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Abstract: Thermochemical processes are among the most effective methods of obtaining hydrogen-rich gases from
biomass. These technologies mainly include pyrolysis, gasification and hydrothermal liquefaction. Thermochemical
conversion of dry biomass is similar to the conversion of fossil fuels using gasification and pyrolysis methods. Products
obtained through thermochemical processes (CO and CH4) can be processed into other biofuels, e.g. syngas, a raw
material for producing synthetic hydrocarbons, methanol and alcohols. In recent years, advanced research has been
carried out using biomass to produce liquid fuels. The biomass pyrolysis process in the presence of a catalyst is based
on the rapid heating of the biomass to a temperature of approximately 500°C in the so-called inert atmosphere in which
there are no reactive gases. This process produces a liquid product: pyrolysis oil, gas and charcoal. The bio-oil produced
in this process constitutes 60-75% of the mass of the biofuel and is thermally unstable because it contains up to 300
different chemical compounds. However, the bio-oil obtained in this way is incompatible with conventional liquid
transport fuels (gasoline, diesel) due to its high oxygen content. Pyrolysis in the presence of a zeolite catalyst is
a process that allows for the effective conversion of biomass in economic and ecological terms. A zeolite catalyst makes
it possible to remove oxidized compounds in situ and modify the properties of the biofuel to ensure its compatibility
with conventional transport fuels. The catalyst plays a crucial role in this process because it removes oxygen from
oxygenates and, consequently, creates stable reaction products that can then be treated to obtain renewable transport
fuels or other useful chemicals. The article presents methods of biomass conversion via pyrolisis, microorganisms
usage, zeolite-based catalysis, biocatalysis and photo-fermentation, which poses a big possibility of diversification of
renewable energy sources.
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1. Introduction

As civilization develops and technological progress progresses, people's living standards improve and the
demand for primary energy increases. However, the extent of this increase is offset by energy saving and
energy efficiency measures. It is estimated that over the next 25 years, the energy demand will increase only
by about 30%, and the dominant energy carrier will be electricity, which uses about 70% of primary energy
sources. At the same time, the analysis of changes in the structure of energy consumption indicates that renew-
able energy sources, which are characterized by the greatest development dynamics today, will use approxi-
mately 45% of primary energy in the future (Dale 2023). Figure 1 shows the structure of electricity production
for Poland in 2023.
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Fig. 1. Structure of production of energy in Poland in year 2023 (Produkcja energii elektrycznej w Polsce 2023)
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The use of biofuels and biomass for electricity production increased from 0.5% in 2019 to 2.9% in 2021
(Produkcja energii elektrycznej w Polsce 2023), and the consumption of bioethanol and biodiesel increased
from 631 thousand tons in 2014 to 794 thousand tons in 2018. As shown by the trends in Figures 2 and 3, the
global biofuel market is expected to increase in value from nearly 121 billion USD in 2020 to nearly 202 billion
USD in 2030. Global biomass production is expected to increase in value from over 127 billion USD in 2021
to over 210 billion USD in 2030 (Biofuels Market Size 2023, Biomass Power Market 2023). The aim of this
article is to present various methods of biomass conversion and their possible usage.
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Fig. 2. Size of Biofuels market trends (Biofuels Market Size 2023, Biomass Power Market 2023)
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Fig. 3. Size of Biomass market trends (Biofuels Market Size 2023, Biomass Power Market 2023)

One of the pillars of sustainable economic development is using biomass as a raw material for producing
fuels and biofuels. Using renewable raw materials in a sustainable manner should apply to all technological
processes, including one of the most important ones, which is the production of energy and its carriers
(Bogumit 2020). Three energy carriers are important when using biomass for energy purposes: electricity, heat,
and transport fuel (liquid and gaseous). Biomass can be converted using various technologies. To demarcate
the sectoral use of biofuels, it is assumed that liquid biofuels are fuels used in transport, and bioliquids and
solid and gaseous biofuels are fuels used to generate electricity and heat. The starting point in the development
of the biofuel market is biomass obtained from various sources. Concerning the primary process of photosyn-
thesis, biomass can be divided into primary (plants), secondary (animals) and tertiary (post-process, post-con-
sumer). Similarly, primary production, secondary production, and processing/consumption waste can be clas-
sified as primary, secondary and tertiary. Each of these biomass sources can be converted into a useful energy
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carrier — liquid, gaseous and solid biofuel. In terms of energy use, it is important to divide biofuels into primary
(unprocessed biomass burned directly, e.g. firewood, pellets, briquettes) and secondary (processed biomass),
both in solid form (e.g. charcoal) and liquid (e.g. bioethanol, biodiesel), and gas (e.g. biogas, synthesis gas,
hydrogen) (Gotaszewski et al. 2020).

