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Abstract: To ensure development sustainability, the linear economic approach is being transformed
into a cyclical model. For the pulp and paper industry (PPI), which occupies a significant place in
the Russian economy, the shift of circular principles to the field of bioeconomics is becoming more
important. This requires the development of basic biotechnological approaches implemented in closed
cycles (biorefining). The aim of this study was to develop the biotechnological foundations of the circular
economic system of the pulp and paper industry. To achieve the goal, the factors for the implementation
of the circular mechanism in the pulp and paper industry were established. The composition of pulp
and paper waste was systematized, taking into account the places of their occurrence; the directions
and forms of the biorefining of pulp and paper secondary renewable resources were determined; and
the principal possibility of obtaining bioethanol, based on the whole complex of sugars from cellulose
production wastes, is shown. A wide range of general scientific methods was involved (analysis,
synthesis, classification, modeling, etc.). Statistical methods were used to process experimental results in
the field of pulp and paper waste bioconversion. The biotechnologies involved included methods of
destruction, detoxification, and conversion of useful resources into secondary raw materials and final
products. From the standpoint of the environmental approach, there are serious efficiency imbalances in
the pulp and paper industry, which justify the implementation of circular mechanisms for organizing
economic systems. The overall efficiency is ensured by the use of renewable resources and obtaining
environmental effects. Algorithms and parameters of green biotechnological regulations for pulp and
paper industry waste recycling provide the possibility of microbiological production of a complex of
products: biocomposites, bioplastics, medical products, fertilizers, feed additives, vitamin supplements,
and bioenergy resources. A strategy for the efficient biochemical processing of pulp and paper waste
into green ethanol was determined. The possibility of increasing the efficiency of alcoholic fermentation
using various biocatalysts was experimentally confirmed. The technological features of this method,
associated with the need for microaerobic fermentation modes, were determined.

Keywords: pulp and paper industry; circular economy; biorefining; recycling; bioethanol

1. Introduction

At present, the priority global concept is the sustainable development of modern society
without prejudice to future generations (Kvasha and Malevskaya-Malevich 2022; Babkin
et al. 2021). The concept of sustainable development as one of the main components of the
overall economic development strategy arose back in 1972 at the UN conference in Stockholm.
Sustainable Development Goals (SDGs) aim to achieve economic growth without harming the
environment or society. They are achieved through lean, environmentally friendly production.
Our research aimed to achieve SDGs 6, 9, 11, 14, 15, and 17 in the pulp and paper industry. The
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concept of a circular economy arose in the context of the need to increase resource efficiency,
due to the limitations of many resources, especially natural, material resources. Researchers
agree that in order to ensure sustainable development, the linear economic approach that
dominated the industrial period needs to be transformed into a cyclical model that provides a
focus on the circular economy (Kvasha et al. 2021; Ghosh 2020; Geng et al. 2019; Bobylev 2021;
Lacy and Rutqvist 2016). A significant number of scientific works are devoted to the study of
the entire set of issues of the circular economy. Review materials testify to the exponential
growth of publications on the problems of the circular economy (Suchek et al. 2021). First,
it should be noted the works of Kamenik (Kamenik 2020) established that the basis for the
sustainable development of industrial production is the formation of a unified ecological
and economic system. Webster introduced the concept of a circular economy, believing that
such a model, among other things, requires the transformation of the public administration
system (Webster 2017), which we definitely agree with. Vitunskienė (Vitunskienė et al. 2017)
noted that long-term forecasts show the need for radical institutional changes, since current
trends in global economic growth and development are already having a serious impact
on natural resources and the global ecosystem. The green growth theory states that the
compatibility of economic growth with the ecology of the planet should be provided by
innovative technologies, models, and mechanisms to completely separate GDP growth from
resource use and carbon emissions (Hickel and Kallis 2020). The development of these
innovative mechanisms, in our opinion, can also be considered as one of the possible solutions
to accelerate the process of transition to circular economic systems.

