization of particle size distribution, which improves drying 

efficiency and enhances reactivity during pyrolysis. Although no chemical changes occur, the 

physical transformation significantly influences heat transfer rates and fluidization behavior in 

downstream units. The crushed biomass stream (C-BIOM) exits the unit with identical mass 

flow but modified granulometry. Illustration of crusher configuration in Figure 45. 

 

Figure 45: Aspen Plus configuration of the CRUSHER unit for biomass size reduction. 

4.2.3 Biomass Drying - DRYER 

The DRYER block, implemented with a DRYER model, simulates moisture evaporation from 

the biomass according to its proximate analysis. Heated air drives moisture removal while 

maintaining the chemical integrity of the solid fraction. The thermal duty assigned to the unit 

quantifies the energy required to vaporize internal moisture. This step ensures that the biomass 

entering the pyrolysis reactor has an appropriate residual water content, reducing energy 

demand, and minimizing tar production. Illustration of dryer configuration in Figure 46. 
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Figure 46: Aspen Plus representation of the DRYER (RYIELD) unit and moisture evaporation 

process. 

4.2.4 Pyrolysis Reactor - PYRO-REA 

The PYRO-REA reactor models the thermochemical decomposition of dried biomass into 

gases, condensable vapors, and char. The reaction is represented using an RYIELD block, 

where the conversion fractions toward each phase are imposed based on proximate analysis and 

literature correlations. The reactor operates at elevated temperatures, typically between 500 and 

600 °C, and requires significant thermal input to maintain these conditions. The products form 

a multiphase mixture that is subsequently separated into the cyclone.  

Table 15 summarizes the main chemical families, the representative components of each family 

present in wood pyrolysis products, and the identification number of each of these components. 

Figure 47 shows the configuration of the pyrolysis reactor described above, as well as the mass 

distribution of each of the elements involved in the process. 

Table 15: Chemical Families and Representative Compounds Identified in Pyrolysis-Derived 

Products. 

Chemical family Representative / major molecule CAS Number 

Acids Acetic acid 64-19-7 

Alkanes Dodecane 112-40-3 

Alkenes 1-Hexene 592-41-6 

Alcohols Methanol 67-56-1 

Aldehydes Furfural 98-01-1 

Amides Acetamide 60-35-5 

Ketones Hydroxyacetone (1-hydroxy-2-propanone) 116-09-6 

Esters Methyl acetate 79-20-9 
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Chemical family Representative / major molecule CAS Number 

Furans Methylfurfural 620-02-0 

Guaiacols Guaiacol (2-methoxyphenol) 90-05-1 

Phenols Phenol 108-95-2 

Sugars (anhydrosugars) Levoglucosan 498-07-7 

 

 

Figure 47: Aspen Plus configuration of the PYRO-REA reactor used for biomass pyrolysis. 

4.2.5 Cyclone - CYCLON 

The cyclone performs mechanical separation of solids (char) from the pyrolysis gas stream. 

Using centrifugal force, it removes entrained particles to prevent their accumulation in 

downstream equipment. No chemical reactions occur in this unit; its function is purely physical, 

ensuring the quality of the gas entering the combustion unit and the recovery of sufficiently 

pure char for further valorization. 
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4.2.6 Combustor - COMBUST 

The combustor simulates the complete or partial oxidation of pyrolysis gases in the presence of 

air or oxygen. The model uses an RSTOIC or RGIBBS block to calculate equilibrium products 

such as CO₂, H₂O, and CO depending on the oxidation level. This step generates significant 

thermal energy, which is redistributed to heat the pyrolysis reactor or dryer through an internal 

energy loop. The resulting flue gases may also be pre-cooled or directly reused depending on 

process requirements. Illustration of combustor configuration in Figure 48. 

 

Figure 48: Combustor (COMBUST) unit showing oxidation reactions of pyrolysis gases. 

4.2.7 Heat Exchanger - COOL-FG 

The COOL-FG heat exchanger cools the hot flue gases emerging from the combustor to reach 

a temperature suitable for discharge or reuse. This cooling step recovers part of the thermal 

energy as useful heat for the process. No compositional changes occur within this unit; it 

performs strictly thermal conditioning of the gas stream. 

4.2.8 Condenser–Separator for Condensable Vapors – SEP 

The flowsheet, a SEP unit has been added downstream of the cyclone to perform a partial 

condensation of the vapors leaving the pyrolysis reactor. This unit operates as a condenser, 

enabling the separation of the liquid phase (bio-oil) from the non-condensable gas phase 

(syngas). 

The condensable vapors are directed to the BIO-OIL outlet stream, while the non-condensable 

fraction forms a cleaner syngas stream, which is more suitable for combustion or additional 

valorization routes. 

The integration of this separation unit provides several advantages: 

• Recovery of a liquid fraction rich in organic compounds, suitable for further 

applications (chemical synthesis, extraction of platform molecules, fuel precursors, 

etc.). 

• Reduction of condensable loads in the gas sent to the combustor, improving combustion 

stability and reducing fouling. 
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• Enhanced flexibility in adjusting the composition of the syngas supplied to downstream 

units. 

This new separation step thus increases the valorization potential of the liquid products and 

improves overall process operability. 

4.2.9 Syngas Stream Division – SPLITTER (SYN-GAS) 

The flowsheet also includes a splitter used to divide the non-condensable gas fraction (syngas) 

into two separate streams: 

1. A portion of the syngas is redirected to the combustion reactor (COMBUST). This 

internal recycling provides the heat required for: the pyrolysis reactor (PYRO-REA) via 

the internal heat loop and for the dryer (DRYER) to ensure moisture evaporation. This 

closed energy loop increases the overall energy efficiency of the process and reduces 

the need for external utilities. 

2. The remaining fraction is sent to the process outlet (SYN-GAS2). 

This part of the syngas may be used for energy production, upgraded chemically, or 

analyzed for alternative valorization pathways. 

By adjusting the split ratio, different operational scenarios can be evaluated in Aspen Plus, such 

as energy self-sufficiency of the process (higher fraction sent to COMBUST), maximization of 

syngas available for valorization, or combined optimization of pyrolysis and drying 

performance. This modification enhances the realism of the simulation by more accurately 

representing internal thermal interactions and energy recycling loops. In this simulation, the 

amount of energy required for our plant to be self-sufficient in the biochar production process 

is obtained by recycling the gases produced during pyrolysis. 

4.2.10  Extruder: PLA and Char Mixing 

The Extruder mixer combines the recovered char with PLA, defined as a pseudo-component. 

This unit simulates the preparation of a composite or catalytic material obtained by blending 

carbonaceous solid with molten polymer. The thermodynamic properties assigned to PLA 

(melting point, molecular weight limit, density) provide a simplified representation of its 

behavior in the process. No chemical reactions occur; the unit produces a homogeneous mixture 

of the two solids. 

