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INTRODUCTION 
 

The need to save on raw materials motivates the tendency towards reduction in 

wood quality requirements. Logging waste, low-value wood, chunk waste, and soft 

waste from wood-sawing and woodworking currently constitute a potential raw 

material basis for waste recycling. 

The term recycling is legislatively defined in Russian Federal Law No.89-FZ 

dated 24 June 1998 Concerning Production and Consumption Waste, as follows: waste 

utilisation is the use of waste in the production of goods (products), performance of 

works, provision of services, including the reuse of waste for its planned purposes 

(recycling). Therefore, recycling is to be understood as the reuse of recycled waste for 

production and consumption purposes. According to the standardisation system, 

recycling is the recovery of waste, discharges, and emissions from the technogenesis 

process (Wan et al. 2014).  

There are two possible ways to recover waste: returning it to the production 

cycle after proper preparation (regeneration) and extracting useful components for 

reuse (recuperation) (Kormishkina 2017). Many advanced countries have been 

recycling wood waste for more than 10 years. These countries include Finland, Sweden, 

Japan, and Germany (Hebert-Ouellet et al. 2017).  

The recycled fibre market is developing steadily in almost all industries. 

Recycled fibre can serve as a low-cost alternative to new wood fibres in many products 

(Grossmann and Zelm 2016). In addition to cost saving, wood fibre internal recycling 

has several advantages. First, it prolongs the life cycle of raw materials and allows the 

creation of new products without any additional deforestation (Ihnat et al. 2015a,b, 

2018; Irle et al. 2018). Second, it prevents the accumulation of wood waste and the 

formation of landfills. Third, internal recycling means fibre reuse, and if it is carried 
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out efficiently (in market conditions), it provides economic and environmental benefits 

(Michanickl 1996; DaCunha et al. 2016; Viger-Gravel et al. 2017; Zeng et al. 2018; 

Ihnat et al. 2018, 2020). 

Different fibreboard production stages inevitably release a large amount of 

wood waste: impresfiner water removals (cork water containing up to 11% wood 

particles). Examples include transverse-longitudinal fibreboard waste from panel sizing 

machines (3 to 5%); fibre from forming machines entering wastewater (2 to 4%); and 

bio-rejects (10 to 12%).  

The types of fibreboard waste mentioned above account for 16 to 32% of the 

total production of semi-finished wood fibre products in this production. They pose a 

serious problem, as they are currently unused or only partially used at existing 

fibreboard enterprises. In fibreboard production, the utilisation of wood fibre waste is 

not provided for within technological processes. Sometimes, part of this waste is 

utilised in the basic processes (Mokhirev et al. 2015).  

Due to the lack of fibre internal recycling technologies, its reuse in the 

production process in most cases negatively affects the quality of boards. This work 

presents a detailed analysis on the application of a fundamentally new and 

comprehensive approach to the internal recycling of secondary wood resources 

involving the utilisation of wood fibre recovered from wastewater and specially 

prepared recycled fibre from panel sizing fibreboard waste (Rubinskaya 2007; Morozov 

2016). 
 
 

EXPERIMENTAL 
 

Theoretical Study Methods 
Internal recycling is a type of technology that makes it possible to recycle waste 

internally within a technological process so that the waste is returned to the production 

cycle. It differs from utilization, as it uses processed raw materials for their intended 

purposes. For example, scrap metal is used in steel production, wastepaper in paper and 

cardboard production, etc. (Zemskova2017). The factors influencing practicality and 

economic benefit must be considered, including production cost, energy consumption, 

labor intensity, complexity of dismantling operations, etc. (Hubbe et al. 2007). 

The wood waste internal recycling technology consists of several sequential 

stages (depending on the type of waste) (Fig.1). At the initial stage, wood waste is collected 

at all stages of source raw material processing. This is achieved by implementing such methods 

as recovering wood fibre from wastewater and using specially-prepared secondary fibre after 

panel sizing of finished boards in rotary cutting mills. 

 
Fig. 1. Wood fibre recycling technology 

 
This stage ensures the maximum level of wood processing. Next, secondary 

wood fibre is prepared. At the 3rd internal recycling stage, wood waste is returned to 

the basic processes, which allows the production of additional finished products (Ihnat 

et al. 2015; Kosenkova et al. 2020). Thus, wood fibre internal recycling ensures the 

comprehensive use of existing raw materials by returning recovered wood fibre to the 
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basic processes. 