The pulp and paper industry (PPI) in Russia occupies a significant place in the global
production of the corresponding products, which is explained by an interconnected set
of historical and geographical reasons. In terms of the scale of the raw material base for
the pulp and paper industry, Russia ranks first in the world, possessing, according to
estimates, more than 20% of the world’s forests more than 20% forest’s stock in the world
(Dubovy et al. 2022). The pulp and paper industry in Russia is highly consolidated: the
five largest pulp and paper mills (PPMs) owned by three timber holdings cover more than
60% of the industry’s total output. Taking into account the availability of forest, water, and
energy resources (for example, more than 17% of the forest fund of Russia is concentrated
in the Northwestern Federal District, with a predominance of more valuable coniferous
wood), the main enterprises of the industry are located in the northwest of Russia (in the
republics of Karelia and Komi and Arkhangelsk, Vologda, and Leningrad regions). In
2022, the northwest of Russia accounted for more than half of the volume of pulp and
paper production (Order of the Government of the Russian Federation Dated 2 November
2021 N 312-r). Under these conditions, a significant share of the industrial problems of the
northwest region, largely related to the scale of industrial pollution, traditionally consists
of waste from pulp and paper mills (many of which are toxic) (Kvasha et al. 2021). These
issues certainly need to be addressed.

Currently, the pulp and paper industry is mainly associated with various methods
of biochemical processing of cellulose-containing raw materials. In addition, a significant
proportion of waste that can become sources of secondary raw materials are bioresources
(bark, sawdust, etc.) and various organic compounds (lignin, hemicellulose, etc.). Thus, for
the pulp and paper industry, the shift of circular principles to the field of biotechnology
is being updated. This, in turn, determines the transition to a circular bioeconomy, which
also requires the development of basic biotechnological approaches implemented in closed
cycles. By focusing more on research and innovation, new biomass products and new
services needed to develop the bioeconomy can be created, helping to reduce negative
environmental impacts (including climate change), reduce waste, and create new jobs.
The typology of biotechnologies, including Russian peculiarities, is being developed; for
example, see the study of (Kudryavtseva et al. 2014).

The organization of recycling processes in the economy based on biotechnologies
bears the general name of biorefining. There are already sufficiently deep studies of
the fundamental issues of biorefining, as well as some practical aspects of this model
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(Akim 2017; Ivanova and Moiseeva 2021; Maity 2015; Awasthi et al. 2022). However, the
scientific literature lacks a sufficient number of theoretical, methodological, and practical
developments aimed at establishing the directions and forms of biorefining of secondary
renewable resources released in the pulp and paper industries. Among individual works
in the field of microbiological conversion of waste from wood-processing enterprises of
various profiles, one can single out the studies of Cheng and Wang (Cheng and Wang 2013).

Bioethanol is currently the most significant secondary resource released during the
technological processes of pulp and paper mills. Research in the field of green ethanol
production from both pulp and paper mill waste and, in principle, from wood and plant
biomass is being carried out quite widely (Moldazhanov 2018; Raj et al. 2022; Joshi et al.
2021). At the same time, the requirements of resource saving and ensuring efficiency require
a deeper study of some issues. Thus, the composition of organic waste depends mainly
on the type of wood; the proportion of monosaccharides utilized in ethanol in hardwood
can be 1.5–2 times higher than that of coniferous wood. At the same time, 90% of sugars
during the cooking of hardwood are pentose (Dubovy et al. 2022), which is not assimilated
by industrial strains of microorganisms. The involvement of this secondary resource in the
circular ecosystems of the pulp and paper industry requires the search for new biocatalysts.