4.2.11 Energy Loops 

The entire model is structured around energy loops connecting combustion, pyrolysis, and 

drying units. Heat generated from combustion is redistributed to satisfy the thermal 

requirements of the other steps, thereby reducing external energy input. Duty values indicate 

the heat demand of each unit, particularly for water evaporation in the dryer and temperature 

maintenance in the pyrolysis reactor. This integrated thermal structure models an optimized and 

energy-efficient process. 
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4.2.12 Overall Model Consistency 

All units are interconnected to reproduce the complete thermochemical conversion chain of 

biomass and PLA. The model satisfies mass and energy balances and incorporates ultimate and 

proximate analyses for defining non-conventional solids. The chosen Aspen blocks (RYIELD, 

RSTOIC, separators, and heat exchangers) provide a flexible and reliable structure for 

analyzing the process, testing operating scenarios, and evaluating material and energy 

performance. Table 16 shows the different Aspen units we will use in this simulation and a brief 

description. 

Table 16: Description of Aspen Plus Units and Their Roles in the Integrated Biomass Pyrolysis 

and Valorisation Process. 

No. Aspen Unit Main Function Block Type Transformation Type 

1 CRUSHER Biomass size reduction CRUSH/MILL Physical (granulometry) 

2 DRYER Moisture removal RYIELD 
Fictitious reaction (water 

decomposition) 

3 Air-Biomass Mixer Flow homogenization MIXER Physical (mixing) 

4 PYRO-REA Biomass pyrolysis RYIELD 
Thermochemical 

decomposition 

5 CYCLON Solid-gas separation SEP Mechanical separation 

6 COMBUST Gas oxidation RSTOIC / RGIBBS Oxidation reactions 

7 COOL-FG Flue gas cooling HEATX Thermal exchange 

8 B3 (Char + PLA) Composite preparation MIXER Physical mixing 

9 Heat Loops Energy redistribution Heat Streams No composition change 

Figure 49 shows a simplified schematic diagram of the complete flow diagram of the Aspen 

Plus simulation, providing information on the operating units and the mass and energy flows 

involved. 
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Figure 49: Summary schematic diagram of the complete Aspen Plus simulation flowsheet. 
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4.2.13 Modeling Assumptions  

• Steady-state operation; no dynamic behavior considered. 

• Perfect mixing at each unit inlet and outlet. 

• No heat or pressure loss to the environment unless specified. 

• Biomass modeled as a non-conventional solid using ultimate/proximate analyses and 

PSD. 

• PLA modeled as a single pseudo-component with fixed properties. 

• Thermodynamic properties are calculated with a single EOS/property method for all 

streams. 

• Crusher performs only mechanical size reduction, no reactions. 

• Dryer modeled with a fictitious decomposition of water; only moisture is removed. 

• Pyrolysis simulated with fixed yield fractions (RYIELD); no detailed reaction kinetics. 

• Pyrolyser assumed isothermal/isobaric with no intra-particle gradients. 

• Char treated as inert; no secondary char reactions modeled. 

• Cyclone assumed to achieve ideal gas–solid separation. 

• Condenser/SEP performs ideal vapor–liquid separation at given T and P. 

• No entrainment between liquid and gas phases in the separator. 

• Syngas splitter divides flow based solely on a fixed split ratio. 

• Combustor modeled with stoichiometric or equilibrium combustion; no pollutant 

formation modeled. 

• Cooler modeled as a simple heat exchanger with no pressure drop. 

• Extruder modeled as a physical mixer; no PLA degradation reactions are considered. 

• Heat exchanged between units via ideal heat streams with no losses. 

• Pressure drops across units and piping are neglected unless specified. 

• All phases assumed in thermal equilibrium at unit outlets. 

• Physical property data from Aspen databases assumed valid across all operating 

conditions. 

4.3 Material and energy balance 

4.3.1 Biochar Recovery and Integration into PLA-Based Composites 

During the pyrolysis process, the solid fraction of the biomass is converted into a biochar and 

separated from the gas–vapor stream using a cyclone. Based on the process simulation, the 

mass flow rate of dry biomass fed to the pyrolysis reactor is 38.96 kg·h⁻¹, while the biochar 

recovered at the cyclone outlet reaches 10.13 kg·h⁻¹, corresponding to approximately 26 wt.% 

of the dry biomass. This biochar stream is fully recovered and directly valorized without 

disposal. It is sent to an extrusion unit where it is blended with 90.0 kg·h⁻¹ of  PLA, producing 

100 kg·h⁻¹ of a CHAR–PLA composite. The final composite contains around 10 wt.% biochar 

and 90 wt.% PLA, demonstrating a closed-loop valorization strategy for the solid by-product 

of pyrolysis through the production of high-added-value biobased materials. Figure 50 shows 

the mass flow of the process. 
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Figure 50: Mass flow balance of the process. 

4.3.2 Pyrolysis Gas Management, Combustion, and Energy Integration 

The non-condensable fraction leaving the pyrolysis reactor, after solid separation, corresponds 

to a total gas flow rate of 13.92 kg·h⁻¹, representing approximately 35.7 wt.% of the dry 

biomass feed. This pyrolysis gas stream is subsequently divided into two distinct fractions. A 

first fraction of 7.55 kg·h⁻¹, accounting for about 54% of the total gas produced, is directed 

toward a combustion unit. The combustion of this gas provides the thermal energy required to 

sustain the endothermic pyrolysis reaction via a heat exchanger and to supply hot gases for 

biomass drying. This internal energy recovery significantly reduces external energy demand 

and contributes to the energetic autonomy of the process. The remaining fraction, 6.37 kg·h⁻¹, 

corresponding to approximately 46 % of the pyrolysis gas, is recovered as a synthesis gas 

stream. This syngas can be further valorized for energy production (e.g., CHP) or advanced 

thermochemical applications, such as hydrogen production or catalytic conversion, thereby 

enhancing the overall efficiency and flexibility of the integrated biorefinery system. Figure 51 

presents the energy balance of the process. 

 

Figure 51: Energy balance of the process. 

Looking at the flow sheet and evaluating it  with the energy balance figure, it is noticeable that, 

in addition to supplying the heat for drying and the 25 kW required for pyrolysis, we have at 

least 70 kW in the different outputs of bio-oil, syngas, and S5 that can be valorized in other 

areas. 

