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Executive Summary  
 

In WP1, the monitoring and controlling of the technical development will be performed in Task1.1. This 

first D1.1 (M6) report provides an overview of the starting point of the technological development in the 

GREEN-LOOP project. It is primarily focused on the research and results of Work Package (WP) 3-6. These 

four WPs cover the complete technology of the three value chains. Fraunhofer (FHF), supported by IDENER 

(IDE), are in charge of the technical coordination. They will give recommendations for technical planning. The 

objectives are to maintain best working practices by following the state-of-the-art (SOA), to follow the 

progress of scientific and technological developments, to identify technical problems, and, if needed, to 

initiate remedial actions. The collection of inputs from the partners will be done in the form of 

questionnaires. In addition, each partner accomplished a deeper literature study and patent survey 

(presented in section 5) at this first stage of the project, which will be updated every six months. 

The partners, and especially the WP leaders from the value chains WP3 (NCC), WP4 (Labrenta) and WP5 

(FHF), are in charge of updating their technical progress in the key-process steps, filling in risk management 

tables and reporting Key Performance Indicators (KPI's) every three months. Moreover, each value chain's 

technological readiness level (TRL) is identified. 

The specific results from the value chains and material's characterisation will prove if the KPI's can be 

achieved. The starting point is the KPI list from the proposal for every technology approach. The validation 

and completion of the KPI list will be done until M8 by AIMEN within Task 1.3, and it will be afterwards part 

of the future revised D1.1 in month 12. 

All technical information from the partners will be assessed in quarterly feedback rounds via TEAMS. As a 

result, the technical reports and deliverables will be approved regularly, and revised reports are planned in 

M12, M24 and M36. 

The development and optimisation of bio-rubber material production to be applied for multifunctional 

rubber panels will be done in WP3. The current TRL is defined as TRL4. With lab-scale development, TRL5 

should be achieved at UBRIS. As a starting point, ZAG led the report D3.1 within Task 3.1 'Bio-rubber materials 

specifications definition', which provides an overview of the initial analysis of the bio-rubber value chain final 

products to offer a competitive performance on the market. The detailed processes for lab scale or scaled-

up production are not currently fully defined yet by WP3 partners. The action plan proposed is that 

discussions will be held early in 2023 with UBRIS about lab-scale production and with IRIS to integrate 

ultrasound into manufacture. Rubber can be difficult to extrude, so active risks have been identified within 

the 'bio-rubber' value chain, all of which are low-risk or moderate at this stage. Risks have been linked to 

technical and equipment categories that will be of focus for the next period to ensure that these are mitigated 

and controlled to minimise the project impact. The location of the ultrasound enhancement in the production 

process is one of the most critical issues within this WP. Discussions considering the best step in the 

production process to apply the ultrasound will continue constructively in 2023. So far, neither deviations 

nor delays in WP3 have been stated. The technology focus in the next quarter is related explicitly to Task 3.2 

'Eco-design with bio rubber compounds' and Task 3.3 'Upgrades and modifications of equipment in 

manufacture lines'. 
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Novel bioplastic material for bottle closures is in the focus in the development of the WP4 value chain. The 

main challenge for MYX is finding a bio-composite that is competitive to the material properties used for 

TDZ's bottle closures in terms of shelf life and permeability. MYX has already tested some blend tested at 

TRL4. Other potential solutions will be validated to find the best option for the project. The microwave 

heating system developed by IDE is located at TRL4. After TRL5 is reached, samples will be produced at LBRT's 

facilities. Due to the amendment and the legal name change, TDZ will submit the report D4.1 with all 

requirements a little delayed after M4. The activity in Task 4.2 'Microwave enhancement' started with 

preliminary data analysis and characteristics. The injection moulding machine where the microwave will be 

installed is also considered. It will be studied how to couple microwaves and injection moulding machines. 

The final location and integration of microwaves in the production process is essential. Some risks 

were identified in WP4. The risk level alternates between moderate and low at this early stage of 

development. Furthermore, the technological focus in next quarter will be primarily in Task 4.2. Advanced 

multiphysics simulations on microwave system will be developed to choose the final microwave equipment 

required such as waveguides, power sources and cavity. Following the requirement defined in T4.1, MYX 

will start selecting the most appropriate combination of polymer and filler to carry out all the 

necessary tests to produce a compound for sampling. 

The goal of WP5 is to develop novel Wood Composite (WC) material for friction application, particularly 

for sliding bearings. For its manufacturing, FHF will use a lab-scale and modified pilot plant extruder with 

high flexibility to run an enhanced extrusion process. This larger extruder will be equipped with smart 

features such as IDE microwave system and IRIS sensors. Currently, the degree of readiness for these 

separated technologies is stated as TRL4. It is anticipated to reach TRL5 following the scale-up in WP6. In 

D5.1 report, the tribological requirements and sample design are defined. This report will be finished in M4 

after several web-conference with the involved partners. Regarding the extrusion process, lab-scale 

experiments were already started by using commercially available ready mixed bio-composite compounds 

as reference materials. In producing novel WC, the major challenge will be proper selection and adaptation 

for the MW-enhanced extrusion process. WP5 is in plan and no delays have been detected so far. A few risks 

were identified in WP5 at the beginning of the project. However, these risks currently have a low to moderate 

risk level. The priorities in the next quarter related to the fundamental characterisation of the selected base 

materials and the investigation of their compounding behaviour at UBRIS (Task 5.2.1). Regarding microwaves, 

improved Multiphysics simulations will be developed by IDE to determine the final microwave equipment 

required, including waveguides, power sources, and the cavity (Task 5.2.2). The compression moulding and 

extrusion of small samples will be performed in the lab-scale environment at FHF and NCC when suitable 

compounds are available (Task 5.4). 

Upscale production and demonstration will be performed in WP6. This work will be started earliest in M20 

when the newly developed materials show sufficient properties. Some risks are identified for WP6 even now, 

which are related to the manufacturing lines and the quality of the material. Viable process chains in the lab-

scale environment for WP3-WP5 and achieving the defined KPIs are the premises to start the up-scaling. At 

present, all risks are stated to have a moderate risk level since all processes are at an early stage of 

development. 
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1. Introduction 

1.1. Objectives of Task 1.1 

In this task, the technical developments will be monitored and controlled. This comprises the coordination 

of technological development and the technical progress, supported by IDENER. Moreover, technical reports 

and deliverables will be approved regularly. The task covers all the activities to be carried out in the GREEN-

LOOP three value chains during the whole running time of the project starting in month 1. The following 

specific objectives are pursued: 

• Following the state-of-the-art and state of practice 

• Progress of scientific and technical development 

• Identification of technical problems and remedial actions 

Deliverables: Periodic reports on the state of the technical issues will be performed in months 4, 12, 24 and 

36, similar as the one presented as deliverable D1.1, and will be subjected to a set of revised versions. 

 

1.2. Methodology 

The methodology of Task 1.1 is based on three major actions: 

• Monitoring the progress of production, sample manufacturing and risks 

• Monitoring progress of KPIs (values), related to Task 1.3 'Validation KPIs definition' 

• Continuous patent and literature update 

 

All GREEN-LOOP partners should provide their input on the technical progress to the task leader (FHF), which 

is the technical coordinator. Especially, input is required from partners doing the technical work in the value 

chains (WP3-WP5). These partners should provide the following items: 

• Update of technical advance of key-process steps every 3 months 

• Update of risk table every 3 months 

• Update list of KPI's every 3 months 

• Literature study and patent survey every 6 months 

The collection of these inputs from the partners will be done in form of questionnaires. The partners who 

provide the information will be especially the WP leaders from the value chains WP3 (NCC), WP4 (Labrenta) 

and WP5 (IDE). The expected output of the provided technical information is the following: 

• Punctual identification of risks in the value chains 

• Identification of technical progress or technological gaps 

• Recommendations for the further planning 

• Prioritisation of technical work 

The output will be performed in quarterly feedback rounds after assessing the technical information. 
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2. State-of-the-art (SOA) technology of value chains 
Research will be done to set up feasible process chains for producing GREEN-LOOP biomaterials (WP3-WP5) 

to obtain Technology Readiness Levels TRL 6. A fine-tuning for the retrofit of tooling and facilities to prepare 

the equipment for relevant environment production and upscaling activities is finally planned in WP6 

('Upscale production and demonstration'). The TRL's defined by the EC are used to assess the TRL of each 

value chain WP3-WP6 at the beginning of the project. 