The materials used in this study are wood fibre recovered from industrial 

wastewater by the dispersive flotation method and bio-rejects in the form of chunk 

waste from producing composite boards.  

Wood fibre waste subjected to thermal treatment at high temperature and 

pressure is an “inactivated” fibre that, when recycled in high-speed cutting mills, is 

incapable of reforming strong inter-fibre bonds in the resulting finished boards due to 

a process called “irreversible cornification” (Thiffault et al. 2018). 

This study used laboratory equipment to assess the effectiveness of internal 

recycling secondary wood waste in fibreboard production. A processing unit based on 

the dispersive flotation method was used to recover wood fibre, and an MR-4 rotary 

cutting mill was used to prepare secondary fibre after panel sizing.  

Figure2 is a functional diagram of the dispersive flotator, which gives a visual 

representation of the flotation process stages and their mutual influence. A dry milling 

plant is described next. The general view and technical characteristics of the rotary 

cutting mill are given in Fig. 3. 

 

 
 
Fig. 2. Functional diagram of the dispersive flotator 

 

The MR-4 machine for dry grinding and preparation of wood waste consists of 

a housing with a shaft 4 on which rotor cutters 1 are located chequerwise. A stator cutter 

3 having two bevel angles is attached to the side covers of the housing with adjusting 

holding devices. A separator 6 is installed inside the housing along the cylinder 

generatrix to defibre secondary wood after grinding. The separator regulates the 

grinding time (the time of keeping wood fibre in the grinding area between the rotor 

and the separator). The separator is a perforated metal mesh having different mesh sizes 

that serves as a sorting device for fibre ground into fractions. 
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Fig. 3. General appearance of the MR-4 laboratory rotary cutting mill (1 - rotor cutters; 2 - pivot; 
3 - stator cutter (cutting anvil); 4 - shaft; 5 - machine housing; and 6 – separator)  

 

Experimental Study Methods 
The process of cleaning wastewater from fibreboard production containing 

wood fibre creates fibre-containing sediments that require reutilisation in the basic 

processes. One of the main objectives of this work was to determine the physical and 

mechanical characteristics of fibreboard by varying the amount of recovered wood fibre 

in the basic composition. 

Single-factor experiments were planned to determine the maximum possible 

content of secondary wood resources in the basic composition, and the main 

characteristics of the models were selected, making it possible to develop and obtain 

mathematical models of the dependence of fibreboard bending strength on the mass 

fraction of recycled fibre in the basic wood fibre composition. Table 1 shows the input 

and output parameters of these experiments.  

 

Table 1. Experiment Input and Output Parameters 
 

Parameter Designation 

Input parameters (controllable factors) 

Mass fraction of fibre recovered from wastewater, per unit volume (%) q 

Mass fraction of recycled fibre from panel sizing, per unit volume (%) v 

Output parameters (controllable factors) 

Tensile strength of fibreboard under static bending, with recovered fibre 
added (MPa) 

σirf 

Tensile strength of fibreboard under static bending, with fibre after panel 
sizing added (MPa) 

σips 

 

Methodology for Assessing the Economic and Environmental 
Effectiveness of Wood Fibre Recycling 

When assessing the effectiveness of wood fibre internal recycling, attention 

should be paid to the economic and environmental aspects of the internal recycling 

process. In this study, the term wood fibre internal recycling effect includes the 

cumulative economic and environmental effect of the process (Table 2).  

The economic aspect is an overall economic effect of the internal recycling process 

(savings by reducing source raw material consumption, increasing sales revenue, reducing 

waste disposal costs, etc.). The environmental aspect reflects the degree of preventing the 

impact of waste on the environment, i.e., the reduction in hazardous emissions into 

wastewater and the atmosphere (Moiseeva and Shishmareva 2020).  
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Table 2. Criteria for the Economic and Environmental Assessment of the 
Effect of Recycling 

Indicator Calculation method 

Environmental effect 

Reducing 
environmental impact 

Eenv.=∆Вenv/ (С+Еn·К)                                                            (1) 
 

where ΔBenv is the decrease in the value of the adverse 
environmental impact indicator, C is the cost of measures aimed 
at protecting the environment from negative impacts, K is capital 
investments that determine the effect and En is the effectiveness 
standard for bringing capital investments to annual level. 