4.4 Technical and economic analysis 

4.4.1 Capital expenditure - CAPEX  

Capital expenditure, or CAPEX, refers to investments in long-term assets, such as buildings, 

land, machinery, or equipment. These expenses are often large and are used to build, improve, 
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or expand the company's infrastructure. CAPEX expenses are typically recorded as assets on 

the company's balance sheet and amortized over several years because they are expected to 

provide benefits over a longer period. Table 17 shows the breakdown of CAPEX for the 

nominal plant with a feed of 1000 kg·day-1.  

Table 17: Nominal plant CAPEX for 1 000 kg·day-1biomass. 

Item 
Scenario 1 

(k€) 

Scenario 2 

(k€)      

Scenario 3 

(k€)      

Scenario 4 

(k€)   

Ref. 

Industrial Warehouse 180.00 180.00 180.00 180.00 Estimated 

Biochar Section 1 645.00 1 645.00 1 645.00 1 645.00 Estimated 

Composites Pellets Section 1 150.00 1 150.00 1 150.00 1 150.00 Estimated 

Tomatoes Clips Section 0.00 0.00 500.00 500.00 Estimated 

Auxiliary infrastructure 200.00 200.00 200.00 200.00 Estimated 

Laboratory and quality 

control 
150.00 150.00 150.00 150.00 Estimated 

Working Capital 1 535.59 1 011.90 1 110.49 1 650.26 6 months of OPEX 

Total CAPEX 4 860.59 4 336.90 4 935.49 5 475.26  

The estimated data were based on averages of costs found online, and consider a percentage 

dedicated to installation and/or adaptation. In the case of the biochar section, the cost was based 

on the budget provided by ETIA (Annex 4) for the pyrolysis section plus approximately € 250 

000 for biomass pretreatment machinery and biochar storage logistics. In addition, the working 

capital included six months of OPEX, of which one month was allocated to the payment of 

permits, licenses, engineering, and commissioning.  

4.4.2 Operational expenditure - OPEX  

All expenses that are not directly associated with the production or provision of goods and 

services can be classified as operating expenses (OPEX). In the context of our project, OPEX 

corresponds to the sum of the following elements: purchase of raw materials, consumables, 

labor and maintenance cost, energy consumption. These expenses are essential, as they 

establish the necessary basis for the operation of revenue generating activities. Table 18 shows 

an annual estimate of OPEX based on nominal operation (330day·year-1). 

https://www.google.com/search?rlz=1C1HKFL_frFR1193FR1193&sca_esv=bf060a61777141fd&sxsrf=ANbL-n595OSnR2_WdnCqN_mecVVQ2jNi-w:1768692686259&q=expenditure&si=AL3DRZE_xiDg-d6tsHNNJuabyRZWa4VX520W7vtx4WWoDgCbmdJP4zlpK2UOD_B_6MUuOT2_JcmMEuh94nk2oSal_3MCN0OrYKDLIZaW00bnzrS42dh_8XM%3D&expnd=1&sa=X&sqi=2&ved=2ahUKEwjC3J_a3ZOSAxXrVqQEHY_8FboQyecJegQILRAR
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Table 18: Indicative annual OPEX €/year. 

Item 
Scenario 1 

(k€/year) 

Scenario 2 

(k€/year) 

Scenario 3 

(k€/year) 

Scenario 4 

(k€/year) 

Wood waste 3.63 3.63 3.63 3.63 

Virgin PLA 2 065.03 10 032.51 1 032.51 2 065.03 

Energy 33.46 18.61 50.79 97.41 

Labor 360.00 360.00 450.00 450.00 

Maintenance 166.25 166.25 191.25 191.25 

Consumables & Packaging 40.00 40.00 40.00 40.00 

Overheads 332.50 332.50 382.50 382.50 

Waste management 15.00 15.00 15.00 15.00 

Logistics costs 50.00 50.00 50.00 50.00 

Water consumption 5.30 5.30 5.30 5.30 

Total OPEX anual 3 071.17 2 023.81 2 220.98 3 300.52 

For the costs of wood, it was considered low, as it consists of wood waste and scrap available 

in areas near Rouen, Normandy. In the analysis, we observed that between the Lyon forest, the 

Eawy forest, and the Yvetot area, around 84 000 tons of waste are produced. Therefore, there 

is enough to supply the plant's annual needs, which are only 330 tons. Traveling between these 

locations and Rouen would involve traveling about 581 km per year. As for PLA, which is one 

of the critical points, a price of € 2.86 kg⁻¹ was considered, which according to the global 

analysis by imarcgroup [260]. However, when averaging the prices of several suppliers online, 

the average cost of PLA is around € 6 kg⁻¹, so using this latter price, and maintaining the sale 

of the product at 1.8 times the cost of production, is profitable for all four scenarios, but the 

sales prices of composites would be much higher, at around € 12.90 kg⁻¹ and € 13.96 kg⁻¹ for 

composite pellets and composite clips, respectively. This remains competitive but is less 

attractive to buyers. 

Using these OPEX values the calculated unit production cost for each of our products provided 

that for biocomposite pellets  € 3.95 kg⁻¹, and € 4.95 kg⁻¹ for biocomposite tomatoes clips. In 

the case of biochar, an OPEX was carried out considering only the production of biochar, in 

order to evaluate its unit cost resulting in € 1.55kg⁻¹. 
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For OPEX, the workforce was 8 employees divided into 2 shifts of 8 and 10 employees in two 

shifts for scenarios that include mold injection. Table 19 shows the positions, function and 

salaries.  

Table 19: Job descriptions and salaries. 

Job title Main Fonction 
Gross cost 

Total per year (k€) 

Shift supervisor 
Coordinates and supervises the entire shift. 

Documentation, basic quality control 
51.00 

Reactor operator 
Operate and control the reactor. Support in mixing 

when not loading/cooking. 
43.90 

Biocomposites / mixing 

technician 

Formulating and blending biocomposites In-reactor 

support 
45.50 

Maintenance operator 
Maintain critical equipment. Lightweight 

operational support 
 

42.90 

For these salaries, the average salary of these positions in Normandy was considered, plus 30% 

considered as the burden for the company. 

4.4.3 Sales 

To set the sale price for each product, the unit production cost was calculated and set at 2 times 

the unit production cost, resulting in values of € 3.11 kg⁻¹, for biochar, € 7.89kg⁻¹, for 

biocomposite pellets, and € 8.66 kg⁻¹, for biocomposite clips. Selling biocomposites at prices 

below average market prices. The following Figure 52 shows the market price range for 

biochar, PLA, biocomposite pellets, and tomato clips. This data was collected online from 

different companies such as 3DJake/Spectrum, Nanovia, Eolasprints, Arianeplast, 

SmartMaterials3D, Alibaba (exporters), Rezomes/others, Agrifournitures, Frenc Alibaba, 

AUXINE, Adorla, Ecoforce, AUXINE, Triangle, Direct-filet, and Jardinet (Annex 5). In the 

case of biochar, in most cases, sales were directed at agriculture. In the case of pellet 

composites, only two were found products, PLA-carbon and PLA-wood composites. In the 

case of tomato clips, those that are biodegradable or made from biopolymers were in the range 

of € 33-49 kg⁻¹, but those made from polypropylene are cheaper, which is why we see in the 

graph that prices start at € 9 kg⁻¹. 
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Figure 52: Market price range in France 

In Figure 52, the green dots represent the maximum prices of those evaluated, the red dots 

represent the minimum prices, and the blue box represents the selling price considered in this 

study, which is equivalent to 1.8 times the production price. As can be seen in the graph, our 

composite products are cheaper than those of our competitors. 