2.1. SOA of WP3 "Bio rubber material production" 

Technology Readiness Level 

The current TRL is defined at TRL4. Within the GREENLOOP implementation, TRL5 should be achieved with 

lab scale development at UBRIS. Once it is demonstrated at lab-scale, TRL6 should be reached after the 

upscaling of technology at the NCC in WP6. 

Technical progress and highlights up to month 4 

• Task 3.1 'Bio-rubber materials specifications definition': ZAG led the deliverable document D3.1 

which provides an overview of the initial analysis of the bio-rubber value chain final products to 

provide a competitive performance on the market. As part of this task discussions have taken place 

between ZAG and the construction department at the NCC about industrial applications for our bio-

panels aiming for a sustainable economically viable real panel.  

• Task 3.2 'Initial concept design': Discussions have been initiated with consortium partners to 

understand manufacturing the bio-rubber panels both lab scale at UBRIS and scaled up at the NCC. 

Lab scale production has been discussed between the NCC, UBRIS and IRIS. The type of extruder 

needed to extrude recycled rubber has been investigated. Also, discussions have been held with a 

variety of extruders companies to understand which would work best and to mitigate risks. NCC and 

rubber product manufacturers discussed to better understand manufacturing rubber panels. 

Recycled tyre rubber pellets have been sourced from GENAN in Portugal. 

• Task 3.3: Subtask 3.5.3 'Adaptation of ultrasound prototype to manufacturing line' has started with 

preliminary discussions and planning. IRIS are experienced in the application of ultrasound to 

manufacturing processes. The purpose and application of ultrasound enhancement has been 

discussed with IRIS. 

Technical gaps and challenges 

The detailed processes for lab scale or scaled up production are not currently fully defined yet by WP3 

partners. The action plan proposed is that discussions will be held early in 2023 with UBRIS about lab scale 

production and with IRIS to integrate ultrasound into manufacture. Rubber can be a difficult material to 

extrude (see section 3.1.1), so discussions and research are mitigating the possible risks associated. 

Critical process steps 

The location of the ultrasound enhancement in the production process is one of the most critital issues within 

this WP. Discussions considering the best step in the production process to apply the ultrasound (i.e. it could 

be before extrusion or during extrusion) will continue constructively in 2023. 
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Delays and their reasons 

Neither deviations nor delays in WP3 so far. 

 

Technology focus in next quarter 

• Task 3.2 'Eco-design with bio rubber compounds' 

- Lead: NCC; Participants: ZAG, NIC, ISQ, UBRIS 

- Initial concept design: NCC will use technical requirements defined in T1.2 and key findings 

from T3.3.1 to develop an ecodesign concept. In practice this will involve further technical 

progress from the progress noted above up to month 4, e.g. discussions with partners and 

outside companies, as required. 

 

• Task 3.3 'Upgrades and modifications of equipment in manufacture lines':  

- Lead: IRIS; Participants: IDE, NIC, NCC, UBRIS 

- Subtask 3.3.1 Sensors installation and data management: NCC will install required sensors 

for inline process monitoring supported by IRIS. Once required sensors are in place, IRIS will 

validate ICT platform for data gathering. 

- Subtask 3.5.2: Development of ultrasound enhancement: IRIS will identify the most feasible 

practices, techniques and configurations for ultrasound utilisation in the Kraft lignin isolation 

and bio-rubber extrusion processes. The most convenient operating conditions will be 

defined using material samples, specification data from NIC and NCC, and laboratory studies. 

Best configuration will be taken to conceptual design, build and validate the system at lab 

level for both cases. In practice, this will involve continuing discussions with IRIS, UBRIS and 

industry, as required. 

 

Table 1: Process steps and responsibilities in WP3. 

Work 

package 

Resp. Material Core technologies/process 

steps 

Partner Sector/ 

Application 

WP3 NCC Bio-rubber ➢ Lignin production and 

modification  

➢ Sensors (smart feature 1)  

➢ Ultrasound enhancement 

(smart feature 2) 

➢ Compounding 

➢ Press moulding 

NIC 
 

IRIS 
 

IRIS 

NCC 

NCC 

Construction /  

 Panels 
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2.2. SOA of WP4 "Bio-plastic material production" 

Technology Readiness Level 

MYX has already available some blend tested at TRL4, and additionally, it is going to validate other potential 

solutions now at TRL2 to find the best option for the project. After that, TRL5 will be reached with production 

samples made at LBRT's facilities. Further up, demonstration at TRL6 is expected to be achieved after 

validation of the material, the extrusion process, and the microwave enhancement. 

Regarding Microwave heating system, it has been demonstrated that in combination with injection moulding, 

that it extends the interfacial bounds and mould filling. As a major result, it highly increments the efficiency 

of the process. Currently, the readiness level of the technology is located at TRL4. Thanks to the project 

advancements, it is expected to reach TRL6 after the upscaling of technologies in WP6.  

Technical progress and highlights up to month 4 

Task 4.1 is led by TDZ. Due to the amendment and the legal name change, TDZ will submit deliverable D4.1 

later than December 31th, 2022. 

Task 4.2 'Microwave enhancement', which started in month 3, the activities developed were the analysis of 

preliminary data and characteristics, including the machine where the microwave will be installed, and the 

material to be heated. In addition, within the activities, a preliminary study of the SOA for microwave 

technology integration has been performed (see section 5).  

Technical gaps and challenges 

At materials terms, the main challenge for MYX is to find a bio-composite that compares to the material 

actually used for TDZ's closures in terms of shelf life and permeability. 

Regarding the samples production, there are no particular challenges for LBRT related other than the poor 

performance of the material. In that case, LBRT in accordance with MYX will revaluate the compound. 

However, problems may arise during the design of the caps moulding. Therefore, this step will be carefully 

oversee. 

As for microwave system, the challenges are mainly focused on the integration of microwave in a non-

invasive way. In this sense, it should be carefully studied how to couple microwaves and injection moulding 

machine. 

Critical process steps 

Tests to verify the adequacy of the blend will be performed constantly. Accordingly, it will be check if the 

biomaterial totally satisfies the needed requirements. 

The final location/integration of microwaves in the production process is essential to continue with the 

project development within this WP. Discussions considering the best step in the production process to apply 

the MW heating will constructively continue in 2023. 

Delays and their reasons 

During this first stage of the project, minor delays in the activities may occur due to the legal status change 

of the partner TDZ, and due to the amendment requirements and the time consumed for this activity. WP4, 
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especially Task 4.1, has been delayed. Nevertheless, this will not affect the development of other activities 

or the final results of the project.  

Other minor delays may be with regard to the actual time to run significant tests (which may require up to 6 

months), such as alimentary, biodegradability or permeability. Again, this may cause slight delays during the 

process of choosing/modifying the compound for the final product. 

The availability of resources for the biomaterial can potentially cause some delays. But in this case, MYX will 

oversee it consciously and look for alternatives, if necessary. Furthermore, the supply and provision of 

materials will be conducted with enough time in advance to avoid these delays. 

Technological focus in next quarter 

Task 4.1: As for the material, MYX will start selecting the most appropriate combination of polymer + filler to 

carry out all the necessary tests to produce a compound for sampling. 

Task 4.2: In terms of microwaves, advanced Multiphysics simulations will start to be developed to choose the 

final microwave equipment required such as waveguides, power sources and cavity. 

Table 2: Process steps and responsibilities in WP4. 