Economic effect 

Saving source raw 
materials 

E = E2                                                                                   (2) 
 

where E2 is the volume of wood raw materials obtained in the wood 
waste internal recycling process using various technologies. 

Additional sales 
revenue 

P = B2 – С·С2                                                                        (3) 
 

B2 = Vgp2·Z·С·С2                                                                   (4) 
 

where Vgp2 is the volume of products obtained from recycled wood 
raw materials, Z is the average market selling price of the product, 
and С·С2 is the cost of products made from internal recycled wood 
raw materials. 

 

Maximum possible utilisation of recycled fibre is of great environmental 

importance in connection with the preservation of forests and the sanitary clean-up of 

landfills for fibreboard production waste that tend to decay and pollute underground 

waters, soils, and the atmosphere. The recycling effect can be assessed at various stages 

of the production process. 

 

 

RESULTS AND DISCUSSION 
 
Theoretical Study Results 

Based on the above technologies for the utilisation and processing of recycled 

wood fibre, a process modeling of internal recycling was developed for wood waste in 

fibreboard production, providing the possibility of predicting and supplementing areas 

where it is possible to include secondary resources in the basic processes (Fig. 4). 

The process modeling of internally recycled content combines all wood 

processing stages. At the initial stage, raw materials are prepared taking into account 

the technology being applied and the final goal, i.e., release of a specific type of product. 

At the next stage, basic raw materials are put into production for further processing. 

Stage III involves the production of a wood-fibre mat.  

The red zones X1 and X2 are production stages at which it is possible to collect 

fibre to include it in the internal recycling process. Zone X1 is a section of the 

technological process in which the recovery of recycled fiber from wastewater takes 

place using a dispersion flotation device, which does not require additional processing 

of recycled fiber and goes directly to the wood pulp before the production machine for 

by mat from a wood-fibre. Zone X2 is a section for sizing cutting of finished fibreboard, 

since is "inactivated” fibre, which requires additional, special processing. The slitter 

cuttings must be fiberized using the shredder suggested in the article, that is, “properly 

prepared” before they can be added back to the process. The green zone (the recycling 

point—R) is a process zone where it is possible to return waste fibre into the production 

process as raw material for additional production output. This point is the headbox 

before the production machine to form a mat from wood fiber. 
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According to the present experimental results, this technology of reuse of 

secondary resources does not require additional phenol-formaldehyde resin, while 

maintaining the physical and mechanical characteristics of the finished board. 

It is possible to assess the internal recycling efficiency using the process 

modeling of internally recycled content, which represents a cumulative effect of 

returning waste obtained at various stages of the production process to the basic 

processes, i.e., economising on raw materials (E), profits that can be derived from the 

sale of additional products (P), and reduction of payments for environmental pollution. 
 

 
Fig. 4. Process modeling of internally recycled wood fibre in fibreboard production 

 
Experimental Study Results 

This work presents the studies on the possibility of using fibre-containing 

sediments in the basic wood fibre composition and waste that is generated during panel 

sizing of finished boards specially prepared in a rotary cutting mill. The experiments 

assessed the quality of recovered fibre. The recovered wood fibre retains all its 

properties that are inherent in the basic fibre, and it does not require any additional 

processing (grinding, gluing), compared with the existing wood fibre recovery 

methods. Therefore, wood fibre recovered using flotation equipment can be utilised as 

part of the basic wood fibre composition (Rubinskaya 2007). Other studies have shown 

that when separating the fibres of recycled particleboard content in a rotary cutting 

machine, the characteristics of the prepared fibre correspond to the quality 

characteristics of wood fibre that is used in the basic processes (Chistova 2010; 

Morozov 2016). 

To establish the maximum possible mass fraction of fibre recovered and 

prepared after panel sizing in the initial wood fibre composition without a reduction in 

its quality and in the physical and mechanical characteristics of the final product, the 

tensile strength was determined under static bending in industrial conditions. 

Mathematical models were obtained, describing the dependence of static bending 

strength on the mass fraction of recovered fibre (Eq.1) and fibre after panel sizing 

(Eq.2) in the basic composition, 
 

σirf=35.413+0.379q−0.07q2       (1) 
 

σips=34.725+0.623v−0.04v2       (2) 

where q is mass fraction of fibre recovered from wastewater, and v is mass fraction of 

recycled fibre from panel sizing, per unit volume. 

Figure 5 presents the graphical dependence built from the obtained models and 

showing the influence of an input factor on an output value.  