Thus, the purpose of this work was to develop the biotechnological foundations of the
circular ecosystem of the pulp and paper industry (in particular, the northwestern region
of Russia). To achieve this goal, the following tasks were solved during the study:

• identifying the factors that determine the need for the implementation of a circular
mechanism in the pulp and paper industry, focused on the closed-cycle model;

• forming a systematized composition of pulp and paper waste, taking into account the
places of their occurrence;

• determining directions and forms of biorefining of secondary resources released in
the pulp and paper industries as an adequate circular mechanism for closing their
economic systems;

• establishing the fundamental possibility of obtaining the most promising bioresource—
bioethanol, based on the entire complex of sugars from the organic waste of pulp production.

2. Methodology

To solve the tasks set, a wide range of general scientific methods was used, such as
analysis (comparative, logical, structural, systemic, and factorial), as well as synthesis,
classification methods and various approaches to descriptive modeling. To process experi-
mental results in the field of pulp and paper waste bioconversion, statistical methods were
used at a significance level of α = 0.05. Thus, the results are considered reliable, with no
more than a 5% deviation of experimental data from the theoretically expected ones.

Circular economic systems were considered to ensure national economic efficiency by
cycling, slowing down and narrowing resource and consumer flows while maintaining the
initial level of the final product. The transformation of flows in a circular economy is achieved
through the formation of production–consumer circular economic systems (CES), which shifts
the minimum object unit toward the meso level (Kvasha et al. 2021). In this case, the circular
mechanism includes such tools as the cluster approach (Kudryashov et al. 2023), the principles
of industrial symbiosis (Mironova et al. 2022), and biorefining models (Akim 2017).

The nature of resource and consumer flows within the pulp and paper industry
determines the direction of the field of special methods of bioeconomics, the core of
which is biotechnology, which is one of the main scientific and practical directions in the
formation of a new economic development model. At the same time, the implementation
of innovative methods—not only in the field of biotechnology—is a catalyst for the process
of transition to circular economic systems, which makes it possible to create new products
from biomass. Thus, for pulp and paper it is advisable to form a circular mechanism
using the biorefining model, which in a broad sense is the use of any recycling processes
based on biotechnologies. In a more specific sense, biorefining means the production of
science-intensive products with high added value, based on the complex deep processing
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of bioresources directly in the territory of origin. Biorefining involves the creation of related
biotechnological complexes at the places of use and disposal of bioresources, focusing on the
use of secondary raw materials that are obtained to produce a number of products intended
for further industrial usage and, in some cases, final consumption (biofuels, preparations
from lignin (in particular, biocomposites and lignosulfonates), platform chemicals (in
particular furfural, ethanol, and lactic acid), feed additives, vitamin D, etc.) (Vakkilainen
2016; Yang et al. 2019; Singhvi et al. 2019; Moldazhanov 2018; Hakeem et al. 2023), which
ensures the cycling of resources and product flows of timber processing in the pulp and
paper industry, necessary for the formation of the CES.

The biotechnologies involved include methods of destruction, detoxification, and
conversion of useful resources into secondary raw materials and final products. To establish
the fundamental possibility of obtaining bioethanol (the technology is shown in Figure 1),
strains of xylose-assimilating yeast P. tannophilus Y-1532, Y-1533 and Y-1534 were used,
based on the entire complex of sugars from cellulose production’s organic waste. Samples
of sulfite liquor containing hexose and pentose sugars in various concentrations (depending
on the feedstock) were obtained at the Svetogorsk pulp and paper mill. Sulfite liquors were
subjected to selective extraction of toxic impurities to final concentrations: 0.002% (furfural),
0.01% (hydroxymethylfurfural), 0.10 g/L (volatile organic acids) and 0.8% (substances of the
lignofuran complex), enriched with ammonium sulfate (0.05%) and superphosphate (0.03%).
The resulting wort was subjected to alcoholic fermentation by the yeast P. tannophilus.
Samples to analyze the depth of sugar utilization and bioethanol accumulation dynamics
were taken, on average, during every 3 h of fermentation.
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3. Results
3.1. From the Standpoint of the Technogenic Approach, the Pulp and Paper Industry Demonstrates
Profitability, although Lower than the Average for the Russian Economy (Kostenko 2019)