Work 

package 

Resp. Material Core technologies /process steps Partner Sector/ 

Application 

WP4 LBRT Bio-

plastic 

➢ Bio composites production 

➢ Injection moulding 

➢ Sensors (smart feature 1) 

➢ Microwave enhancement (smart 

feature 2) 

MYX 

LABRENTA 

IRIS 

IDE 

Packaging 

food/ 

Bottle closures 

 

2.3. SOA of WP5 "Wood composite material production"  

Materials concept for wood plastic composites and evolution of the extrusion process 

The process for the manufacturing of wood composite (WC) material should finally work in a closed loop and 

should demonstrate the technology in lab-scale production at TRL6. The process will be disruptive by 

integrating MW technology, characterisation and quality control. The manufacturing process in WP5 and 

their responsible task leaders can be seen below in Table 3. The process starts with the down-selection and 

purchase of commercially available raw materials. The two-step manufacturing process should be based only 

on natural products to be green  

Technology Readiness Level 

A small single-screw HAAKE (~200 ml) extruder for lab-scale experiments is ready-to-use. A bigger extruder 

(~5000 ml) is currently being reconstructed as a pilot plant extruder for WC production with a high flexibility 

starting at TRL4. This extruder will be equipped with smart features such as a microwave system from IDE 

and sensors from IRIS. Other mouth pieces (dies) will be needed to achieve the required dimensions of the 

tribo-samples (see D5.1). 
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Regarding Microwave heating systems, it has been demonstrated that, when combined with an extrusion 

process, microwave curing can significantly reduce cure time by 15 %, increase energy efficiency, and improve 

temperature control compared to conventional heating. This is due to the enhanced adhesion between the 

fibre-matrix interface. In addition, the reduction in residual thermal stress results in a 20% improvement in 

the material's mechanical properties. Currently, the degree of readiness for the technology is TRL4. It is 

anticipated to reach TRL6 following the upscaling of WP6 technology. 

Technical progress and highlights up to month 4 

Task 5.1: Definitions and requirements were discussed in web conferences on 17th October, 5th and 12th 

December. Deliverable 5.1 will be finished in time. 

Task 5.2: Regarding the extrusion process lab-scale experiments were already started by using commercially 

available ready mixed biocomposite compounds as reference materials. The resulting wood composite 

material could not be investigated so far, since it is still too porous and shows a low strength. Selected base 

materials for the compounding process are in the ordering phase. 

In terms of microwave curing (Task 5.2, started in the third month), the developed activities include the 

examination of basic data and characteristics, including not only the machine where the microwave will be 

mounted but also the wood composite to be heated. One-dimension simulations have been performed to 

start identifying the best material to be used as an additive in the wood composite matrix. In addition, a 

preliminary study of the SOA for microwave technology integration has been conducted as part of the 

activities (see section 5). 

Task 5.3 to 5.5: In several web meetings (17th October, 7th November, 15th November and 5th December), the 

process and characterisation strategies have been discussed to gather information on available and suitable 

methods and techniques. For Task 5.5, suitable tribological characterisation methods were defined: For 

comparative tribological material evaluation, simple test geometries will be used. In a second step, a principal 

slide bearing geometry was defined to evaluate the tribological performance of WC under application-like 

conditions. 

Technical gaps and challenges 

In terms of the novel bio and wood-composites (WC), the major challenge will be a proper selection of base 

materials and adaptation for the MW-enhanced extrusion process. As an action plan the following steps will 

be followed: In the first step the base materials are characterised to know their basic properties for extrusion. 

In the 1st step, novel recipes will be mixed on the basis of biopolymers, wood fibreer or powders and fillers 

(natural graphite or clay) to adapt the friction and wear. Modification of the base materials might be 

necessary to improve the bonding and curing behavior. Biocomposites without fillers (ready mixtures of 

thermoplastics with wood powders) will be used as reference material. In the 2nd step, all compounds will 

be extruded in order to get samples for testing. A parameter study will be done to find out the most 

appropriate parameters. Alternatively, press molding will be performed to get flat samples for the 

mechanical testing. MW-assisted extrusion by using dielectric additives will be investigated to enhance the 

curing process. Moreover, the system will be equipped with sensors to monitor the extrusion process. 

For microwave systems, the primary difficulty is the non-invasive integration of microwave technology. In 

this regard, it should be thoroughly investigated how to pair microwaves and extruders. The final design 

should account for the adaptability of the microwave system to various extrusion machine types, sizes, and 

configurations. 
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Critical process steps 

The extrusion parameters to achieve biocomposites with suitable strength, stiffness and tribological 

behaviour are unknown yet. New developed compounds are necessary to achieve the KPI's (T1.3). 

The ultimate placement/integration of Microwaves is required for the project's advancement. The 

integration of the microwave system will be done when the pilot plant extruder at FHF is constructed and 

the safety issues are technically included. 

Delays and their reasons 

No delays have been detected so far. 

Technological focus in next quarter 

Task 5.2.1: Another priority will be the basic characterisation of the selected base materials and the 

investigation of their compounding behaviour at UBRIS. 

Task 5.2.2: Regarding microwaves, improved Multiphysics simulations will be developed by IDE to select the 

final microwave equipment required, including waveguides, power sources, and the cavity. 

Task 5.4: The technical focus will be on the extrusion of small samples of WC (up to ~20 mm) at FHF. In parallel 

NCC generates by compression moulding.  

Task 5.5: WC materials from both manufacturing routes will be used for mechanical and tribological testing 

at FHF. 

Table 3: Key-process steps and responsibilities in WP5. 

Work 

package 

Resp. Material Core Technologies / process steps Partner Sector/ 

Application 

WP5 FHF Wood 

composite 

➢ Modification raw materials 

➢ Compounding 

➢ Extrusion of WC material 

➢ Microwave enhancement 

(smart feature 1) 

➢ Sensors (smart feature 2) 

➢ Press moulding 

➢ Surface modification / 

Machining 

➢ Quality control 

UBRIS 

UBRIS 

FHF 

IDE 

 

IRIS 

NCC 

FHF 

FHF/NCC 

Appliance and 

tool/ 

Sliding 

bearings 

 

2.4. SOA of WP6 "Upscale production and demonstration" 

The objective of WP6 is to achieve reproducible manufacturing and to provide prototypes for the testing and 

characterisation by the end-users under relevant environment (ZAG, TDZ, LBRT). Another topic will be the 

analysis of the product's end of life as well as their next use to ensure the circular economy aspect of the 

project. Investigations will be performed on recycling and refurbishment of the new developed bio-materials.  
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This work package will set up a viable process chain for all use cases to obtain TRL6. It starts in M20 and to 

be initiated, it needs the outcome and results from WP3-WP5 at an appropriate TRL. Thus, no information 

will be provided reported or updated before month 20. 

Table 4: Key-process steps and responsibilities in WP6. 

Work 

package 

Resp. Material Core Technologies / process 

steps 

Partner Sector/ 

Application 

WP6 IDE Improved 

materials  

from 

WP3-WP5 

➢ Process Scale-up 

➢ Demonstration 

➢ Viable process chains WP3-

WP5 to achieve TRL 6 

➢ Recycling, refurbishment 

process 

Partners 

from  

WP3-

WP5 

All referred in 

WP3-WP5 

tables 

 

3. Risk analysis and Countermeasures planned 

3.1. Description of risks 

The risk management is one tool to identify critical technical issues early in the project which might cause 

delays or deviation from the original project scope. A table of general risks was already reported in the 

GREEN-LOOP proposal and is a general list with preliminary risks and mitigation measures. The risk categories 

cover technical risks, the demonstration of materials, organisational risks and management risks. After a 

review, it is stated that these risks are still effective during the whole running time of the project and cover 

all WP's.  

However, the consideration within the project will be executed more specifically referred to the technical 

issues and outcomes of each of the value chains in WP3-WP6. In the risk table for each of these technical 

WP's the potential risks are described as well as the possible damage. The occurrence probability (likely, 

unlikely, very unlikely) and consequence level (marginal, critical, crises) are assessed by the risk owner who 

has the best background knowledge. As a conclusion from the assessment the risk level could be moderate, 

low or high. For each risk a countermeasure will be described and a date for the re-evaluation will be fixed 

when the risks must be reconsidered. 

The template of the risk matrix is provided by FHF. The risk owner is the task-leader, who is responsible for 

the on-going research and technical achievements within the task. In GREEN-LOOP the WP leaders of WP3-

WP6 value chains should collect the information from their task leaders to get the information about possible 

risks. Each process step within a value chain will be reviewed regularily every three months.  

Risks should be identified early in time to minimise the occurring risk, to look for mitigation actions and to 

find countermeasures in case it finally occurs. The risk matrix should be filled in with some real risks. These 

risks, the consequence severity and the occurrence probability will change during the running time of the 

project. Only those risks should be provided which negatively impact the ongoing work within the work 

package. This is especially the case when technical goals cannot be achieved in time due to problems.  
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The risk matrix is provided as an EXCEL sheet tool, which should be updated every three months by the WP 

leaders after consultation with the task leaders. The risks will be regularly discussed in feedback rounds 

within task 1.1. Possible risk categories could be technical, personal, missing know-how, administration, 

resources, and safety issues. A summary of the identified risks in this first project stage are reported 

hereafter. 