The coefficients in the mathematical models in front of the factors and their 
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interactions indicate the significance of varying parameters and their effect on the 

qualitative indicator of fibreboards. The significance of the coefficients has been 

assessed using a methodology based on the Student’s t-test.  

The presence of secondary fibre in the basic composition affects the strength 

properties of fibreboard, which is also due to the activation of the fibre contact surface 

necessary for chemical interaction and the formation of hydrogen bonds at the hot 

pressing stage. Fine fibre has a highly developed specific surface area, and it is notable 

for increased segmental mobility. At the fibre contact interface, lignin structures 

penetrate each other, followed by the formation of carbon-carbon bonds that largely fix 

the inter-fibre interaction.  

The preservation of physical and mechanical properties of boards is explained 

by the fact that the effectiveness of structure formation of a wood fibre mat is influenced 

not only by the degree of mass grinding, but also by the fractional grinding quality 

indicator that determines the morphological characteristics of wood fibre. The 

predominance of fines in the form of fibril plasm (Group A), a group of fibres, 

consisting of the most flexible and thinnest fibrous elements that act as a binder, and 

flour (mehlstoff) (Group B) in the total mass of fines prepared by dry grinding, 

characterized by large values of the length-to-diameter ratio several times higher than 

this indicator of other fine fractions, has a large specific surface area (Laskeev 1967). 

These fractions ensure bonding in boards and improve their structure. 

Figure 5a shows that the mass fraction of recovered fibre in wood fibre 

composition affected the strength characteristics of the finished board. Figure5b shows 

that with the interaction of the mass fraction factor of secondary fibre from panel sizing, 

there were also changes in the strength characteristics of the finished wood fibre board.  

Therefore, with a recovered wood fibre content of 3.5% to 7% in the basic 

composition, it can be predicted that the bending strength value will vary from 33 to 35 

MPa, and with a secondary fibre content of 3% to 10%, the strength board indicators 

will correspond to values from 36 to 37 MPa. 

The graphical dependence also shows that the output value indicators 

corresponded to GOST 4598 (2018), EN 622 (2004). Wood fibre recovered from 

recirculated water as a result of flotation treatment, as well as recycled fibre after panel 

sizing, can and should be returned to the basic processes without disrupting the process 

of wood pulp grinding, gluing (additional introduction of paraffin and sulfuric acid), 

and without changing the board pressing temperature mode.  
 

  
 

Fig. 5. Dependence of the bending strength of fibreboard on the mass fraction of the recovered fibre 
(a) and secondary fiber (b) 

 

Economic and Environmental Effectiveness of Wood Fibre Recycling in 
Fibreboard Production 

Fibreboard production is based on the technological processes of separating 

wood into fibres that ensure a strong interaction of the fibres with each other in the 
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board formation process. Source raw materials for fibreboard production can be both 

round timber and technological chips obtained from low-quality wood and from 

hardwood and softwood waste (spruce, pine, birch, aspen, oak, beech, etc.) 

(Janiszewska et al. 2015; Meinlschmidt et al. 2016). The average production cost of 

1m3 of fibreboard ranges from EURO 1.1 to EURO 2.3/m3 (as of June 2021, the EURO 

exchange rate is 87.41 RUB), depending on the quality of source raw materials, product 

thickness, applied technologies, etc. Fibreboard production requires a lot of materials, 

i.e., the share of costs for the purchase of raw materials in the total cost structure is 33 

to 35%. This study considered an example of wood waste internal recycling in the case 

of fibreboard production with a recycling volume of 94.0 m3. 
 

Table 3. Balance of the Utilisation of Wood Raw Materials in Fibreboard 
Production 

Indicator 
Quantity 

m3 % 

Total raw materials supplied to the workshop 94.000 100 

Product yield (finished fibreboard) 57.216 60.87 

Basic process waste, incl. 36.784 39.13 

basic process losses 29,497 31.38 

cutting a wood-fibre mat 7.285 7.75 

 

With the existing fibreboard production technology, the yield of finished 

products was 60.9%, which is a low indicator of raw material exploitation (Table 3). 

As specified in the fibreboard process chart (Fig. 6) and based on the process modeling 

of internally recycled content (Fig. 4), there were 2 red zones (waste recovery zones for 

returning to basic processes): the stage of cutting the wood fibre mat (losses of 7.75%) 

and the stage of collecting basic process waste by recovering wood fibre (losses of 

31.4%). 