4.4.4 Cash flow 

Once there is a clear idea of the infrastructure costs, expenses, and monthly income, it’s time 

to work on the cash flow, which shows the movement of money in and out of the project. It 

serves to measure liquidity, that is, the actual ability to pay expenses, and is essential for 

making financial decisions, as cash flows are used to calculate the economic indicators in the 

next section 4.4.5. Table 20 shows the 10-year cash flow of Scenario 1. The cash flows for the 

other scenarios are presented in Annex 7. 

Table 20: 10-year cash flow for scenario 1 considering the sale of 100% of the proceeds. 

Year 
CAPEX 

(k€) 

Income 

(k€) 

OPEX 

(k€) 

EBITDA 

(k€) 
Depreciation Interests Tax 

Net 

profit 

(k€) 

Free Cash 

Flow (k€) 

0 4 860.59              -4 860.59 

1   6 142.34 3 071.17 3 071.17 486.06 252.45 583.17 1,749.50 2 235.56 

2   6 234.48 3 117.24 3 117.24 486.06 201.64 607.38 1 822.15 2 308.21 
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3   6 327.99 3 164.00 3 164.00 486.06 148.24 632.43 1 897.28 2 383.34 

4   6 422.91 3 211.46 3 211.46 486.06 92.10 658.33 1 974.98 2 461.03 

5   6 519.26 3 259.63 3 259.63 486.06 33.09 685.12 2 055.36 2 541.42 

6   6 617.05 3 308.52 3 308.52 486.06 0.00 705.62 2 116.85 2 602.91 

7   6 716.30 3 358.15 3 358.15 486.06 0.00 718.02 2 154.07 2 640.13 

8   6 817.05 3 408.52 3 408.52 486.06 0.00 730.62 2 191.85 2 677.91 

9   6 919.30 3 459.65 3 459.65 486.06 0.00 743.40 2 230.19 2 716.25 

10   7 023.09 3 511.55 3 511.55 486.06 0.00 756.37 2 269.12 2 755.17 

Several parameters are considered in cash flow: CAPEX (capital expenditure), OPEX 

(operating expenditure) and revenue, the latter of which refers only to sales and has already 

been defined above. EBITDA stands for earnings before interest, tax, depreciation, and 

amortization. It is a metric used to provide insights into a company's profitability. Depreciation 

is the reduction in the value of an asset over time due to wear and tear, among other factors. In 

this study, the useful life of all assets and equipment was assumed to be 10 years, which is the 

duration of the project. Therefore, although the asset value will decrease, it will not need to be 

replaced, as it will only be acquired once. Interest payable is also included. For the purposes of 

this study, it was assumed that start-up costs were covered by a € 5 500 k loan at 5 % interest 

over five years. The same loan was considered for all scenarios. The loan amortization table 

shows the gradual repayment of debt over a certain period (five year) through periodic 

payments consisting of the original loan amount and interest (Annex ). Taxes are the money 

that the company must pay and are applied to net profits, i.e., if there are no profits, no taxes 

are paid. In France, the corporate tax rate is 25 % as mentioned in section 4.1. Net profits are 

the amount of money left over after deducting a company's total expenses from its total revenue 

for a given accounting period. Return on Investment is calculated based on net profits. Free 

cash flow is the amount of cash left over for a company after accounting for operating expenses 

and maintenance of fixed assets. Investors and analysts use it as a measure of a company's 

profitability, and Net Present Value and Internal Rate of Return are calculated based on free 

cash flow data. 

To represent the evolution of money more realistically, in terms of both income and expenses, 

an annual inflation rate of 2 % has been assumed, starting in year 2, which is close to the 

inflation rate in France in 2025 [261]. In addition, a discount rate of 10 % was considered. This 

interest rate is used to calculate the present value of a series of future income payments. 

To assess the economic viability of the project, a ten-year financial projection analysis was 

performed under two commercial performance assumptions: a base case scenario with 100 % 

sales and a conservative sensitivity scenario with 80 % sales. The results are broken down 

(Figure 53) in terms of net profit (parts A and C) and free cash flow (B and D). 
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Figure 53: Comparison of financial projections under full sales (100 %) and reduced sales (80 

%) scenarios. The graphs on the left (A, C) show the distribution of net profit by scenario, while 

those on the right (B, D) represent the evolution of free cash flow. 

The net profit projections allow us to see how they evolve. A stacked bar chart was used to 

represent net profit (Figure 53 A and C) in order to facilitate direct comparison of the 

profitability generated by each independent scenario. With an optimal return of 100 % of sales, 

the project shows financial strength. Some scenarios, such as 1 and 4, show a positive profit 

close to € 1 700 k from the first year, exceeding € 2 200 k by the tenth year. In contrast, the 

scenarios 2 and 3 didn't even reach 700 k after 10 years. This suggests that all scenarios are 

viable, but the scenario 4 is the most robust in terms of net profit. in contrast by reducing sales 

volume to 80 %, a critical change in the profit structure can be observed. Scenarios 2 and 3 

have constant operating losses (negative values), indicating that these components are highly 

dependent on sales volume to reach their break-even point. This is particularly true of scenario 

3. 

Figure 53 B and D illustrate the project's ability to generate liquidity after meeting investment 

and working capital requirements. In this context, we see that in the full sales scenario, free 

cash flow shows an accelerated recovery. Despite a significant initial investment (approx. € 5 

500 k), the break-even point is reached early on. Scenarios 1 and 4 show stabilization above € 

2 500 k per year. However, with a 20 % reduction in sales, although the project remains 

technically viable (positive free cash flows), the margin for manoeuvre is considerably reduced. 
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In the case of the lower-performance scenarios, they barely exceed € 500 k per year, suggesting 

a high risk in the event of possible increases in operating costs or unforeseen financial events. 

4.4.5 Economic indicators: ROI (Return on Investment), NPV (Net Present Value), IRR 

(Internal Rate of Return), and Payback to assess the economic viability of the 

project. 