3.1.1. Risk analysis WP3 

Active risks have been identified within the "bio-rubber" value chain, all of which are of low risk or moderate 

at this stage. Despite these low risks, countermeasures have been identified and will be considered and re-

evaluated in February 2023. Risks have been linked to technical and equipment categories that will be of 

focus for the next period to ensure that these are mitigated and controlled to minimise the impact to the 

project. 

3.1.2. Risk analysis WP4 

Realistic risks that might occur were identified in WP4. All identified risks are active, and their risk level 

alternates between Moderate and Low. The probability that these risks might occur is either likely or unlikely, 

which will lead to different degrees of consequence. The technical risks include the achievement of the KPI's, 

the microwave technology, material performance and equipment related problems. 

3.1.3. Risk analysis WP5 

Some real risks were identified in WP5 at the beginning of the project . These risks currently have a low to 

moderate risk level. However, all identified risks are active. The technical risks include the achievement of 

the KPI's, the use of lignin as a biopolymer and the microwave-assisted curing. Countermeasures were 

identified to avoid a delay in the project's planned activities and technical advances. A review of all risks is 

scheduled in February 2023.  

3.1.4. Risk analysis WP6 

Some risks can be identified for WP6 which are related to the manufacturing lines and the quality of the 

material. Viable process chains in lab-scale environment for WP3-WP5 and the achievement of the defined 

KPIs are the premises to start the up-scaling in WP6.  

At present all risks are stated to have a moderate risk level, since all processes are at an early stage of 

development. The risks table will not be updated until M20 when the WP6 is going to be started. 

 

4. KPI's achievements and progress 
 

The technical management will also review the progress on the KPI's, especially with a focus on material 

properties and manufacturing. The specific results from the value chains and material's characterisation will 

prove if the KPI's can be achieved. The starting point is the KPI list from the proposal for every value chain 

(table 9). The validation and completion of the KPI list will be done until month 8 by AIMEN within Task 1.3, 

and it will be afterwards part of the future revised D1.1 in month 12. 
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Table 5: State-of-the-art KPI's derived from the GREEN-LOOP proposal for each value chain (each WP). 

WP Smart Manufacturing Environmental Impact Material Properties 

WP3 Ultrasound enhancement 

Monitorisation of production 

Circularity and sustainable 

ratio measurement 

CO2 emission reduction 25 % 

Reduction of wastes >85 % 

Valorisation yield >90 % 

Recyclability ~80 % 

Compressive strength >2.5 MPa 

Smoke production <1.3 m²/s 

Therm. conductivity >0.3 W/mK 

Shear bond strength >4.5 MPa 

WP4 Microwave enhancement 

Monitorization of production 

Circularity and sustainable 

ratio measurement 

CO2 emission reduction <30 % 

Reduction of wastes >60 % 

Valorization yield >90 % 

Organic Recycling ~100 % 

Biomaterial Reuse ~50 %  

Compressive strength >80 MPa 

Compressive elastic modulus >2.5 GPa 

Flexural Modulus >2.3 GPa 

Flexural Strength >71 MPa 

Tensile elastic >2.3 GPa 

Tensile strength >49 MPa 

WP5 Microwave enhancement 

Monitorisation of production 

Circularity and sustainable 

ratio measurement  

CO2 emission reduction 28% 

Reduction of wastes >40 % 

Refurbished level ~90 % 

Recyclability ~70 %  

Homogeneous mechanical properties 

Retention of bio-lubricant 

Microporosity 5-10% 

Wear coeff. <10-6 mm²/Nm 

Friction coeff. 0.05 under lubrication  

WP6 To be updated from M20 To be updated from M20 To be updated from M20 

 

5. Literature and patents 

5.1. Literature and Patents review (WP3) 

5.1.1. Lignin Extraction & treatments (NIC) 

Lignin is a second most abundant biopolymer in nature, it is non-toxic, renewable polymer attracting 

numerous researchers due to its aromatic structure as it has a high potential to substitute a petroleum-

derived chemicals. Development of the lignin value-chain, in this particular case the production of the lignin 

based bio-rubber, would contribute to the environmental protection by replacing toxic halogenated and 

petroleum-based flame retardants (FRs) [YAN20, AHM18]. 

There are several types of the technical lignins available on the market, depending on the type of the 

extraction applied, namely Kraft lignin, lignosulfonate and organosolv lignin. Here, Kraft lignin is produced in 

largest amounts among the technical lignins, specifically in pulp and paper industry approximately 55 M 

tons/year of lignin are dissolved in black liquor, thus it has been chosen to be examined as a potential FR in 

the bio-rubber [KIE21].   

Kraft lignin in soluble at pH > 10 and it could be isolated (precipitated) by reducing the pH value of the media. 

Acidification of the highly alkaline black liquor is attained by most used acidifying agents, specifically H2SO4 

and CO2. Lignin isolation processes used on the industrial scale are WestVaco [ART49] LignoBoost [TIK14, 

TOM10] and LignoForce System [KOU14, KOU16], while Sequential Liquid-Lignin Recovery and Purification 

(SLRP) [MIC14] is used on the pilot scale. All four processes use CO2 for the first step of the acidification, 

which does not disturb the sodium and sulfur balance during the lignin recovery, while the aim of the second 

acidification performed using H2SO4 (a part of the LignoBoost, LignoForce and SLRP processes) is to replace 

sodium in lignin by hydrogen to produce lignin with the low ash content.    
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Due to the hydrophobic lignin nature, often is required to introduce new functional groups to improve the 

compatibility with the final formulation and depending on the final application it is achieved by modifying 

aromatic rings, phenolic and aliphatic OH groups in lignin [BER20]. There are four major types of chemically 

modified lignin used as FR, specifically, 1) nitrogen or phosphorous modified lignin, 2) nitrogen-phosphorous 

modified lignin, 3) phosphorus-nitrogen modified lignin-containing metal ions, and 4) combination of lignin 

with silica-containing flame retardants1. The most recent works report on preparation of the lignin-based 

flame retardants for the epoxy resins using alkaline lignin functionalised with phenol, ammonium 

polyphosphate and melamin [LIA21]. In addition, Kraft lignin-polymer composites were found thermally 

stable with promising FR properties prepared using only high molecular weight lignin [COS18].1  
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5.1.2. Recycled rubber and devulcanisation with bio-derived additives (UBRIS/NCC) 

Large volumes of waste rubber are produced across the globe and solutions are needed to improve the 

recovery and recycling rates of these waste products. Reclaiming rubber from end-of-life tires has received 

particular attention as they are produced on such scale and can be hazardous if not stored correctly [ASA18].  
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In order to effectively recover the rubber, a devulcanisation treatment is needed to return the rubber to a 

thermoplastic state during processing. Devulcanization of waste rubber has been explored extensively in the 

literature. It can be achieved through a variety of different methods such as chemical, mechanical, ultrasound 

enhanced and microwave enhanced devulcanisation. All these techniques aim to break the cross-linking 

bonds formed during the initial manufacture of the rubber. Therefore, care has to be taken to selectively 

break cross-linking bonds over those bonds in the main polymer chain. 

Chemical devulcanisation combines different chemical agents with the rubber in a mixer, using the 

combination of chemical and mechanical effects on the rubber. Typical chemicals used are diphenyl sulfide, 

thiophenols and hydroquinone [ASA18]. This is a relatively simple and scalable process but there are 

environmental and health and safety concerns surrounding the use of large volumes of chemicals. 

Mechanical devulcanisation is carried out in an internal mixer or extruder and subjects the rubber to elevated 

temperature and high shear rates to induce bond breaking. If done in an extruder it can be a continuous 

process and therefore readily scalable. Work has been done to optimise the temperature, pressure, shear 

rate and screw design to achieve the maximum rate of devulcanisation [SEG19]. 

Ultrasound can be used in combination with an extruder to improve the devulcanisation process. The energy 

applied by the vibrations is sufficient to break the carbon-sulfur and sulfur-sulfur bonds but not strong 

enough to break carbon-carbon bonds [ISA14]. Ultrasound can also be used to further optimise other aspects 

of the rubber processing as outlined in Section 5.1.4. 

Microwave devulcanisation induces heating in the sample using microwaves to break the cross-linking bonds. 