 

 
Fig. 6. Technological process of fibreboard production 
 

At the basic process stage, when the flotator is introduced into the technological 

process, the quantity of waste that can be recovered and returned to the basic processes 

is 7%, which corresponds to 2,065 m3 of wood raw material. At the wood-fibre mat 
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cutting stage, the quantity of waste that can be returned to production is 94.8% which 

is 6,910 m3 of wood raw material. 

Based on the above data regarding the production cost level of 1 m3 of 

fibreboard, the average production cost of fibreboard is EURO 1.69/m3; it follows that 

the cost of purchasing raw materials will be RUB EURO 0.59/m3. The total cost savings 

in the purchase of raw materials is EURO 5,300.43. The total cost of processing the 

entire volume of fiber, taking into account fluctuations in the level of prices and 

exchange rates, will amount to EURO 156.1 thousand. 

Out of 8,970 m3of the obtained raw material, the output will be 5,460 m3, which 

will bring an additional profit of EURO 2,210per year. 

Wastewater in fibreboard production is formed during chip washing, wood fibre 

mass dilution, equipment, and hydraulic press cooling. The main pollutant of 

wastewater in fibreboard production includes suspended and soluble organic 

substances. Wastewater contains wood fibre, colloidal substances consisting of 

cellulose, hemicellulose, lignin; soluble organic substances (sugar, furfural, alcohols, 

aldehydes, acids, dyes, tannins); soluble and insoluble chemicals (aluminum sulfate, 

paraffin, etc.) used for gluing wood fibre masses. The calculation of fees for 

environmental pollution is regulated by Russian Federal Law No. 7-FZ dated 10 

January 2002 Concerning Environmental Protection. As of 2021, the rates approved 

for 2018 are used with the coefficient of 1.08 [Decree No. 39 of the Government of the 

Russian Federation dated 24 January 2020]. The total amount of payments for economic 

damage caused (prior to the installation of the flotator) during fibreboard production 

with a volume of 57,000 m3 by all types of pollutants will amount to EURO 36.94 per 

year. The amount of savings for the discharge of hazardous substances will be EURO 

12.93 per year. 

Zone X1 is a section of the technological process where the recovery of recycled 

fiber from wastewater takes place using a dispersion flotation device. Zone X2 is a 

section for sizing cutting of finished fibreboard. 

 

Table 4. Calculation of Effect the Internal Recycling 

Indicator 
Units of 

measurement 
Value 

Amount of wood fibre that can be returned to the basic 
processes, including: 

m3 8970.97 

— Stage X1 m3 2064.79 

— Stage X2 m3 6906.18 

Cost savings on raw materials (Es), including  EURO 5300.43 

— Stage X1 EURO 1219.80 

— Stage X2 EURO 4080.63 

Sales profit obtained from returned fibre (P)  EURO 2212.20 

Reduction of environmental impact fees EURO 12.93 

Cumulative recycling effect, (R)  EURO 7525.56 

 

The internal recycling effect is a possible additional benefit from the production 

of products from basic process waste. Thus, the cumulative economic effect will be 

EURO 7,526 per year. 

 

 

CONCLUSIONS 
 

1. One way to save natural resources is to utilise plant waste as a potential raw 

material. In fibreboard production, wood fibre serves this purpose. To achieve this, 

the authors have developed a process modeling of internally recycled for secondary 
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fibre that illustrates the relationship between the stages of its formation and possible 

utilisation. The process modeling also shows that secondary resources should be 

utilised in an integrated manner, for which there are technologies of recovering 

fibre from wastewater and processing recycled fibre during panel sizing of finished 

fibreboard. Also, an integrated approach to solving the internal recycling 

processing of secondary resources in the production of fibreboard using the 

technologies described above makes it possible to maintain the quality of 

fiberboard, which corresponds to GOST, and also makes it possible to fulfill 

obligations on the required quality of boards from customers. 

2. Expenses allocated for this purpose can be recovered with profits, provided that the 

analysis and marketing studies on the further utilisation of products made from 

secondary raw materials are carried out in advance. 

3. Another important advantage of internal recycling is the economic aspect. Greater 

efficiency of the production process based on the recovery of underutilized 

technological streams leading to a higher proportional use of raw materials in 

production reduces the enterprise's costs by saving on raw materials, lowers fixed 

production costs due to economies of scale, and leads to lower fees for 

environmental pollution and water basin protection.  
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