Within the economic indicators we have ROI, which is a static and simple method to obtain a 

quick analysis of a short-term investment. It is calculated as the quotient between the profit 

generated before interest and taxes and the value of the investment. 

𝑅𝑂𝐼 =
𝑅𝑒𝑣𝑒𝑛𝑢𝑒 − 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡

𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡
 

 

Equation 6 

Another important indicator is NPV (net present value), or VC (equity value) is a measure that 

considers the different value of money over time. It updates the monetary units, that is, it gives 

us the present value of our future flows valued at a given discount rate. This method measures 

the overall profitability of an investment project. It is calculated with the equation:  

𝑁𝑃𝑉 = ∑
𝑉𝑡

(1 + 𝑘)𝑡

𝑛

𝑡=1

− 𝐼0 

 

Equation 7 

Where NPV is the net current value, it represents the cash flows in each period of time.  

𝑉𝑡𝐼0value of the initial investment, n is the number of periods considered, and k is the interest 

rate. 

On the other hand, there is also the IRR (Internal Rate of Return) provides the return on 

investment in percentage terms and measures the profit of the asset with respect to the capital 

that remains invested at the beginning of each period and not on the one initially invested. It is 

calculated with the following equation.  

𝑇𝐼𝑅 =
𝐹𝑢𝑡𝑢𝑟𝑒 𝑣𝑎𝑙𝑢𝑒

1
𝑛

𝑃𝑟𝑒𝑠𝑒𝑛𝑡 𝑣𝑎𝑙𝑢𝑒
− 1 

 

Equation 8 

The equations are presented for general information, but for the calculations we will rely on 

Excel, which already has the integrated equations.  

Using the cash flow information and assumptions from the previous section, the different 

indicators for scenario 1 in which all the biochar produced was used for the production of 

biocomposites in pellet forms were calculated. The result shows a Roi total of 421 % which 

indicates that in for every € 4 invested, € 4.2 will be recovered, which would be an average 

annual ROI of 42 % over 10 years, indicating that, on average, each year the project returns a 
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net profit, after taxes and depreciation, equivalent to 42 % of the initial inversion. An NPV of 

€ 9 469.51 k indicating that the project is expected to generate about 9 millions of euros in 

value beyond its costs. An IRR of 48 %, which indicates that it is much higher than the 

minimum accepted rate, which is about 10 %, indicates that this project is profitable. And 

finally, the payback period indicates the project will pay back its initial investment by the third 

year. Basically, it is profitable and attractive. 

Table 21 shows the financial performance of the four investment scenarios under two sales 

assumptions: 100 % sales capacity and sales capacity reduced to 80 %. This provides a broader 

view of profitability, value creation, and risk exposure. 

Table 21: summary table of economic indicators for all scenarios. 

Sales 100% ROI (%) NPV (k€) IRR (%) Payback (year) 

Scenario1 421 9 469.51 48 3rd 

Scenario 2 129 1 454.90 17 5th 

Scenario 3 110 1 136.93 15 6th 

Scenario 4 399 10 013.11 46 3rd 

Sales 80%     

Scenario1 218 4 024.56 27 4th 

Scenario 2 9 1 433.13 1.5 9th 

Scenario 3 -4 2 002.73 1 Non recovered 

Scenario 4 205 3 592.18 26 4th 

At full sales capacity, scenarios 1 and 4 stand out for their high profitability, with a high IRR 

and short payback periods. Scenarios 2 and 3 remain profitable but are less attractive due to a 

lower return on investment and slower payback. On the other hand, when considering that only 

80 % is sold, there is a decrease in the IRR in scenario 1 from 48 % to 27 %. Even so, it remains 

solid and profitable. In contrast, when sales decline by 20 %, scenarios 2 and 3 become 

financially unsustainable, as they have a negative NPV. Finally, scenario 4 remains profitable 

despite the decline in sales. 

In conclusion, the results show that the focus should be on scenarios 1 and 4, which ensure 

high profitability and resilience even in the face of declining sales. Scenarios 2 and 3 represent 

a high risk and should not be a priority in investment planning. 

4.4.5.1 Scenario analysis and sensitivity assessment 

To assess the sensitivity of the project to changes in certain factors such as CAPEX, OPEX, 

and sales, economic indicators were calculated, varying these by plus or minus 10 %, with the 
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exception of sales, which varied between minus 10 % and 20 %, as we cannot sell more than 

what is produced since no product reserve was considered. Figure 54 shows the influence of 

changes in CAPEX, OPEX, and sales on the net present value of the four scenarios. 

 
Figure 54: Effect of the variation in OPEX, CAPEX, and sales on the net present value of the 

project. 

In Figure 54, the yellow dots refer to the factor at 80 %, the red dots at 90 %, the black dots at 

100 %, and the blue dots at 110%. In other words, in the case of sales, the yellow dot indicates 

that only 80 % of what was produced was sold, and the blue dot indicates that 110 % of the 

actual CAPEX considered in the base calculations was considered CAPEX. Once this is 

understood, it seemed that sales have the greatest impact on the project's NPV, followed by 

OPEX and finally CAPEX. Therefore, in order to improve the profitability of scenarios 2 and 

3, the ideal solution is to vary the sales price of the different products and also draw up a sales 

plan that ensures the highest possible sales. 

At least a 15 % increase in the sale price of the products is needed for scenarios 2 and 3 to 

become profitable, assuming 80 % of sales. This would result in a NPV of € 548.34 k and an 

IRR of 13 % for scenario 2, and a NPV of € 165.31 k and an IRR of 11 %  for scenario 3. 

Therefore, with sales prices of € 9.23 kg⁻¹ for biocomposite pellets, € 10.13 kg⁻¹ for clips, and 

€ 3.64 kg⁻¹ for biochar, scenarios 2 and 3 would become profitable, maintaining competitive 

prices for biocomposites and acceptable prices for biochar. 
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Conclusion 

The technical-economic assessment demonstrates that integrating biochar production with 

PLA-based biocomposite manufacturing can be commercially viable. Capital expenditure for 

a 1 t·day⁻¹ plant is modest and the main cost drivers are the biochar section and auxiliary 

infrastructure. Operating costs are dominated by energy consumption and raw material 

purchase, leading to a unit production cost of € 1.55 kg⁻¹ for biochar and € 3.90 kg⁻¹ for 

composite pellets (Scenario 1). 

Four scenarios were evaluated. When all biochar is valorized as composite pellets (Scenario 1), 

the project achieves an ROI of 421 %, an NPV of € 9 470 k, an IRR of 48 % and a payback 

within three years, confirming strong profitability. A similar performance is obtained in 

Scenario 4 (biochar-PLA biocomposites clip products) with ROI ≈ 399 % and IRR ≈ 46 %. 