From the perspective of a sustainable approach, the pulp and paper industry can
be characterized as unbalanced. Despite their significant positions and their strategic
importance, in the total volume of industrial production in Russia (valuation of the volume
of final products), pulp and paper occupy less than 1.5% (Kostenko 2019). At the same
time, the pulp and paper industry has the following synergistic set of characteristics:

- High resource intensity, including significant material consumption (according to
estimates, 2–2.5 times more wood is required per ton of pulp); significant water
intensity (according to estimates, about 350 m3 of water is required per ton of pulp);
and energy intensity (estimated at about 2000 kWh per ton of pulp) (Faizullin 2018).

- High capital intensity and a long investment cycle (measured in tens of years). The
machines and equipment used in the pulp and paper industry are mostly complex and
expensive. Production of technological equipment for the pulp and paper industry is
highly consolidated and is mainly concentrated within three Austrian, German, and
Finnish concerns (Akim 2017).

- A high level of production waste. According to available data, pulp and paper waste
accounts for about 17% of the total industrial waste (Kostenko 2019), most of which is
in the form of potentially significant secondary raw materials.

- A significant level of impact on the environment and public health. The pulp and
paper industry distinguishes complex organic, inorganic, and gaseous pollutants from
all components of the geosystem. In Russia, paper and cardboard make up about
30% of municipal solid waste (MSW). The index of total pulp and paper industry
waste is approximately 1:5 (State Report on the State and Protection of the Russian
Environment in 2021). In the absence of recycling or elimination, all components of the
geosphere are exposed to pollution: the lithosphere, the atmosphere, the hydrosphere,
and the biosphere. During the sulfate pulping process, sulfur compounds and nitrogen
oxides enter the atmosphere, and dioxins are released during the bleaching process.
Emissions have health effects that manifest themselves in the form of respiratory
disorders and skin irritation, and they have neurotoxic effects. Epidemiological
studies in the pulp and forestry areas of Karelia (in northwest Russia) have established
a direct relationship between the level of environmental pollution and respiratory
diseases (Bolotnikova et al. 2020). Some pollutants contain substances that disrupt the
endocrine system (Haile et al. 2021). Waste from sulfite pulping at a pulp and paper
mill is more detrimental to the lithospheric and hydrospheric regions. Soil pollution, in
combination with pollution of water bodies, poses a threat to both the flora and fauna
of the region, including aquatic ones. In soils, some undesirable elements, such as
heavy metals, can disrupt nutrient dynamics. The high content of extraneous organic
substances in wastewater can increase the level of biochemical oxygen demand in
water, causing eutrophication of lakes, ponds, and other water systems (Simão et al.
2018).

Thus, when the efficiency analysis includes not only the internal results of individual
economic units of the pulp and paper industry, but also the emerging significant external-
ities and the costs of conditionally free natural and ecosystem services, an imbalance of
positive and negative effects is observed. This is, of course, a factor that determines the
need for special theoretical and methodological approaches and practical balancing tools to
ensure the overall efficiency of the economic systems of the pulp and paper industry. To
some extent, the introduction of certain already-developed approaches of “clean”, resource-
saving production can reduce the cost of production by optimizing resource consumption,
as well as by increasing the capitalization of enterprises by increasing the overall ESG
effects. At the same time, point methods are not able to ensure the overall efficiency of the
economic system.
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The solution to this problem is provided by the implementation of a circular mech-
anism oriented toward closed-cycle models. The closure of the CEC is achieved through
the formation of production-consumer ecosystems, collaborations and intersectoral inte-
gration. A single mesoeconomic circular economic system involves the inclusion in its
elemental composition of many initially weakly affiliated entities which, under the con-
ditions of a linear model, are focused on ensuring private commercial efficiency. When
interacting between subjects within the CES, multiple mutual effects arise when the costs
of one element provide results on another (Kinnaman and Yamamoto 2023; Yamamoto and
Kinnaman 2022). For example, the supply of raw materials and materials with maximum
green characteristics demonstrates the main effect in production links. The principles of
the circular economy significantly expand the range of effects included in the analysis.
The cumulative efficiency is provided not only by the partial results of the subjects of
the individual elements of the system. The functioning of the CES also determines the
formation of social effects, defined as the net results of activities for a social group or society
as a whole.