This is a fast and low energy process. The microwaves can only be absorbed by polar bonds so rubbers with 

mainly non-polar bonds cannot be treated in this way [SIM20a/b]. However, waste tires contain a high 

percentage of carbon black which will absorb microwaves and heating can be achieved this way. Microwave 

devulcanisation has been shown at lab scale but is yet to be demonstrated at an industrial scale. 
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5.1.3. Fire testing of rubber (ZAG) 

Elastomeric bio-composites present a technological challenge regarding fire performance. In this aspect, 

lignin has been shown to act as a fire retardant, but the general fire performance still needs to be closely 

monitored, as commercial and residential indoor use requires compliance with the relevant standards. There 

are three main aspects to consider when evaluating fire performance: fire performance of the material, fire 

performance of the product and smoke generation and toxicity.  

There is a constant stream of research being done on fire retardants and subsequently fire performance of 

typical tyre (EPDM) rubber, mainly using the cone calorimeter (ISO 5660) [WAN19, ZIR19, CHE15]. 

Additionally, lignine or lignocellulose fillers have been gathering steam as bio-based fillers for rubber 

materials which were also tested for fire performance [MAN18, RYB18].  

Fire performance of commercial rubber products is usually done according to ISO 5600-1, ISO 5600-5 (Cone 

calorimeter), ISO 13823 (Single Burning Item) and ASTM E1678-21a (Smoke toxicity). In addition, a larger 

overview of testing methods and typical results of commercial rubber floorings and walls was included in 

D3.1. Curiously, there is not much work on toxicity of rubber smoke. Most of the work is attached to other, 

more environmentally hazardous sources of smoke (such as wood or PVC), with natural or EPDM rubber a 

scarcely researched material [BLO07, STE09].  
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5.1.4. Ultrasound Enhancement of Rubber (IRIS) 

Ultrasound has been applied to molten polymers as a very efficient way to reduce the resistance of the 

shaping channels by decreasing the viscosity of the polymers. Ultrasound assisted processes are reported in 

several papers [DON21, HON03, ISA14, ISA19, LIA19, WAN20]. 

The results showed that the application of ultrasound disturbs the convergent flow of molten polymer in the 

entrance zone and changes the flow patterns, which leads to lower elastic stresses, increasing the movement 

of the molecular chains, so that the elastic recovery is faster. Ultrasound in the extrusion process has been 

used to improve the compatibility and dispersion of additives. The effects of ultrasound on polymers can be 

both physical and chemical. Some physical changes induced by ultrasound in polymer systems are the 

dispersion of loads and other base components. Several systems have been developed, where good results 

of nanoparticle dispersion are obtained. Different ways of feeding and positions of the ultrasound along the 

zones of the extruder have been tested, aiming to find out the behaviour of the nanoparticles in the matrix 

depending on the type of configuration.  

The incorporation of ultrasound in melt processing methods requires, in its simplest form of a processing 

system or equipment, a sonotrode, and an ultrasonic wave generator. At present, double or single screw 

extruders with different arrangements in their mixing zones are used, at speeds ranging from 50 to 100 rpm, 

in order to improve the efficiency in the dispersion of nanoparticles, while temperature profiles vary 

according to the polymer-nanoparticle system. As for the treatment with ultrasound, a specially designed 

camera to contain a sonotrode is attached to the extruder, which in general according to the literature is 

usually made of titanium. This chamber has a controlled temperature and a nozzle to extract the molten 

nanocomposite. The sonotrode is connected to an ultrasonic generator, which operates at frequency 

intervals that can range from 10 to 100 kHz and with powers that can reach 1000 W.  Figure 1 shows a typical 

configuration of an extruder coupled with an ultrasound device Avila-Orta et al [AVI19]. 

 

Figure 1. Typical configuration of an extruder coupled with an ultrasound device [AVI19]. 

It is important to mention that within the aspects that modify the dispersion of the nanoparticles is the 

intensity of the applied ultrasound, where it has been demonstrated that the power of the ultrasound is a 

function of the reduction in the size of the agglomerates of nanoparticles, which favours the dispersion. It 

has also been found that a good exfoliation and dispersion are improved at low extrusion rates to increase 

the ultrasonic treatment time. 

 

 



GA Nº101057765                                                     D1.1 “Scientific and technical plan and execution report” 
 

Page 22 of 35 
 

References 

[AVI19] C. A. Ávila-Orta et al., "Ultrasound-Assisted Melt Extrusion of Polymer Nanocomposites," in 

Nanocomposites - Recent Evolutions, IntechOpen, 2019. 

[DON21] H. Dong, J. Zhong, and A. I. Isayev, "Manufacturing Polypropylene (PP)/Waste EPDM Thermoplastic 

Elastomers Using Ultrasonically Aided Twin-Screw Extrusion," Polymers (Basel)., vol. 13, no. 2, p. 259, Jan. 

2021. 

[HON03] C.-K. Hong and A.. Isayev, "An Application of High-Power Ultrasound to Rubber Recycling," 

Elastomers Compos., vol. 38, no. 2, pp. 103–121, 2003. 

[ISA14] A. I. Isayev, T. Liang, and T. M. Lewis, "Effect of particle size on ultrasonic devulcanisation of tire 

rubber in twin-screw extruder," Rubber Chem. Technol., vol. 87, no. 1, pp. 86–102, 2014 

[ISA19] A. I. Isayev, S. Niknezhad, J. Choi, and J. Zhong, "Ultrasound-assisted Processing of Nanocomposites," 

in Processing of Polymer Nanocomposites, Carl Hanser Verlag GmbH & Co. KG, 2019, pp. 29–96. 

[LIA19] T. Liang and A. I. Isayev, "The effect of ultrasonic extrusion on the structure and properties of BR gum 

and prepared compounds and vulcanizates," Adv. Ind. Eng. Polym. Res., vol. 2, no. 1, pp. 13–24, Jan. 2019. 

[WAN20] X. Wang, M. Majzoobi, and A. Farahnaky, "Ultrasound-assisted modification of functional 

properties and biological activity of biopolymers: A review," Ultrasonics Sonochemistry, vol. 65. Elsevier B.V., 

01-Jul-2020. 

5.1.5. Patent review (WP3) 

At the beginning of GREEN-LOOP a preliminary worldwide search in Espacenet was performed using the 

keywords bio, rubber, and construction. The results are below and are broad in applications as the possible 

applications for WP3 are also broad at this stage. 

In-depth patent analysis is not yet available due to the lack of product defined materials at this early stage of 

the project. However, an in-depth patent search for target keywords in databases will be performed once we 

understand the materials and target products later in the project. 

[JUN19] discloses a noise reduction and vibration isolation bearing material for construction. The invention 

is based on EPDM rubber and neoprene rubber, and is matched with sound absorbing cotton, 

hemp/polypropylene fiber composite material and other auxiliary materials.[LEE06] describes a light weight 

and permeable construction material. This is manufactured by mixing cement, rubber aggregate, silicate 

based aggregated (gravely) and water. When cured, the rubber and silicate aggregates are bonded together 

in a porous and permeable matrix by the cementitious material. In addition, it is preferred that polymer fibres 

and/or rubber powder derived from waste rubber tyres is added to material and acts as an elastic binding 

material which improves the physical properties of the constructional material. 

[LUA19] describes the production of a bio-based rubber modified asphalt for roads. This contains 10 parts by 

weight to 40 parts by weight of used rubber powder from waste automobile tires having a particle size of 20 

mesh to 100 mesh. The material is processed in four steps using a colloid mill or a high-speed shearing 

machine. 

[LEE05] describes a lightweight permeable construction material with rubber bits being bonded together in 

a porous matrix by the cementitious material. The porous matrix comprises interconnected pore spaces 
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which allow free drainage through the construction material. The rubber bits are typically derived from scrap 

rubber tires. The material may be cast-in-place at the construction site and allowed to cure in situ; or it may 

be poured into block-forming molds and allowed to cure in a factory. 

[FAN17] describes the preparation of environment-friendly rubber for a sports plastic runway. The main raw 

materials are recycled rubber from tyres, an environment-friendly rubber activating agent as a modifier, and 

water as a rubber heat conduction medium. Production methods of crushing, activation, rubber smelting, 

mixing and smelting, vulcanisation and pelletising are used. 