Scenarios 2 and 3, which split the biochar between sale and composite production, generate 

lower returns and become unprofitable when sales drop to 80 % of capacity. Sensitivity 

analysis shows that sales price has the greatest impact on NPV, followed by OPEX and 

CAPEX, indicating that market positioning and demand assurance are critical for the less 

favourable scenarios. Figure 55 shows a comparison of the different economic indicators for 

the four scenarios outlined in Chapter 4 and the assumptions of 100 % and 80 % sales. Where 

it is shown that scenario 4 (S4) is resilient as well as being the most balanced and cost-efficient 

(CAPEX/OPEX), scenario 1 offers the best returns (ROI/IRR), and a 20 % drop in sales 

significantly reduces the profitability of all scenarios. 

 

Figure 55: Financial sensitivity analysis of different scenarios. 

Overall, the model confirms that a fully integrated biochar to biocomposite plant can achieve 

economic sustainability while delivering high value, multifunctional materials. The analysis 

also highlights the importance of optimizing product mix, maintaining high sales volumes, and 

controlling energy and raw material costs to preserve the attractive financial indicators 

identified for the most promising scenarios. 
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General conclusion  

This thesis presents comprehensive research into the utilisation of biochar in biobased materials 

with controlled properties, addressing critical gaps in our understanding of biochar-

biocomposite systems. Through a systematic analysis of biochar production, activation and 

application in polylactic acid (PLA) matrices, the research has demonstrated the versatility and 

promise of biochar as a reinforcement material for developing sustainable and economically 

viable biocomposites. 

The study was organized around three biomass (Laminaria digitata algae, beech wood and flax) 

all subjected to a slow pyrolysis process at 600 °C followed by physical activation with CO₂ at 

900 °C. This double-treatment approach was highly effective, as activation significantly 

increased the specific surface area (up to 774 % for Laminaria digitata algae) and pore volume, 

which improves interfacial adhesion to the PLA matrix, raises the storage modulus of 

biocomposites (E′ ≈ 2,000 MPa for 10% BCBWA) and allows the formation of conductive 

networks (electrical conductivity reaching ≈ 10⁻² S·cm⁻¹ a 70 % beech wood infill by weight). 

These results demonstrate that the intrinsic properties of biochar can be designed and adapted 

through careful selection of feedstock type and thermal processing parameters to meet specific 

application requirements. 

The research identified an optimal biochar loading of 10 % by weight strikes a critical balance 

between improving mechanical properties, especially Young's modulus, while maintaining 

processability and avoiding embrittlement. At this loading, the biochar acts as a nucleating 

agent, enhancing the crystallinity of the PLA matrix without negatively affecting the glass 

transition temperature. It was also identified that wood-derived biochar offers the best balance 

between stiffness, conductivity and thermal stability, while flax shives-derived biochar stands 

out as a nucleating agent, increasing the crystallinity of PLA and displacing cold crystallization 

at lower temperatures. In addition, terrestrial biochars (beech wood, flax shives) outperform 

algae biochar in mechanical reinforcement and conductivity. 

Higher biochar loads (> 40 % by weight) demonstrated improved electrical conductivity, with 

values reaching 1.24×10⁻² S·cm-1 at 70 % beech activated biochar, making these compounds 

suitable for electromagnetic and antistatic shielding applications. This functional improvement 

opens news ways for biocomposites in electronic devices and advanced packaging applications, 

moving beyond purely mechanical reinforcement to multifunctional materials. However, high 

filler loads (> 40 % by weight) cause agglomeration, reducing tensile strength and 

processability, highlighting the need to optimize dispersion or employ coupling agents. 

It reveals the limitation that there is an inverse relationship between technical functionality and 

structural stability: while biochar enhances the rigidity and electrical capacity of the 

biocomposite, excess biochar compromises its deformation capacity (ductility) and energy 

absorption (toughness). This defines a critical threshold for the material's mechanical integrity. 

Our findings provide critical evidence of the commercial viability of integrated biochar and 

biocomposite production systems.  The techno-economic assessment indicates that an 

integrated facility (1 t·day⁻¹) for the conversion of beech wood waste into biochar, followed by 

the production of PLA–biochar pellets, is technically feasible and economically attractive. 
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With a modest capital expenditure (~ € 5.5 M), the unit costs of production are € 1.57 kg⁻¹ for 

biochar and € 3.95 kg⁻¹ for composite pellets, the project achieves an NPV ≈ € 9 million and a 

payback period of three years, when all biochar produced is valued as composite material. The 

sensitivity analysis shows that the selling price is the dominant economic lever, underlining the 

importance of the market position. This study shows several scenarios and shows that scenarios 

in which 50 % of the biochar is sold as a finished product and the other 50 % is valued in 

biocomposites, are riskier and only viable at full sales capacity. 

Together (physico-chemical and financial analysis), this work provides a comprehensive 

design framework that links the surface, porosity, carbon content, and crystallinity of biochar 

to the mechanical, thermal, and functional performance of PLA-based biocomposites.  It further 

demonstrates that this valorization pathway offers both technical advantages and strong 

economic returns, while aligning with the broader objectives of the circular economy and 

climate change mitigation by enabling the replacement of fossil-based boosters with 

sustainable alternatives derived from waste biomass. Several scientific and technological gaps 

persist that deserve attention in future research: 

1. The compression and development of surface functionalization strategies or coupling 

agents to improve the dispersion of biochar in PLA and strengthen interfacial adhesion, 

especially at higher fill levels.  

2. Conduct ageing, biodegradation, and fatigue studies to assess the shelf life of biobased 

compounds under realistic service conditions. 

3. Leverage pronounced electrical conductivity for exploration of additional high-value 

applications such as antistatic coatings, EMI shielding, and sensor platforms. 

4. Integration with renewable energy systems, optimization of pyrolysis gas titration and 

co-product exploration (bio-oil, syngas) could significantly improve overall system 

profitability and energy efficiency. 

5. Refine the product portfolio (pellets, agricultural clips, special fillers) and evaluate 

alternative market niches to mitigate the sales price sensitivity identified in the techno-

economic analysis.  
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Economic viability and industrial applications. Under correction. 

International conference (oral or poster communication):  

• Guillermina Feliz Florian, Mohamed Ragoubi, Nathalie Leblanc, and Lokmane 

Abdelouahed. Biosourced biochar as a conductive filler in polymeric biocomposites: 

effect of biomass type and filler content. Oral presentation at the IVth International 

Congress on Research, Development, and Innovation, Universidad Autónoma de Santo 

Domingo (UASD), November 2025, Dominican Republic. 