3.2. To Determine the Directions and Forms of Recycling of Secondary Resources Released in the
Pulp and Paper Industry, It Is Necessary to Identify and Describe the Typology of Pulp and Paper
Waste in Order to Systematize It by Place of Origin

The main factors determining the type and amount of waste (of various forms and
aggregate states) are the following:

- The pulping technology (in particular, sulfate or sulfite). The sulfate method, also
called the kraft process, involves treatment of wood chips with a hot mixture of
water, sodium hydroxide (NaOH), and -Na2S -(Grigorai 2012; Carrillo-Varela et al.
2022). The sulfite method includes the processing of wood with a cooking solution
containing sulfur dioxide (SO2) and sulfurous acid salts (sulfites and hydrosulfites of
sodium, potassium, ammonium, calcium, or magnesium) at elevated temperatures
and pressures (Dubovy et al. 2022).

- The type of raw material used (wood of different species and places of growth, forestry
and wood processing industry waste, municipal waste, agricultural waste).

- Purification technologies (mainly water).
- Nomenclature of manufactured products.

Wastes generated at pulp and paper mills are classified, among other things, by the
stages of the production process, which fix the places of their occurrence. Despite the
variability of the possible composition at a particular pulp and paper mill, a generalized list
of waste can be formed in accordance with the places of their occurrence in the production
of pulp and paper products (Table 1).

Table 1. Generalized composition of pulp and paper mill waste in correlation with the places of their
occurrence.

Waste Type Waste Origin

Bark Wood debarking
Sawdust Cutting of technological chips

Lye Chemical pulp production

Substandard, defective Preparation of raw materials for pulping and paper
making machine

Sand-gravel mix Mechanical wastewater treatment
Lime mud Mechanical wastewater treatment

Biological sediment Biological wastewater treatment
Sludge from purification (mixture) Preparation of waste paper as a secondary raw material

Other waste (e.g., fly ash) CHP, wood waste incineration.
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3.3. As Part of Determining the Directions and Forms of Biorefining, a Model of Secondary
Resources and Secondary Raw Materials of the Pulp and Paper Industry Has Been Developed
(Figure 2)

As shown, the main part of the waste generated at a pulp and paper mill is organic
residues, since wood, in addition to cellulose (the share of which varies between 35 and
51% for different species and places of growth), contains other polymers, in particular
hemicellulose and lignin. Depending on the method of pulping, organic waste is present as
either black liquor from sulfate pulping (estimated, on average, to be 7 tons per ton of pulp,
Grigorai 2012) or as sulfite liquors from sulfite pulping (estimated at 6–8 cubic meters per
ton of pulp, Bolotnikova et al. 2019a, 2019b).
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The most common method of pulp production is the sulfate method. In the north-
western region of Russia, it is used, for example, by the Arkhangelsk and Segezha pulp
and paper mills. The main way to dispose of black liquor is to burn it in waste heat boilers
and use it as an additional source of energy, since it provides steam. A modern alternative
reuse technology is black liquor gasification (Haile et al. 2021). At the same time, the use of
biotechnologies makes it possible to process the organic components of black liquor into
useful secondary bio-raw materials, since it has been repeatedly shown that waste-energy
utilization is not the most effective recycling method (Kinnaman and Yamamoto 2023;
Yamamoto and Kinnaman 2022; Jaswal et al. 2022).