[KIM11] details production of an elastic packaging material. Elastic packing material is used to provide 

cushion force when a load is applied to a facility mainly used by people. It is made by mixing rubber, waste 

tire, waste synthetic resin, waste urethane, etc. with aggregate. The material provides an environmentally 

friendly elastic packaging material that is water-permeable and non-toxic while laminating multiple elastic 

layers on a base layer to secure children's safety with sufficient elasticity retention. 
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and application of environment-friendly rubber, CN107254062A, 2017, 

https://worldwide.espacenet.com/patent/search/family/060026302/publication/CN107254062A?q=pn%3

DCN107254062A, last accessed 2022/12/19 

[JUN19] Li Jun at al.: Noise reduction and vibration isolation bearing material for construction, 

CN109467821A, 2019, 

https://worldwide.espacenet.com/patent/search/family/065659923/publication/CN109467821A?q=pn%3

DCN109467821A, last accessed 2022/12/19 

[KIM11] Kim In Jung et. Al.: Elasticity paving material using elasticity base later mat and constructing method 

thereof, KR101082818B1 KR20100134357A, 2011, 

https://worldwide.espacenet.com/patent/search/family/043509303/publication/KR101082818B1?q=pn%3

DKR101082818B1 last accessed 2022/12/19 

[LEE05] Lee Kin Man Amazon: Lightweight and porous construction materials containing rubber, 

US2003125425A1 US6867249B2, 2005, 

https://worldwide.espacenet.com/patent/search/family/026244860/publication/US6867249B2?q=pn%3D

US2003125425A1, last accessed 2022/12/19 

[LEE06] Lee Kin Man Amazon: Permeable construction material containing waste rubber tyres, 

WO2006042461A1, 2006, 

https://worldwide.espacenet.com/patent/search/family/036202673/publication/WO2006042461A1?q=pn

%3DWO2006042461A1, last accessed 2022/12/19 

[LUA19] Luan Hai et al.: Bio-based rubber modified asphalt for roads and preparation method thereof, 

CN110484010A, 2019. From: 

https://worldwide.espacenet.com/patent/search/family/068557941/publication/CN110484010A?q=pn%3

DCN110484010A, last accessed 2022/12/19 
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5.2. Literature and patent review (WP4) 

5.2.1. State of the Art for Biocomposites:  

The global plastic sector is facing urgent needs for increasing and integrating performance, sustainability, 

circularity and non-harmful utility in materials, especially as part of the European strategy for circular 

economy and plastics. As well as, a large amount of valuable residues are produced by agroindustrial supply-

chains as waste, by-products or raw materials, such as polymers, natural resins, vegetal fibers or powders 

[ACQ21, DIB21, CHR20, CRU22, MEL22, MOH05, ROS22, VIS22].  

Strikingly, these materials can be exploited as filler for thermoplastic polymers for developing biocomposites 

via twin-screw extrusion and matching the above needs in replacing fossil-based plastics toward biobased 

applications. Of course, the plethora of "carrier-to-filler" combinations in terms of scale, proportion, 

miscibility, orientation and treatment opens to a wide spectrum of mechanical, thermal and/or barrier 

performances of the outcome biocomposite. Biobased or biodegradable materials (e.g. Polyhydroxybutyrate, 

Polybutylene succinate, Polylactic Acid and Thermoplastic Starch, etc.) can be blended with natural rubbers, 

natural resins (e.g. colophony, etc.), vegetal fibers (e.g. cork, coconut, etc.), animal residues (e.g. egg shell, 

etc.), biochar, polymers (e.g. cellulose, chitosan, etc.) or inorganic fillers (e.g. calcium carbonate, etc.) 

[ACQ21, ARA17, BAR22, BOO13, FAI18, HAS20, ILY22, RIG19, ROS22, MOH05, VIS22]. 

Thermoplastic biocomposites provide several advantages: 

• reducing the amount of polymer used for and buffering the costs of novel polymers; 

• reusing the residues as filler (thereby giving them a "second life" and helping reducing the emissions); 

• maintaining or improving the performances in outcome; 

Nowadays, the permeability to gases and water of biodegradable materials is gaining attention in food 

packaging applications to help the preservation of food quality [MAS17, SIR20]. Blending combinations of 

fillers and thermoplastic carriers may offer a wide spectrum of opportunities to untangle this issue.  
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5.2.2. Microwave heating enhancement (WP4) 

Due to the following reasons, the microwave heating mechanism provides various benefits over traditional 

heating [LVDG08, YILD04]: 

- Direct microwave absorption by materials enables volumetric heating, which results in faster 

diffusion rates, fewer power requirements, and faster processing times. 

- Higher heating and diffusion rates enabled microwave-processed materials and components to 

enhance their physical and mechanical properties, reducing the likelihood of faults forming. 

- The additional phenomenon of volumetric heating offers homogenous and selective heating, 

resulting in lesser environmental risks, smaller heat-affected zones, and lower processing 

temperatures. 

A combination of heat produced by the polarisation process, conductive and radiative heat losses from the 

materials speed up the greater heating rates in microwave processing. Power dissipation (P) and depth of 

penetration (D) of microwaves are two more characteristics that define the dielectric interactions of 

materials, also affecting how uniform the heating profile is [SGJS15]. 

Microwave heating includes the materials directly absorbing radiation, which is subsequently transformed 

into heat energy and causes the materials to heat up in volume. According to the authors' research [SIRE95], 

microwave heating requires 10-100 times less energy and 10-200 times less processing time than traditional 

methods. Numerous losses, including the heating of furnaces, their walls, and heat transfer media, are 
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eliminated by the direct transmission of energy. With them, greater temperatures may be reached faster and 

at higher rates of heat transfer than with traditional techniques. Researchers [BFHS10, GISA09, HODY91, 

KORK99, UPTM07] carried out experimental work that led to the conclusion that the time and power needed 

to process different materials in the microwave are much less than traditional approaches. As a result it can 

be stated that MW assistance allows reaching improvements up to 30-60% in rheology properties and 20% 

enhancement with the extent of interfacial bounds and mould filling as well as its applications in packaging 

and lightweight composites. 

Figure 2 shows the schematics of uniform heating resulting from microwave-conventional combined heating. 

This method may aid the uniform curing of thick specimens with poor thermal conductivity. 

 
Figure 2. Uniform heating because of microwave-conventional combined heating [MLLL18]. 

Innovation regarding MW in the GREEN-LOOP WP4 process 

There is evidence of the grat potential of MW-assisted processes in heating and extrusion. According to the 

study of Zhou et al. [ZSP07] about microwave-assisted moulding using expandable extruded pellets, pellet 

formulations have less of an effect on the cell structure and, as a result, on the mechanical properties of the 

formed blocks when compared with pellets that are allowed to expand freely. This is because the expansion 

of a pellet is constrained by the expansion of pellets that are adjacent to it and by the wall of the mould. 

When compared with starch foams produced by free microwave expansion and extrusion foaming, the 

moulding blocks produced with the assistance of a microwave have a greater density. As a result, these blocks 

are stiffer and more resistant to compression. However, they can absorb energy even when subjected to high 

stress levels. Moreover, they also make use of conventional heating to achieve a uniform temperature 

throughout the heated material (Figure 1). 
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5.2.3. Patent review (WP4) 

At the beginning of GREEN-LOOP a preliminary worldwide search in Espacenet for the following keywords 

and some combinations thereof was performed: thermoplastic composites, filler, bio filler, packaging, rigid 

packaging, polymer, biodegradable, barrier, injection, injection moulding, natural rubber, permeability, 

rubber, cellulose, chitosan, polyhydroxybutyrate, nanocomposite, nanofiller, polybutylene succinate. 

In-depth patent analysis is not yet available due to the lack of a short list of candidate materials at this early 

stage of the project (i.e. carriers and fillers). However, an in-depth patent search for target keywords in 

databases will be performed once MYX has defined a first short-listing of candidate materials. 

Regarding patents regarding MW-assisted enhancement in bioplastic production, [RAZ05] [R05] was 

published in 2005, explaining how to MW-heat polymers for injection moulding. Additionally, 

[SUN10][DHYD10], issued in 2010, describes a mould temperature management system that can quickly heat 

a mould to the right temperature for injection moulding. Moreover, [QIN21][QJWT21] was released in 2021, 

relates to the field of bioplastics, and defines a master batch of wood fibre-degradable plastic and its 

production process. Lastly, [XFXZ21], issued in 2021, describes a heating equipment for a heat insulation 

injection moulding machine. 