2. Main Methods of Biomass Conversion

The use of biomass to produce heat in the processes of direct combustion or co-combustion with coal,
consisting in the conversion of the chemical energy of carbon compounds, hydrogen and oxygen contained in
it into thermal energy in boilers, is at the same time, the cheapest, but — according to many experts — the least
effective and economically the least profitable solution. In the case of combined production of heat and elec-
tricity in biomass-fired power plants (wood, straw, raw materials from energy plantations, RDF, etc.), the in-
vestment outlays are slightly higher, but thanks to fluidized bed combustion, cogeneration systems, trigenera-
tion, ORC systems, etc., the efficiency conversion increases, and the economic and ecological effect improves.
However, the most advantageous methods of biomass processing, both from the economic and technical point
of view, are its partial oxidation, gasification and pyrolysis for the production of liquid fuels, with the possible
use of Fischer-Tropsch synthesis, hydrogenation and hydrocracking in relation to the products of thermal de-
composition of biomass. The biomass conversion methods include thermochemical, biochemical and agro-
chemical techniques presented in Figure 4 (Lewandowski et al. 2011).

-gasification,
-pirolisis.

Biochemical:
-biophotolysis,
-photofermentation,
-dark fermentation,
-bioelectrolisis,

Fig. 4. Various techniques of biomass conversion (Lewandowski et al. 2011)

Another method is the pyrolysis of solid fuels such as coal or biomass. It's a thermochemical decomposition
process without oxygen, resulting in solid, liquid and gaseous products. Organic matter leads to the formation
of solid residue and tar, and decomposition of water and gas. This process transforms waste particularly harm-
ful to humans or the environment into neutral or less hazardous compounds. There are two main stages of
pyrolysis:

1. Degassing of the material and thermal decomposition of the main components, during which transformations
such as dehydrogenation, dehydration and decarboxylation occur.

2. During the second stage, secondary reactions occur between the solid and gas phase components, such as
polymerization or condensation (Nadziakiewicz et al. 2012, Czarnocka 2015). Fuel conversion is a physi-
cochemical transformation involving the transformation of fuel energy into another type of energy, called
direct transformation, which may include combustion or the transformation of fuel into another form, called
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indirect transformation. Intermediate fuel transformation processes include pyrolytic processes, in which
the supplied heat is responsible for the transformation, and oxidative processes, in which free or bound
oxygen in the form of CO, or H»O is responsible for the transformation. However, hydrogen is the main
factor causing fuel conversion in hydrogenation processes (Nadziakiewicz et al. 2012). The products of
pyrolysis of organic substances are most often pyrolysis gas, liquid fraction (water-tar-oil) and char. Pyrol-
ysis gas usually includes carbon dioxide, carbon monoxide, methane, hydrocarbons, hydrogen sulfide, dust
and trace impurities. The char contains inorganic feedstock components being processed (Nadziakiewicz et
al. 2012). Depending on the temperature of the process, a distinction is made between low-temperature
pyrolysis, in the temperature range of 450°C to 700°C, and high-temperature pyrolysis, also known as cok-
ing, in the temperature range from 900°C to 1200°C. For solid fuels, this process is called degassing, while
for liquid fuels, it is called cracking (Nadziakiewicz et al. 2012).

