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Biofuels are playing an increasingly important role since they are an attractive
alternative to fossil fuels, access to which has been limited. Moreover, they can help
the European Union countries meet their climate and energy objectives. There is a
growing interest in the production of biofuels from the organic fraction of municipal
solid wastes as second-generation biofuels. Such a solution supports a circular
economy as an example of an effective approach in terms of effective waste
management. The study presents a review of different biofuels with an emphasis on
second-generation biofuels from lignocellulose biomass, highlighting the BioRen
process, which is one of the waste-to-fuel conversion technologies. It allows for
maintaining the value of materials within the economy. All stages of the process are
described and material flow is presented. The framework of the BioRen project
includes the bio-fermentation of the organic fraction by a two-stage enzymatic
process simultaneously into bioethanol and isobutanol, which are then used to
produce glycerol tertiary butyl ether. The post-fermentation sludge is treated by the
hydrothermal carbonization method increasing the efficiency of the whole waste
treatment process and closing the loop. The bio-coal resulting from the process of
carbonization can be used as a fuel with a high-calorific value. The remaining
fraction undergoes a physical-chemical and catalytic conversion of inorganic
particles into their clean, dry, and inert components. The results show that in the
BioRen project 78% of the heat that is produced during the process is recovered and
used for electricity production. Moreover, 53% of waste is recovered and re-used,
because the process is profitable, efficient, environmentally friendly, and maintains
high-security standards. Such an example of advanced technology, with a high
readiness level, obtained results, and experience may encourage European
countries and facilities to implement such an effective solution, which supports
the development of bioenergy.
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1 Introduction

Lignocellulose biomass feedstock used as a raw material for
the production of bioenergy and bio-based resources delivers
benefits both socially and economically. Biomass, also from the
organic part of municipal solid waste (OFMSW)), is a recyclable
product competing with grains grown for food production. It
indirectly reduces CO, emissions to the air by reducing the
burning of fossil fuels. Its use supports local economic
development, generating new chances for the development of
biochemical and bioenergetics and offering increased fuel
security for oil and fossil fuel-dependent countries (Ganguly
et al., 2021).

Biomass from lignocellulose and aquatic material is seen as
an interesting source of raw material for conversion into biofuels,
biochemical, and biomaterials. The biorefinery, integration of
processes and technologies for biomass conversion, demands
efficient utilization of all components. Although originally
developed mainly for cellulose-to-ethanol processes, these
various hydrothermal pretreatment methods are now being
adapted to various lignocellulosic biorefinery processes, which
is why their differentiated influence on the biomass composition
is of critical significance. The hydrothermal process as a
fundamental step in biorefinery covers the use of both marine
and lignocellulosic biomass (Ruiz et al, 2017). Hydrothermal
pretreatment of lignocellulose biomass is used at different scales
in the processing of biomass for fractionation and structural
modification for the development of integrated, sustainable
biorefineries to advance this technology to a commercial
the
production of high-added value compounds and biofuels

application for second-generation biorefineries in
(Ruiz et al, 2020). Hydrothermal pretreatment methods are
now being adapted to various lignocellulosic biorefinery
processes, resulting in partial fractionation of the biomass due
to solubilization of hemicellulose (main xylan) and redistribution
of lignin. Hydrothermal processing is an efficient pretreatment
for wheat straw biomass. S. cerevisiae CA11 has the potential to be
used for ethanol production. The highest ethanol conversion
yield obtained was 85.7% (Pedersen et al., 2010; Ruiz et al., 2012).
Hydrothermal pretreatment is intended to improve the
enzymatic cellulose saccharification. Despite the enhanced
formation of inhibitors, overall, at higher severity, more
hemicellulose is solubilized, and the enzymatic cellulose
hydrolysis is generally improved (Yang and Wyman, 2004;
Pedersen and Meyer, 2010).
First-generation  biofuels biofuels)

obtained from traditional crop-based feedstock such as

(conventional are
vegetable oil, sugar, corn, wheat, and starch. Production of the
oil is on a commercial scale and encompasses conventional
techniques—for example, vegetable oil is used for biodiesel via
esterification and sugar crops for bioethanol via fermentation.
The resultant fuels are distinctive and of high quality. Most of the
most common first-generation biofuels are biogas, biodiesel, and
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bio-based alcohol. A summary of the numerous biological

processes of ethanol production from algal biomass,
lignocellulose, and crops is presented by Devarapalli and
Atiyeh (2015). Some studies proposed different technological
solutions, that is, ethanol from residual biomass of fruit and
vegetable waste (Plazzotta et al, 2017). An overview of the
conversion of various lipid sources (edible and non-edible)
into biodiesel using traditional and new technologies
emphasizing the quality standards mainly dependent on the
used feedstock and technology, processing, and purification
was presented by Verhe et al. (2011).