[RAZ055] Razmik L., A.: Injection molding of polymers by microwave heating, US20050184434, 2005, 

https://patentscope.wipo.int/search/en/detail.jsf?docId=US41149301&_cid=P20-LAWHVH-95516-1, last 

accessed 2022/11/25. 

https://doi.org/10.1016/J.POWTEC.2004.03.006
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[SUN10] Do Sung, J.; Hyung Jong, O.; Young Jong, O.; Dae Jong, O.: MOLD TEMPERATURE CONTROL SYSTEM 

CAPABLE OF RAPIDLY HEATING A MOLD AT OPTIMAL TEMPERATURE DURING AN INJECTION MOLDING 

PROCESS, KR1020100034520, 2010 

https://patentscope.wipo.int/search/en/detail.jsf?docId=KR5869823&_cid=P20-LAX139-61996-1, last 

accessed 2022/11/25.[QIN21] Qing, C.; Juntang, Z.; Wenbin, S.; Tao, B.: Wood fiber degradable plastic master 

batch and preparation method thereof, CN112175292, 2021, last accessed 2022/11/25. 

https://patentscope.wipo.int/search/en/detail.jsf?docId=CN315177855&_cid=P20-LAX139-61996-1 

[XIA21] Xiankun, B.; Fengrui, D.; Xinning, W.; Zhaogang, Q.; Dongdong, S.; Baohua, Y.: Heating device for heat 

insulation injection molding machine, CN213860563, 2021. last accessed 2022/11/25. 

https://patentscope.wipo.int/search/en/detail.jsf?docId=CN333788756&_cid=P20-LAX139-61996-1 

5.3. Literature and patent review (WP5) 

5.3.1. State-of- art polymers for tribological applications (WP5) 

 

A vast variety of polymer materials are used for tribological applications such as slide bearings (Figure 3). A 

recent review showed a graphical overview of polymer matrices with different fillers and their tribological 

properties [REN21]. This graph also shows the ranges and limits of polymer composites regarding friction and 

wear properties. For example, standard materials such as PA and PEEK have medium wear coefficients in the 

order of 10-4 mm³/(Nm). 

 

Figure 3: Comparison of the tribological properties of different polymer matrices and different fillers [REN21]. 
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For commercial use, this range of polymer matrices is available to a large extent (using different fillers). They 

are supplied by large companies like IGUS, Germany, Miba in Austria or TIMKEN (GGB). Some companies are 

specialised on particular material types, like Victrex (PEEK composites) or Thordon (PAI). All these companies 

are struggling to improve the CO2 footprint of their products. The wood-based composites developed in 

GREEN-LOOP will probably be a perfect solution to meet the demand. Wood composites should reach at least 

medium tribological properties (friction coefficients <0.3, wear coefficients of 10-4 mm³/(Nm). 

The recent commercialisation of biopolymers, is more general and not focused on tribological applications. 

Some examples for these products and brands are: 

• IamNature, which is a natural polymer (like wood): https://www.maipsrl.com 

• Bio-based materials produced from different natural resources: https://www.stahl.com/ 

 The company offers a variety of bio-based resins and binders, especially for coatings 

• Bio-degradable Polymers: Biopolymers (basf.com) 

Recently, Akpan et al. [AKP18] published an investigation of a biobased material consisting of acrylic resin 

and wood fibres. Wear rates were comparable to those of unfilled PA6.6 (between 10-6 and 10-5 mm³/(Nm)). 

By soaking the porous samples in sunflower oil, friction values around 0.2 were obtained. 

Recent developments and trends for biobased composites are reviewed in [AND22]. The authors reviewed 

published results of several composites containing biobased fillers and state that wear resistance and friction 

may be reduced or enhanced, depending on the type and content of filler. Also, other publications state that 

natural fibres and fillers (clay) help improve composites' friction and wear properties [MOH19, LIU19]. 

By using lignin, hydrophobicity of the composites may be enhanced, which would be a considerable 

advantage for wood-based composites.  

Broitman et al. [BRO20] published an investigation on tribological and nanomechanical properties of a lignin-

based biopolymer, produced by injection moulding, which showed very promising tribological properties. 

5.3.2. State-of-art manufacturing of wood plastic composites via extrusion (WP5) 

Wood plastic composites (WPC) are mainly based on thermoplastics such as PP, HDPE or blends. Such plastics 

can be replaced through biopolymers such as cellulose or lignin. In [SYK09]. The use of commercial 

biodegradable biopolymers such as Ecoflex®, Ecovio®, Bioflex® is described with a rising fibre load from 20-

65 %. Compounding of WPC is often performed in an extruder or injection moulding unit [AKP18, BEN07, 

DIV18, GIL19, NYG08]. The mechanical properties (Table 6) were investigated by using different standards 

for flexural strength according to ASTM D 790 and EN ISO178 as well as tensile strength according to ISO 527 

and ASTM D638-03. 

Table 6: Mechanical properties of polymer-wood composites according to EN ISO178 [AKP18]. 

 

https://www.maipsrl.com/
https://www.stahl.com/
https://www.stahl.com/
https://plastics-rubber.basf.com/global/de/performance_polymers/fpgs/fpg_biodegradable_plastics.html?at_medium=sl&at_campaign=PM_PRB_GLOB_DE_Biopolymers_TRA_CROSS&at_term=%2Bbiopolymer&at_creation=Search_Google_SERP_Biopolymers-General-Global-DE&at_platform=google&at_variant=Biopolymers-General-Global-DE
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Wood fibers are used as filler materials with appropriate lengths up to 3 mm. Suitable formulations need 

adjusted rheology and binding capability to be extruded. Carbomethyl cellulose (CMC) can be used as an 

additional binder to optimise the rheology. Sulphite (Na2SO3) as an additive can improve the inter-fiber-fiber 

bonding so that lignin becomes more hydrophilic. To adjust low moisture content <1-0.2 % the mixtures are 

dried (T=60-85 °C, up to 2 d) prior to the extrusion process. Preferentially, co-rotating twin screw extruders 

are used since they allow good mixing.  

The following process parameters are reported: The number of temperature zones are between 3-11 with 

separate temperature control and the applied temperature ranges from RT up to 200 °C. Typically, a rotation 

speed of 100-450 rpm is adjusted. The feed rate per batch is about 3-5 kg. Repeated recycling of WPC is 

possible [ROS20]. However, a slight decrease of strength is observed. This is attributed to high shear forces 

and molecular weight reduction due to the repeated temperature treatment during extrusion. 

 

5.3.3. State-of-art microwave curing process (WP5) 

Due to its great penetration depth in composites, microwave (MW) heating is recognised as the most 

effective volume-heating technique [BOYA01]. Highly effective dielectric additives embedded in composites 

may be used to modify the process and increase molecular heating at the microscopic level [LLLG16]. 

Radiation may be effectively absorbed by dielectric nanomaterials and transformed into molecule rotations 

and vibrations, with which the temperature in the composite around the nanomaterial may rise [ZHRO16]. 

Greater control over the cure is possible with MW curing methods because the power input to the reaction 

may be instantly cut off. This permits improved control over reactive or predictive control cure cycles and 

increases protection against exothermic processes [CBSA22]. However, it is not without difficulties since 

heating a reasonably thick material might be challenging due to the penetration depth, which depends on 

the MW frequency and cavity (summarised in Figure 4). Thus, the best microwave process and mechanical 

performance should be attained using a combined material-process strategy (e.g., cure kinetics model and 

depth of penetration) [MLLL18]. 

Figure 4. Major factors affecting efficiency and reliability of composite microwave processes [MLLL18]. 
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The cycle time for MW curing was reduced by 63%, according to the research of Xu et al. [XWWD16], which 

optimised the procedure by changing the input power (W) and radiation duration (s). Additionally, they 

discovered that MW-cured composites had much higher compressive strengths than their autoclave-cured 

counterparts due to the improved interfacial adhesion between the fibres and resin, which was linked to 

volumetric heating. Moreover, Nuhiji et al. [NBSP21] used COMSOL Multiphysics tmodeto effectively 

simulate an industrial-scale MW. According to the scientists' results, the heat distribution may be altered by 

varying the frequency or the number of magnetrons. This might inform future control algorithms to enhance 

the composite curing process. 