Depending on the speed of the process, a distinction can be made between slow pyrolysis and fast pyrolysis.
Most often, pyrolysis is carried out at temperatures from 400°C to 1000°C, and the residence time of the raw
material in the reactor ranges from several minutes in the case of slow pyrolysis and up to 0.5 seconds in the
case of very fast pyrolysis. Low process temperatures and slow raw material heating favour solid product
formation, while high temperatures allow for obtaining larger amounts of liquid products. Gaseous products
can be obtained if very fast pyrolysis is used at a temperature of 900°C. Depending on the type of raw material,
appropriate process conditions are selected to obtain the desired product. Conventionally used pyrolysis, in
which the temperature increases slowly, has been used for thousands of years, and its main product is charcoal.
In the slow pyrolysis process, the biomass is heated to approximately 500°C. The residence time of the vapours
in the reactor is from 5 to 30 minutes. It takes place much slower than in the case of fast pyrolysis. The long
residence time of particles in the chamber causes secondary conversion of the originally formed products. The
gas phase components react with each other to create a solid phase — carbon and a liquid phase. The pyrolyzed
raw material can be kept at a constant temperature or slowly heated, and the vapours can be systematically
removed. Another pyrolysis variant is carrying out the process in vacuum conditions (Czarnocka 2015). Fast
pyrolysis is a high-temperature process in which biomass is heated at high speed without air. The products of
this process include gaseous products, aerosols and carbonized residue. After cooling and condensing the gas
phase and aerosols, a brown liquid is obtained, the calorific value of which is half that of traditionally obtained
diesel oil. In the fast pyrolysis process, 60-75% by weight of liquid bio-oil, 15-25% by weight of solid carbon
products and 10-20% by weight of gaseous products that have not been condensed are obtained, and their
amount depends on the type of raw material used. The advantage of the process is that it does not generate
waste because bio-oil and carbonized products are used as fuel, and the gases can be returned to the process.
Several characteristic features can characterize fast pyrolysis. One of them is the previously mentioned high
heating rate. In this process, the heat transfer rate is important, and the use of finely ground material facilitates
it. Another feature of fast pyrolysis is careful control of the process temperature, which ranges from 450 to
900°C. The third feature of speed pyrolysis is the short residence time of the vapours in the reactor (less than
2 seconds). The last characteristic feature is the rapid cooling and condensation of vapours and aerosols to
obtain bio-oil (Mohan et al. 2006). The differences between fast and slow pyrolysis are presented in detail in
Table 1.

Table 1. Comparison of slow and fast pyrolysis (Retajczyk & Wroblewska 2018)

Type Product content

of pyrolysis Process conditions Liquid fraction [%] | Char[%] | Gas[%]

The process takes place at temperatures
from 500°C to 700°C, short residence
time of the primary products in the con-
version zone
Low process temperature, below 550°C,
Slow pyrolysis | long residence time of primary products in 30 35 35
the conversion zone

Fast pyrolysis 75 13 12

Biomass gasification is a technology based on converting carbon compounds contained in biomass into
a gaseous fuel called syngas or bio-syngas. The biomass gasification process is carried out in various reactors,
e.g. fixed bed or fluidized bed. Depending on the structure and reactor type, biomass gasification occurs at
temperatures of 700-1500°C in an atmosphere of air, water vapor or pure gases such as oxygen, nitrogen, and
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carbon dioxide (Gotaszewski et al. 2020). Gasification is a process of oxidation of biomass, as a result of which
the chemical energy of the bonds of carbon structures is released and then stored in the bonds of gaseous
products. Syngas contains mainly CO, CO,, H,, and N,. Byproducts of the gasification process are small
amounts of biochar, ash, tar and oil (Gotaszewski et al. 2020). The typical share of products is — biochar 5%,
oil 10% and syngas 85%. The low O/C ratio influences the efficiency of syngas production in the biomass,
therefore, before the gasification process, the raw material is often conditioned in the torrefaction process. In
addition to reducing the O/C ratio, torrefaction increases the energy concentration and hydrophobicity of sub-
strates, which contributes to improving the efficiency of the technology but also the quality of the obtained
syngas (Sharma et al. 2015, Tripathi et al. 2016). Syngas obtained in significant quantities from lignocellulosic
biomass is used to produce various types of chemical compounds (De Bhowmick et al. 2018). Moreover, gas-
ification produces H» from biomass on an industrial scale, and wet biomass can increase the H, content in the
gas by up to 40% compared to dried biomass. Additionally, using catalysts can increase the efficiency of hy-
drogen production and thus adapt the gas composition to further application stages, e.g. Fischer-Tropsch syn-
thesis (Gotaszewski et al. 2020, Kan et al. 2016, Szufa 2015).