One of the significant bioresources is lignin (450–500 kg of lignin is allocated for each
ton of cellulose), which is characterized by a high strength-to-weight ratio, which makes it
an ideal structural material for a carrier element in lightweight high-performance biocom-
posites. The specified direction of lignin utilization allows for solving the problem of the
non-renewability of hydrocarbon composites, providing sustainable and environmentally
friendly solutions (Vakkilainen 2016).
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In addition to lignin, black liquors contain hemicellulose, which consists of various
polysaccharides (xylose, arabinose, glucose, mannose, and galactose), which are conven-
tionally divided into pentoses and hexoses. The biotechnological method allows one to
isolate, for example, xylan, which serves as a source of various types of secondary bio-raw
materials (Yang et al. 2019; Zarubina et al. 2019). Xylan can be biorefined into lactic acid,
which is a source of important renewable ingredients for bioplastic synthesis. The lactic
acid polymer (polylactide, or PLA) has a high melting point and impressive technical
characteristics (Singhvi et al. 2019), which makes it possible to obtain biodegradable raw
materials for packaging, disposable tableware, materials for additive technologies, and
medical materials (surgical sutures and pins). The main problems associated with the
production and use of secondary raw materials from xylan are associated, first, with the
difficulties of biorefining to the extent necessary for the production of polymers and, second,
the lower melting point of PLA produced based on existing technologies for the polycon-
densation of lactic acid and polymerization lactide. Further research is being conducted to
improve existing biotechnologies (Haile et al. 2021).

When the black liquor is cooled, sodium salts float to the surface, the mixture of which
is called crude sulfate soap (soaps of resin acids and fatty acids). This secondary resource is
used to produce tall oil. The maximum yield of sulfate soap is from pinewood, which is an
order of magnitude greater than that from spruce wood. Tall oil is a raw material in the
production of varnishes, drying oils, lubricating oils, laundry soap, etc.

The sulfite method for producing pulp is less common in the world, although in
Russia, the northwest region is characterized by the presence of large sulfite production.
These areas are, in particular, Kondopoga PPM (the Republic of Karelia) and Svetogorsk
PPM (the Leningrad Region). This is explained by the availability of the necessary raw
materials in the region, since for the acid method it is preferable to use raw materials from
spruce wood species. For sulfite processing, the high content of resins in pinewood and
the unacceptably short length of hardwood fibers for this technology create difficulties.
Sulfite pulping has lost ground to the sulfate method, mainly due to the high physical
and chemical characteristics of cellulose and the lower toxicity of the latter’s waste (which,
however, cannot be said about the toxicity of atmospheric emissions). At the same time, the
sulfite method has the advantages of higher yield and initial pulp whiteness. Accordingly,
solving the problem of toxic waste significantly increases the overall efficiency of the acid
method in the pulp and paper mill process.

The specific volume of formation of sulfite liquors depends on the enterprise’s pro-
ductivity and averages 6–8 m3 per ton of cellulose (Dubovy et al. 2022). The composition
of sulfite liquors includes biotechnologically utilizable hemicellulose and lignosulfonates
and their derivatives that are difficult to decompose, the share of which in liquors is 30–
37% when using hardwood and 55–60% when using coniferous wood (Zhulanova 2022).
When using the sulfite method of cellulose production, objects of the hydrosphere and
lithosphere, as well as the representatives of flora and fauna associated with them, are
primarily polluted (the sulfite method is mainly characterized by atmospheric pollution).