On the other hand, experimental results in [MLLL18] reveal that epoxy specimens' centres heat up more than 

their surfaces. Although the specimens may have undergone consistent volumetric heating, it is hypothesised 

that the low thermal conductivity raises the local temperature in the specimen's centre in comparison to the 

specimen's edge, which could lose heat to the environment. To provide homogeneous heating in such 

circumstances, it may be possible to combine microwave heating with concurrent conventional heating (for 

example, through tooling). Ceramics have been heated evenly using this kind of hybrid heating, as suggested 

by the studies in [FERN15, JACK92]. However, the non-uniform heating caused by the multimode microwave 

furnaces in use in [JACK92] was substantially addressed using this technique. 
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composites", Polymers 12, 1750, p.1-14, 2020. 

[SYK09] E. Sykacek, M. Hrabalova, H. Frech, N. Mundigler: "Extrusion of five biopolymers reinforced with 

increasing wood flour concentration on a production machine, injection moulding and mechanical 

performance", Composites: Part A40, p.1272-1282, 2009. 

[XU16] Xu, X. et al.: Improvement of the Compressive Strength of Carbon Fiber/Epoxy Composites via 

Microwave Curing. J Mater Sci Technol. 32, 3, 226–232 (2016). https://doi.org/10.1016/J.JMST.2015.10.006. 

[XUX16] Xu, X. et al.: Effect of microwave curing process on the flexural strength and interlaminar shear 

strength of carbon fiber/bismaleimide composites. Compos Sci Technol. 123, 10–16 (2016). 

https://doi.org/10.1016/J.COMPSCITECH.2015.11.030. 

[ZHA16] Zhao, B. et al.: Formation of reworkable nanocomposite adhesives by dielectric heating of epoxy 

resin embedded Fe3O4 hollow spheres. CrystEngComm. 18, 32, 6096–6101 (2016). 

https://doi.org/10.1039/C6CE01359G. 

5.3.4. Patent review (WP5) 

A patent survey with the programme Patbase was performed by searching the key words: biocomposite*, 

wood, lignin, filler*, extrusion, tribology, sliding bearings, and ultrasonic. 

In [RET03] a thermoplastic material with filler is proposed. Preferred thermoplastics are PE, PA, PP, PVC, PS. 

The filler consists of wood fibres as filler with a length < 6 mm and with a filling volume of at least 70 %. The 

https://doi.org/10.1111/J.1151-2916.1992.TB08184.X
https://doi.org/10.1111/J.1151-2916.1992.TB08184.X
https://doi.org/10.1016/J.JMST.2015.10.006
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compound with a weight of 300-800 g/l can be either by pressing, injection moulding or extrusion at a 

temperature < 200 °C. The granular pellets' humidity (water or other agent) content (Ø2-10 mm) after 

extrusion should be 5-10 % to allow redispersing. The extruded article has a smooth surface and is highly stiff 

showing a Young's Modulus of 4500 N/mm². 

In [YIN19] a lignin enhanced WPC is disclosed. It consists mainly of plant fibres (lignocellulose), lignin, recycled 

thermoplastics and other mineral powders. It is processed by a screw granulating extrusion process. The 

material is mechanically stable as well as heat and aging resistant. 

A method for improving microwave curing [SHE22] describes a technique for enhancing the homogeneity of 

the heating during microwave curing of carbon fibre composite material. Additionally, [TUK22] was published 

in February 2022, and outlines equipment and procedures for treating polymer materials using microwaves. 

Another example is [HAI20], which provides a microwave curing apparatus for composite material and the 

curing technique thereof. It was published in November 2020. Lastly, [XIA22], issued in July 2022, explains a 

preparation method for a shaving board, which includes the curing and pressing of a WPC material. 

As a result of the patent survey, there is no proof for concept using WPC for tribological applications based 

on the extrusion process. Most of the already-developed WPC are based on conventional thermoplastics. It 

is known that microwaves enhance the curing of such polymers. Biopolymers such as lignin are used not 

solely as a binder but as an additive polymer to improve several composites' properties. For example, it is 

reported that cellulose-based fibers as fillers increase the strength and stiffness and contribute to the 

fracture toughness of the composites. 

Finally, in terms of recent patents regarding microwave enhancement, [SKJZ22], issued in May 2022, 

describes a technique for enhancing the homogeneity of the heating during microwave curing of carbon fibre 

composite material. Additionally, [TKSF22] was published in February 2022, and outlines equipment and 

procedures for treating polymer materials using microwaves. Another example is [HXHY20], which provides 

a microwave curing apparatus for composite material and the curing technique. It was published in 

November 2020. Lastly, [XZYX22], issued in July 2022, explains a preparation method for a shaving board, 

which includes the curing and pressing of a wood composite material. 

Filed patents 

[HXHY20] Haitiao, Z.; Xuehan, L.; Hui, Z.; Yulian, W.: Microwave curing device for composite material and 

curing method thereof, CN111941702, 2020 last accessed 2022/11/24. 

https://patentscope.wipo.int/search/en/detail.jsf?docId=CN312334936&_cid=P20-LAVK5F-11529-5,  

[ISA93] A. Isayev, "CONTINUOUS ULTRASONIC DEVULCANIZATION OF VALCANIZED ELASTOMERS," 

US005258413A, 02-Nov-1993. 

[MAS87] O. Masayuki and H. Yasuo, "METHOD OF DESULFURIZING RUBBER BY ULTRASONIC WAVE," 

JPS62121741A, 03-Jun-1987. 

[RET03]  J.O. Rettenmeier: "Filler material based on wood fibres for producing synthetic moulded bodies", 

WO 03/008494 A1, 2003. 

[SEN85] N. Senapati and D. Mangaraj, “ULTRASONIC VULCANIZATION,” US4548771A, 22-Oct-1985. 

[SKJZ22] Shenghui, G.; Kaihua, C.; Jing, C.; Zhigang, S.; Junwen, Z.; Xinpei, L.; Yan, Y.; Li, Y.: Method for 

improving microwave curing heating uniformity of carbon fiber composite material, CN114536617, 2022. 
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https://patentscope.wipo.int/search/en/detail.jsf?docId=CN364594374&_cid=P20-LAVHA9-91607-1, last 

accessed 2022/11/24. 

[TKSF22] Tuck-Foong, K.; Kang, H.C.; Sheng, O.Y.; Felix, D.; Yue, C.; Yen-Chu, C.N.; Ananthkrishna, J.; Clinton, 

G.; Vinodh, R.: Methods and apparatus for microwave processing of polymer materials, CN114051448, 2022. 

https://patentscope.wipo.int/search/en/detail.jsf?docId=CN351917762&_cid=P20-LAVHA9-91607-1, last 

accessed 2022/11/24. 

[YIN19] H. Ying et al: "Lignin enhanced wood plastic material and preparation method therefore", US 

10,400,106 B2, 2019.Sta 

[XZYX22] Xianrui, C.; Zhimin, H.; Yanming, L.; Xuequan, X.; Jiasheng, L.: Preparation method of high-strength 

shaving board, CN114800763, 2022. 

https://patentscope.wipo.int/search/en/detail.jsf?docId=CN371012171&_cid=P20-LAVHMZ-94071-1, last 

accessed 2022/11/25.  
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6. Conclusions 
A process for the scientific and technical coordination and controlling of the GREEN-LOOP project has been 

established within Task 1.1. The review measures are documented in this D1.1 report. In addition, the key 

process steps are identified, and the responsibilities are stated and associated to the partners (section 2).  

A comprehensive literature and patent review were performed in section 5 for each of the three project 

value chains (Bio-rubber, Bio-plastics and Wood composites). The TRL evolution for each WP was determined 

and aligned with the methodology implementation (section 2). As already described in the proposal, the 

technical work and its documentation will be primarily done in the value chains WP3-WP5. The technology 

will be scaled up in WP6 after reaching a higher TRL in M20 during the first stage of the project.  

The technical progress will be provided and reported to the management through regular questionnaires and 

TEAMS meetings, especially by the WP leaders, with contributions from the task leaders too. The detailed 

questionnaires ask for the WP planning, technological progress, TRL evolution, KPI monitoring (section 4) and 

potential risks or deviations (section 3), with the aim of ensuring a best practice of working and support. This 

updating will be done every 3 months. In case of literature and patents (section 5), the review is foreseen 

every 6 months.  

Within M4, management identified no delays or critical risks needing specific countermeasures. 