2.1. Biofuels from biomass

Liquid biofuels, produced from solid biomass (biomass-to-liquid), are an alternative to traditional petro-
chemical fuels. Currently, the main raw materials for liquid biofuels, ethanol and biodiesel, are food crops,
such as cereals, sugar beet, rapeseed or potatoes. For example, in Poland, the production of rapeseed and ce-
reals for biofuels, respectively, increased from 1.69 and 0.52 million tons in 2014 to 2.20 and 0.65 million
tons, respectively, in 2018 (Szymanska 2019) and biomass and biogas together in the first half of 2022. They
accounted for 20% of energy production from renewable energy sources (Zatecki & Molenda 2022). However,
straw from the production of cereal and oil plants, as well as residues from sugar and starch production, are
still an attractive lignocellulosic material with future potential for producing 2G (Second Generation) biofuels.
Pure methane's heating value (HHV) is 37.78 MJ/m’. In biogas, the methane concentration depends on the
amount of fats, proteins and carbohydrates in the fermented biomass, ranging from 50 to 70%. Moreover, there
is an additional high concentration of CO, in the raw biogas. For the above reasons, the real energy value of
raw biogas is estimated in the range of 19-26 MJ/m® or 6-6.5 kWh/m®, which is equivalent in energy to ap-
proximately 0.65 dm® of crude oil (Deublein & Steinhauser 2010). However, raw gas energy values reported
in the literature vary significantly depending on the lignocellulosic material used. It is mainly due to the dif-
ferent C/H and C/O ratios. This ratio defines whether the production of CH4 or CO; will be favoured (Basu
2010). Raw biogas has a very limited scope of use due to the presence of trace compounds that may negatively
affect installation components and the process. Therefore, to avoid problems with biomass utilization, H»S,
NH3, high concentrations of H>O, and siloxanes should be avoided (Beil & Beyrich 2013, Cozma et al. 2015).
The effects of using unpurified gas may include corrosion, a decrease in the specific calorific value or the
formation of undesirable products after the combustion process (Gotaszewski et al. 2020). Various fuels ob-
tained from biomass are presented in Table 2.

Table 2. Types of biofuels produced from different types of biomass (Bogumit 2020)

Major technology

Fuel Typical raw materials TRL/FRL .
providers

vegetable oils (mainly palm oil,
used cooking oil, jatropha, camelina),
fats,
alternatively tall oil and algae oils, to-
bacco, pyrolysis
and hydrothermal oils

9/9, currently a clear
focus
on diesel production

UE, USA,

HVO/HEFA _
Indonezja

wood (industrial wood,
waste wood, energy plants),
BTL stems (mainly straw,
(from the Fischer- triticale, miscanthus), 5-6/5 EU, USA
Tropsch process) black lye (waste
from papermaking processes),
municipal waste (USA)




89 Review of Methods for Converting Biomass into Biofuels

Table 2. cont.

Major technology

Fuel Typical raw materials TRL/FRL .
providers

wood,
black lye
DME (waste from papermaking processes),
(dimethyl ether) solid organic waste (wood,
municipal solid organic waste, straw),
biogas
OME wood,
(ethylene oxide solid organic waste (wood, 3-4/3 PRC, Germany
ether) solid organic waste, straw)

4-6/5 EU, USA

wood,
black lye
(waste from papermaking processes),
solid organic waste (wood,
municipal solid organic waste, straw),
alternatively biogas or glycerol

Methanol 4-6/5 USA, PRC, EU

several types of lignocellulose
(mainly straw, corn straw, bagasse
Ethanol from (pomace) from sugar cane, 7-8/7 USA, PRC, UE,
lignocellulose wood, grasses), for fermentation Brazil
distributed (municipal) waste,
industrial waste streams

agricultural and forestry waste Netherlands,
Biomethane (straw, sawdust) 7-9/7 France, Norway,
municipal solid waste (landfill gas) USA (landfill gas)