The use of lignosulfonates as secondary resources is accompanied by complex process-
ing technologies, which are not effective in a linear model that takes into account only the
internal commercial effects of the economic system. The main method of disposal of spent
liquors is their evaporation and drying to obtain industrial lignosulfonates (LSTs). LSTs
are used as foundry binders in clay solutions when drilling oil wells, as plasticizers for
building mixtures, as dispersants of pigments and dyes, etc., as well as in the production of
feed and fertilizers and carbon sorbents. In addition, there are examples of the use of LSTs
as binders in the production of composite materials (chipboard and fiberboard), instead of
phenol-formaldehyde and urea-formaldehyde resins characterized by toxic emissions of
phenol and formaldehyde into the environment. The development of methods for produc-
ing composite materials based on lignosulfonates (in particular, epoxy resins) ensures an
increase in the volume of waste disposal as a result of secondary bio-raw materials, as well
as the creation of environmentally neutral building materials. Currently, research in the
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field of developing technologies for obtaining composite bioresistant building materials
based on lignosulfonates is being carried out quite actively (Zhulanova 2022; Ryłko-Polak
et al. 2022). In particular, the study of additive manufacturing of fully recyclable walls
in wood construction, made of a composite of renewable secondary resources, aroused
interest (Kromoser et al. 2022), as did work devoted to production issues of eco-friendly,
zero-formaldehyde fiberboard panels, bonded with calcium lignosulfonate (CLS) as a
lignin-based (Antov et al. 2021).

The utilization of monosaccharides, which are part of sulfite liquor hemicellulose, is
mainly aimed at obtaining such secondary raw materials as feed additives for livestock
and poultry farming, as well as an important secondary energy resource—bioethanol.
Bioethanol is the dominant type of both primary and secondary bioenergy resources in the
world. The global biofuel market is growing by 20–25% annually. Brazil is a leader in the use
of bioethanol as a green fuel, not only for cars but also for aviation. It is used as an additive
to gasoline in Europe and the USA. The use of bioethanol as a fuel leads to such positive
effects as the reduction of carbon monoxide emissions, the reduction of the “greenhouse
effect”, the reduction of urban smog, etc. (Moldazhanov 2018). The expansion of the use
of recycled bioethanol adds to the listed environmental benefits of the circular effects of
closed economies. The complexity of the technology for processing hemicellulose into
bioethanol lies, first, in the requirement for the resistance of yeast Candida shehatae and
Pichia stipities producers to the influence of toxicants contained in the initial solution and,
second, in the inability of most Saccharomyces strains to alcohol conversion of pentoses of
hemicellulose, along with hexoses (Bolotnikova et al. 2019a, 2019b). The composition of
sugars also mainly depends on the wood species.

3.4. The Fundamental Possibility of Obtaining Bioethanol from Sulfite Liquor Sugars Based on the
Xylose-Assimilating Yeast P. tannophilus Was Evaluated

The existing developments of complex methods for preliminary detoxification of
sulfite liquor substrates provide a depth of selective extraction sufficient to maintain the
alcohol-forming activity of xylose-assimilating yeast P. tannophilus on sulfite–alkali wort
(Bolotnikova et al. 2019a, 2019b). A strain of P. tannophilus Y-1533 has been identified,
which has biotechnological prospects for the alcohol conversion of hexoses and pentoses
of sulfite liquor, and the results obtained can serve as initial parameters for its laboratory
regulations. According to calculations, the productivity of obtaining bioethanol during this
process increases by 2.4–2.9 times, due to the utilization of D-xylose. The inclusion of a
new biocatalyst in the standard technological scheme for the disposal of pulp production
waste does not require fundamental changes. However, the microaerobic conditions are
necessary for pentose fermentation by xylose-assimilating yeasts Pachysolen tannophilus.
So, the rate control should be especially needed in the case of the oxygen supply to the
fermentation medium (Bolotnikova et al. 2019a, 2019b).

4. Discussion

Thus, as a result of the study, a complex biotechnological basis was formed that ensures
the construction of circular economic systems with anchor pulp and paper production.