• Guillermina Feliz Florian, Mohamed Ragoubi, Nathalie Leblanc, and Lokmane 

Abdelouahed. Analysis of biochar derived from different biomasses used as filler in 

PLA biocomposites. Oral presentation at the IIIrd International Congress on Research, 

Development, and Innovation, Universidad Autónoma de Santo Domingo (UASD), 

November 2024, Dominican Republic. 

National communication (oral or poster communication): 

• Guillermina Feliz Florian, Mohamed Ragoubi, Nathalie Leblanc, and Lokmane 

Abdelouahed. Characterization of biocomposites made from biochar and polylactic 

acid (PLA). Poster at Société française de génie des procédés (SFGP) congress, October 

2024, Deauville, France.  

• Guillermina Feliz Florian, Mohamed Ragoubi, Nathalie Leblanc, Bechara Taouk and 

Lokmane Abdelouahed. New ways of utilizing biochar in bio-based materials with 

controlled properties. Oral presentation at Laboratoire de Sécurité des Procédés 

Chimiques (LSPC) doctoral students’ day, 2023, Rouen, France. 

• Guillermina Feliz Florian, Mohamed Ragoubi, Nathalie Leblanc, Bechara Taouk and 

Lokmane Abdelouahed. New ways of utilizing biochar in bio-based materials with 

controlled properties. Poster at UniLaSalle doctoral students’ day, 2022, Mont-Saint-

Aignan, France. 

• Scientific speed dating / Science Festival 2024, Rouen. 
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Annex 1. Technical data sheet of PLA 

 



 

127 

 

 

 

 



 

128 

 

 



 

129 

 

 

 

 

 

 

 

 

 

 



 

130 

 

Annex 2. Comparison of mass degradation in biomass, biochar, and biocomposites. 

This appendix shows the mass degradation of the three types of biomass used, as well as the 

biochar and biocomposites produced from them. 

 

Figure A2: Mass degradation curves with respect to the temperature of biomass, biochar and 

PLA-biochar compounds (10 wt.%). Heated at a constant rate of 10 °C·min-1 from 25 to 800 

°C, under an inert 20 ml·min-1 argon atmosphere. 

Thermogravimetric analysis shows a clear difference in thermal stability among the samples, 

related to their structure and level of carbonization. The biomass samples (BW, ALD, FS) have 

a typical profile for lignocellulosic materials, with a multistage mass loss. Hemicellulose and 

cellulose degrade between 210°C and 380°C. In contrast, the biochar (BCBW, BCALD, BCFS) 

shows better thermal stability up to 800°C and leave behind significant carbon residues (up to 

92%). This confirms a condensed aromatic structure after the pyrolysis process. The behaviour 

of the 10% biocomposites is interesting. Incorporating biochar changes the decomposition 

rates. The 10% BCALD sample has the lowest onset temperature (Tonset) at about 250°C. This 

suggests that the specific composition of the algae might have a catalytic or destabilizing effect 

on the matrix. It reduces the thermal processing window compared to the wood or straw 

versions. 
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Annex 3. Conversion table of certain monetary values into euros 

This appendix shows a table with the conversion to euros of certain monetary values retrieved from the literature, according to the exchange rate 

on the date of publication of the referenced article. Exchange rate consulted on https://www.x-rates.com/ 

Table A3: conversion of certain monetary values into euros 

Ref. Concept Publication date Original Price Exchange rate (€) Final Price (€/kg) Total Value (M€) 

[245] 
Biochar cost produced in traditional Small-

Scale biochar production 
Aug-2025 

0.03 USD·kg-1 
0.86 

0.03 

 

0.08 USD·kg-1 0.07 

[246] 
Biochar cost produced in Small-Scale / 

Batch and Prototype mobile 
Aug-2024 

0.03 USD·kg-1 

0.91 

0.03 

2.06 USD·kg-1 1.87 

0.87 USD·kg-1 0.79 

[247] Industrial Scale biochar production Oct-2025 

50 USD·ton-1 

0.86 

0.04 

150 USD·ton-1 0.13 

130 USD·ton-1 0.11 

[252] Biochar production Poland Feb-2014 

30 USD·ton-1 CO2 

0.73 

0.02 per kg CO2 

39 USD·ton-1 0.03 

85 USD·ton-1 0.06 

[244] 
Biochar cost NPV biochar an biocomposite 

plans. CANADA 
Jun-2024 

513.1 CAD·kg-1 

0.68 

0.35 

42,9 M CAD 

- 

29.08 

34,0 M CAD 23.05 

34,8 M CAD 23.59 

[258] Biochar market projection Aug-2025 478, M USD 0.86 410.84 
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Annex 4. ETIA budget proposal 
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Annex 5. Market prices collection data online 

Table A5 was created using data collected online in October 2025. Averaging the prices gives an approximate price of €26 per kg for composite 

granules, €6 per kg for PLA, €3 per kg for biochar, and €20 per kg for tomato clips. 

Table A5: market prices for biochar, PLA, biocomposite pellets, and tomato clips, compiled from various online sources 

Company Product Type Price (€/kg) Notes Links  

3DJake / Spectrum FGF Pellet PLA Carbon Composite 33.59 Retail composite pellets https://www.3djake.fr 

Nanovia PLA Wood  Composite 18.30 Pellets 40% pine https://nanovia.tech 

Eolasprints PLA Pellets PLA virgin 6.99 Retail PLA pellets https://eolasprints.com 

Arianeplast PLA Pellets PLA virgin 10.00 French PLA supplier https://www.arianeplast.com 

SmartMaterials3D PELLETSMART PLA PLA virgin 10.45 Premium PLA https://www.smartmaterials3d.com 

Alibaba (exporters) PLA pellets bulk PLA virgin 2.19-2.76 Large-scale sourcing https://www.alibaba.com  

Rezomes / others Industrial biochar Biochar 0.53–0.80 Bulk biochar https://shop.rezomes.com  

Agrifournitures Biochar retail Biochar 4.60 Agri/garden retail https://agrifournitures.fr  

frenc alibaba Biochar Biochar 0.34-1.62 Organic activated carbon https://french.alibaba.com 

AUXINE  Wood biochar Biochar 5.90 Biochar of wood waste https://www.auxine-shop.fr 

Adorla Wood biochar Biochar 1.30 Biochar of wood waste https://www.adorla.com 

ecoforce Wood biochar Biochar 9.00 Wood biochar https://www.leroymerlin.fr 

AUXINE Tomato clips Bioplastic PLA 49.90 Biodegradable, estimated weight of 1.5g/clip https://www.auxine-shop.fr 

Triangle Tomato clips NA 19.30 Biodegradable, estimated weight of 1.5g/clip https://www.triangle-outillage.fr 

Direct-filet Tomato clips PP (Polypropylène) 9.30 non-biodegradable, estimated weight of 1.5g/clip https://www.direct-filet.com 