TRL — Technical Readiness Level

FRL — Fuel Readiness Level

HVO — Hydrotreated Vegetable Oil

HEFA — Hydroprocessed Esters and Fatty Acids

3. Zeolites as Catalysts in Biomass Conversion into Biofuel

Another possibility of converting biomass into biofuels is using zeolites as chemical reaction catalysts. This
is particularly profitable because it allows easy use and recycling of fly ash. Biogas, although it is a renewable
form of energy, usually contains 40-45% CO,, which significantly reduces its calorific value (Narang 2019).
Various porous materials have been adapted to adsorb CO, gas from the biogas stream to obtain 95-97% bio-
methane. Zeolites are one of the promising porous materials that can significantly contribute to the upgrading
process through selective adsorption of CO; gas from biogas (Narang 2019). Using natural material as a cata-
lyst or substrate for the production of a catalyst not only reduces the costs associated with the production of
catalysts but also makes the process environmentally friendly. Moreover, the use of waste materials reduces
the problem of waste disposal. The most abundant resources of technology byproducts include primarily waste
from agriculture, mining and metal production, and in particular, the steel industry (Ksigzek et al. 2017). In
recent years, the use of zeolites in biomass conversion processes has developed significantly. More precise
technologies for converting biomass components are gradually replacing traditional biomass cracking pro-
cesses, comparable to today's petroleum-based petrochemical industrial activities. Consequently, lignocellulo-
sic biomass can be converted into a sustainable feedstock to produce bulk chemicals and fuels in the coming
years (Qazi et al. 2022). Zeolites have the potential to be used in these types of processes, and their availability
and adaptability make them a fascinating prospect to explore. While this is crucial for developing renewable
bulk chemicals that can be used in various applications, it is also essential to reduce the overall environmental
impact of the chemical industry (Qazi et al. 2022). Figure 5 shows examples of zeolites used to produce various
types of biofuels.
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For gas fuel:
-MNaX,
-Cax,
-ZSM-5
Zeolites as catalysits
In biomass pyrolisis:
For solid fuels: For liquid fuels:
-Z5M-5 » -F-H5,
-ZT5-10,
-HZSM-10

Fig. 5. Examples of zeolites used as catalysts in biomass conversion into various biofuels (Narang 2019,
Atchimarungsri et al. 2022, Shabani et al. 2022, Gao et al. 2023)

Biodiesel is typically produced from vegetable oils and methanol, producing glycerol as a byproduct. To im-
prove the overall economic performance of the process, the selective formation of methanol from glycerol is
important in biodiesel production. In work (Ksiazek et al. 2017), HZSM-5 zeolite modified with CaO was ob-
tained by impregnation and used to convert glycerol to methanol. 10% CaO/HZSM-5 with a Si/Al ratio of
38 showed the highest methanol selectivity of 70%, with glycerol conversion of 100% at 340°C and atmospheric
pressure. The characterization results showed that introducing a small amount of CaO into HZSM-5 did not affect
the structure of the zeolite. Incorporating HZSM-5 as an acid catalyst and CaO as a basic catalyst in a synergistic
catalytic system led to higher glycerol conversion and methanol selectivity (Atchimarungsri et al. 2022).

4. Microorganisms Usage

An alternative method of producing biofuels is the biochemical process using microorganisms such as Clos-
tridium butyricum, Enterobacter aecrogenes or Enterobacter cloacae (Gotaszewski et al. 2020), in which hydro-
gen is one of the products of their metabolism. Biotechnological methods include those involving light, such
as direct and indirect biophotolysis and photofermentation. The second group of processes are those occurring
without access to light, such as dark fermentation, bioelectrolysis or bioconversion of carbon monoxide. A sig-
nificant advantage of biochemical processes for hydrogen production is the ability to perform them without
the need to use increased pressure and temperature — they can occur in ambient conditions, which is of great
economic importance. Lignocellulosic biomass consists of carbohydrate polymers and lignins. Agricultural
waste and all processing residues contain approximately 32-47% cellulose, 19-27% hemicellulose and 5-24%
lignin, and these proportions depend on the origin of the biomass (Wyman 1994). Both hemicellulose and lignin
must be hydrolyzed beforehand to be used effectively by microorganisms (Gotaszewski et al. 2020).

5. Biophotolysis

Biophotolysis is a process that uses water as a substrate, which is decomposed into hydrogen and oxygen
in anaerobic conditions by microalgae or cyanobacteria. The process occurs in anaerobic conditions because
the hydrogenase activity is inversely proportional to the oxygen content in the reaction medium. This is be-
cause, in aerobic conditions, electrons generated by the breakdown of water do not participate in hydrogen
production but are used to reduce carbon monoxide. Biophotolysis is a two-stage process. In the first stage,
oxygen is released, and in the second stage, hydrogen is released. This method of conducting the process makes
it easier to maintain anaerobic conditions. The disadvantages of this process are its low efficiency and the
relatively high cost of bioreactors (Gotaszewski et al. 2020).
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6. Photofermentation