4.1. In the Technogenic Coordinate System That Dominated in the Era of Industrialization and Is
Inertial Used Now in the Process of Analyzing the Effectiveness of Economic Activity, the Pulp and
Paper Industry Demonstrates Profitability

At the same time, from the standpoint of an environmental approach, when external
effects are included in the analysis, as well as the costs of conditionally free natural re-
sources and ecosystem services, serious imbalances are observed in sectoral efficiency. The
introduction of individual approaches to resource-saving production can ensure the overall
efficiency of the economic system. The need for circular mechanisms for the organization
of economic systems within the framework of the pulp and paper industry, focused on
the closed-cycle model, is substantiated. The introduction of the CES model based on
biotechnology in the practice of the pulp and paper industry covers the need to transform
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the existing economic system into a structure that meets the principles of efficiency and
sustainable development. Further research is required regarding the elaboration of specific
mechanisms (market, network, and organizational) that ensure the economic integration of
individual elements into a single circular economic system.

4.2. The Tools of the Circular Mechanism Include Such Well-Developed Tools as the Cluster
Approach, the Principles of Industrial Symbiosis, and Biorefining Models

Based on the analysis of the nature of resource and consumer flows of pulp industries,
it was concluded that it is advisable to form a circular mechanism for pulp and paper using
the biorefining model, which, in a broad sense, is the involvement of any recycling processes
based on biotechnologies. Biorefining involves the creation of adjacent biotechnological
complexes in place of the use and disposal of PPM bioresources. These complexes are
focused on the use of previously unclaimed renewable sources of secondary raw materials
to obtain a number of products, which ensures the cycle of resource and product flows
of timber processing and the pulp and paper industry necessary for the formation of the
CES. Taking into account the additional effects of using secondary resources, as well as the
environmental effects of neutralizing hazardous impacts on the environment and human
health, biorefining can ensure the overall efficiency of the circular economic system, even
from the standpoint of a sustainable approach.

4.3. The Generalized Composition of Pulp and Paper Mill Waste in Correlation with Their Places of
Origin Made It Possible to Establish Common Ways and Forms of Biorefining within the Pulp and
Paper Industry

Generalized methods, algorithms, and parameters of green biotechnological regula-
tions for the recycling of waste from the pulp and paper industry provide the possibility of
microbiological production of a complex of products: biocomposites, bioplastics, medical
products, fertilizers, feed additives, vitamin supplements, and bioenergy resources. Deep-
ening research should take place in the direction of specifying circular tools, depending on
the type of technologies used, the types of raw materials, the cleaning technologies used,
and the composition of the products produced.

4.4. The Expansion of the Recycled Bioethanol Usage from the Pulp and Paper Industry, in
Addition to the Benefits of Sustainability, Provides Circular Effects of Circular Economies

However, the strategy for efficient biochemical processing of pulp and paper waste
into green ethanol has not yet been determined. Experimental data have shown the
fundamental possibility of increasing the efficiency of alcohol fermentation using various
biocatalysts, which ensures the alcohol conversion of both hexose and pentose fractions
that are not assimilated by traditional strains. The technological feature of this method is
the need for alcoholic fermentation of pentose sugars in a microaerobic conditions, that
is, the “respiratory type” of pentose catabolism, which requires further research in the
development of industrial conditions for controlling low rates of oxygen supply to the
fermentation medium.

5. Conclusions

Based on the results of this study, the authors substantiated the need to increase the
sustainability of the pulp and paper industry. As a method for solving this problem, the
authors propose the integration of individual enterprises in the pulp and paper industry
into a circular economic system of the region. Such integration will improve the sustain-
ability of the industry as a whole, as it will ensure the circularity of many production
processes. The implementation of the proposed concept determines the need for special
theoretical and methodological approaches and practical balancing tools to ensure the
overall efficiency of economic systems of the pulp and paper industry. To some extent,
the introduction of individual already developed approaches to “clean”, resource-saving
production can ensure a reduction in production costs by reducing costs by optimizing
resource consumption, as well as increasing the capitalization of enterprises by increasing
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the overall ESG effects. The solution to this problem is provided by the implementation of a
circular mechanism focused on closed-loop models. Closing the central economic system is
achieved through the formation of production and consumption ecosystems, collaborations,
and cross-sectoral integration.
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