Jardinet Tomato clips Corn starch 33.06 Biodegradable, estimated weight of 1.5g/clip https://www.jardinet.fr  

https://www.3djake.fr/spectrum/fgf-pellet-pla-carbon?utm
https://nanovia.tech/ref/pla-wood-granules/?utm
https://www.alibaba.com/product-detail/Biodegradable-Plastic-PLA-Virgin-granule_1601626369933.html?spm=a2700.galleryofferlist.normal_offer.d_title.489a13a0lY3tse&priceId=1d00c285dd914cf0aec939fd34a9bad7
https://shop.rezomes.com/products/production-de-biochar-sur-lexploitation?utm
https://agrifournitures.fr/biochar/77083-biochar-crescifertilis-terra-fertilis-disponible-en-differentes-granulometries-big-bag-250-kg.html?utm
https://www.jardinet.fr/p-clip-biodegradable-pour-tomates-o22mm
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Annex 6. Loan Amortization 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table A6: loan amortization calculations 

Bank loan financing 5,500,000.00  

Period 5 years 

Annual interest 5% 

Year Share (€) Interests (€) Amortization (€) Outstanding balance (€) 

1 1,245,501.42   252,447.53                    4,506,946.11  

2 1,245,501.42  201,641.01  1,043,860.41    3,463,085.70  

3 1,245,501.42  148,235.13  1,097,266.29    2,365,819.40  

4 1,245,501.42  92,096.90  1,153,404.52    1,212,414.88  

5 1,245,501.42  33,086.54  1,212,414.88   € 0.00  
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Annex 7. Cash Flow of scenarios 2-4 

Table A7.1: Cash flow scenario 2, 100% sales 

Year CAPEX (k€) 
Income  

(k€) 

OPEX 

(k€) 

EBITDA 

(k€) 
Depreciation 

 
EBIT  Interests  EBT  Tax  

Net profit (k€) 
Free Cash Flow 

(k€) 

0 4,336.90 

         

-4,336.90 

1 

 

3,195.84 2,023.81 1,172.03 433.69 738.34 252.45 485.90 121.47 364.42 798.11 

2 

 

3,243.78 2,054.16 1,189.61 433.69 755.92 201.64 554.28 138.57 415.71 849.40 

3 

 

3,292.43 2,084.98 1,207.46 433.69 773.77 148.24 625.53 156.38 469.15 902.84 

4 

 

3,341.82 2,116.25 1,225.57 433.69 791.88 92.10 699.78 174.95 524.84 958.53 

5 

 

3,391.95 2,147.99 1,243.95 433.69 810.26 33.09 777.18 194.29 582.88 1,016.57 

6 

 

3,442.83 2,180.21 1,262.61 433.69 828.92 0.00 828.92 207.23 621.69 1,055.38 

7 

 

3,494.47 2,212.92 1,281.55 433.69 847.86 0.00 847.86 211.97 635.90 1,069.59 

8 

 

3,546.89 2,246.11 1,300.78 433.69 867.09 0.00 867.09 216.77 650.31 1,084.00 

9 

 

3,600.09 2,279.80 1,320.29 433.69 886.60 0.00 886.60 221.65 664.95 1,098.64 

10 

 

3,654.09 2,314.00 1,340.09 433.69 906.40 0.00 906.40 226.60 679.80 1,113.49 
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Table A7.2: Cash flow scenario 3, 100% sales 

Year CAPEX (k€) 
Income 

(k€) 

OPEX 

(k€) 

EBITDA 

(k€) Depreciation  EBIT  Interests  EBT  Tax  
Net profit (k€) 

Free Cash Flow 

(k€) 

0 4,935.49                   -4,935.49 

1   3,425.19 2,220.98 1,204.21 493.55 710.66 252.45 458.21 114.55 343.66 837.21 

2   3,476.57 2,254.30 1,222.27 493.55 728.72 201.64 527.08 131.77 395.31 888.86 

3   3,528.72 2,288.11 1,240.61 493.55 747.06 148.24 598.82 149.71 449.12 942.67 

4   3,581.65 2,322.43 1,259.22 493.55 765.67 92.10 673.57 168.39 505.18 998.73 

5   3,635.37 2,357.27 1,278.10 493.55 784.55 33.09 751.47 187.87 563.60 1,057.15 

6   3,689.90 2,392.63 1,297.28 493.55 803.73 0.00 803.73 200.93 602.79 1,096.34 

7   3,745.25 2,428.52 1,316.73 493.55 823.19 0.00 823.19 205.80 617.39 1,110.94 

8   3,801.43 2,464.94 1,336.49 493.55 842.94 0.00 842.94 210.73 632.20 1,125.75 

9   3,858.45 2,501.92 1,356.53 493.55 862.98 0.00 862.98 215.75 647.24 1,140.79 

10   3,916.33 2,539.45 1,376.88 493.55 883.33 0.00 883.33 220.83 662.50 1,156.05 
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Table A7.3: Cash flow scenario 4, 100% sales 

Year 
CAPEX 

(k€) 

Income 

(k€) 
OPEX (€) 

EBITDA 

(k€) Depreciation  EBIT  Interests  
EBT 

 
Tax 

 

Net profit  

(k€) 
Free Cash Flow (k€) 

0 5,475.26                   -5,475.26 

1   6,601.04 3,300.52 3,300.52 547.53 2,752.99 252.45 2,500.55 625.14 1,875.41 2,422.94 

2   6,700.06 3,350.03 3,350.03 547.53 2,802.50 201.64 2,600.86 650.22 1,950.65 2,498.17 

3   6,800.56 3,400.28 3,400.28 547.53 2,852.75 148.24 2,704.52 676.13 2,028.39 2,575.91 

4   6,902.57 3,451.28 3,451.28 547.53 2,903.76 92.10 2,811.66 702.91 2,108.74 2,656.27 

5   7,006.10 3,503.05 3,503.05 547.53 2,955.53 33.09 2,922.44 730.61 2,191.83 2,739.36 

6   7,111.20 3,555.60 3,555.60 547.53 3,008.07 0.00 3,008.07 752.02 2,256.05 2,803.58 

7   7,217.86 3,608.93 3,608.93 547.53 3,061.41 0.00 3,061.41 765.35 2,296.05 2,843.58 

8   7,326.13 3,663.07 3,663.07 547.53 3,115.54 0.00 3,115.54 778.88 2,336.65 2,884.18 

9   7,436.02 3,718.01 3,718.01 547.53 3,170.49 0.00 3,170.49 792.62 2,377.86 2,925.39 

10   7,547.56 3,773.78 3,773.78 547.53 3,226.26 0.00 3,226.26 806.56 2,419.69 2,967.22 
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