Photofermentation is a process during which organic acids are converted to hydrogen and carbon dioxide
by photosynthesis under the influence of specific strains of anaerobic bacteria. Hydrogen is produced thanks
to the enzyme nitrogenase. As a nitrogenase inhibitor, oxygen is not produced due to such a transformation.
Hydrogen yields are similar to those from biophotolysis. Additionally, such a process requires specialized types
of microorganisms, an appropriate type of medium designed for the appropriate type of photofermentation,
and appropriate light intensity. The photofermentation process is often combined with the dark fermentation
process (Gotaszewski et al. 2020). Volatile fatty acids generated during dark fermentation, in addition to hy-
drogen and methane, are an excellent source of electrons and hydrogen for reducing carbon dioxide and
a source of sulfur-free carbon for bacteria responsible for photosynthesis.

The dark fermentation process is one of the most promising hydrogen production processes (Lukajtis et al.
2018). The net energy equivalent, i.e. the amount of fuel needed as an energy equivalent to replace 1 kg of
hydrogen produced in this way, is 1.9. For comparison, the hydrogen production process based on methane
steam reforming has an energy equivalent of 0.64 (Manish & Banerjee 2008). The dark fermentation process
is also one of the best-known processes among biotechnological methods of obtaining hydrogen. Dark fermen-
tation involves the conversion of substrates by anaerobic microorganisms that multiply in the dark. Hydrogen
is a key substrate for the metabolism of many anaerobic bacteria. These microorganisms can consume hydro-
gen-rich particles when they are available and use electrons from hydrogen oxidation to produce energy. In the
absence of external electron acceptors, microorganisms have an excess of electrons generated in metabolic
processes and, as a result, reduce protons, which leads to the formation of molecular hydrogen. The mechanism
of dark fermentation occurring with the participation of hydrogenase has already been well described in the
literature (Gotaszewski et al. 2020, Koztowski et al. 2016).

7. Bioelectrolysis

Bioelectrolysis converts biodegradable materials into hydrogen using modified microbial fuel cells (MFCs
— microbial fuel cells), also called MEC (microbial electrolysis cells), whose efficiency is between 60 and
80%. MEC reactors consist of two chambers (anode and cathode), which can be separated by a diaphragm.
The process occurs under the influence of an external source of electrical energy (Parkhey & Gupta 2017). In
the anode chamber, an organic medium with a high glucose content, like sugar beet or corn (Gotaszewski et
al. 2020), is oxidized as a result of the metabolism of bacteria such as Gammaproteobacteria, Deltaproteobac-
teria or Shewanella (Logan 2007), as a result of which protons and electrons are produced at the anode. The
anode chamber is seeded with exoelectrogenic anaerobic bacteria that can transfer electrons outside the cell
(Logan 2007). They capture electrons before they reach the cathode. The resulting protons migrate through the
diaphragm separating the chambers to the cathode, where they are reduced and molecular hydrogen is released.
Theoretically, a voltage of 0.2 V is enough to carry out the process. In reality, however, this range is higher.
It amounts to 0.6-0.8 V. This value depends on the type of organic substrate being oxidized and, as a result,
strongly determines the amount of hydrogen obtained (Kadier et al. 2016).

8. Conclusions

Using organic raw materials to produce biofuels using zeolite-based catalysts is one of the prospective
options for increasing market resources and developing distributed renewable energy, in which biomass is
locally obtained and used for own needs. The reasons for the development of the market for many types of
biofuels include the lack of competition with food production for arable land and the possibility of using ined-
ible plant parts and waste from agricultural production and agri-food processing, additionally making ligno-
cellulosic biomass a key renewable energy resource, which is becoming an important element of sustainable
development, including the development of a circular bioeconomy (reducing greenhouse gas emissions, miti-
gating climate change, using waste for energy purposes). Technologies for converting biomass into solid, liquid
and gaseous biofuels are systematically improved. An opportunity for further development of liquid and gas-
eous biofuels is biorefinery processes that involve cascade processing of biomass, including treating the energy
use of biomass as one of the final stage options in the value chains of bio-based products. In addition to using
biomass from dedicated woody plant crops, a wide range of agro-forestry post-production and post-consumer
residues require intensive research and development work integrating not only the technological sphere but
also the economic and social sphere.
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