Lignocellulose is the key biomass for the creation of second-
generation fuels (Viguie et al., 2013; Ayodele et al,, 2019). These
biofuels involve a wide range of fuel pathways that offer
advantages over first-generation biofuels. The distinguishing
characteristics of second-generation biofuels are that they use
a non-food feedstock (lignocellulose biomass, field crop residues,
forest product residues, or fast-growing dedicated energy crops).
The fuel obtained is a “drop-in” replacement for classic
petroleum-based fuels, meaning there are no limits on
blending, or they can be used as is (without blending) in
existing vehicles. The main type of second-generation biofuel
in use or under development is cellulosic ethanol which is
produced via the fermentation of sugars derived from the
cellulose and hemicellulose fractions of lignocellulose biomass.
Currently, the fuel yield is lower than that with ethanol, but bio-
butanol can be used as a drop-in replacement for petrol without
blending limits. Research on the production of biofuels and
bioenergy from the organic fraction of municipal solid waste
and refuse-derived fuel was presented by Verhe et al. (2020).

The updated research trends, challenges, and future outlooks
supporting the circular economy model have been analyzed by
Jain et al. (2022) underlying that valorization of bio-waste into
other value-added products such as biofuel is essential. However,
there are still numerous constraints and challenges to closing the
loop, especially in lignocellulose and transferring the technology
to full-scale operation.

Technologies for the conversion of lignocellulose biomass
including municipal solid wastes are still not technologically
mature and cost-competitive. Most of the projects are under
research and development at different technology readiness
levels (TRLs). According to Figure 1, the majority of advanced
biofuel production technologies are at the prototype (TRLs 4, 5)
and demonstration (TRLs 6, 7) level. Only lignocellulose ethanol,
gasification + methanol, and methanol/dimethyl ether (DME) to
gasoline are being prepared for commercialization. Nevertheless,
they are at the beginning of the implementation process.
Therefore, technologies at lower TRL levels would require
more attention and research (Benetti, 2018).

This scientific know-how is constantly developing, because
the topic is very promising in terms of GHG reduction, mainly in
the transport sector. Moreover, the production of second-

generation biofuels is more sustainable than that of first
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FIGURE 1

Technology readiness level (TRL) of available advanced biofuel technologies (Kargbo et al., 2021).

generation, because they can be treated as an effective waste
management solution, and contributes to the diversification of
energy sources and reduce dependence on fossil fuels.

In this study, different generations of biofuels are being
characterized, highlighting the role of the second-generation
biofuels produced from the organic fraction of municipal solid
waste. The main goal of the BioRen research is to make a progress
in the developed advanced smart chain processing which consists
of the recycling and reuse of selected municipal waste and the
processing of non-recycled municipal solid waste (MSW)
streams into biodiesel and bio-coal pellets. The next step is
hydrolysis and bio-fermentation of OFMSW enabling the
appropriate production of isobutanol and following this the
chemical conversion of isobutanol to isobutene which reacts
with glycerol to produce glycerol tertiary butyl ether (GTBE),
which is a higher value fuel, seems to be a beneficial new green
additive to both diesel and petrol. Additive in diesel GTBE should
result in an increase in cetane number, reduction in fine particles,
and NOy. The resulting fuels (isobutanol and GTBE) will be
tested in engine tests to provide feedback regarding their
performance, emission results, and fuel use. Bio-coal pellets
are also produced from fermentation residue.

This is an example of the technology that has reached a high
level of TRL and the project is achieving satisfactory results that
will allow for full commercial deployment. The developed
processes are integrated into an innovative MSW treatment
plant located in Ostend, Belgium, which combines the most
efficient technologies of material reuse, and is currently looking
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into optimizing the profitability of its organic waste fraction. In
addition, the results show that the BioRen project is economically
feasible, environmentally friendly, and maintains high-security
standards that could have a great potential to be widely used in
many European markets. The high quality of the technology is
proven by different certification systems such as ISCC
(International = Sustainability & Carbon Certification) or
REDcert (Renewable Energy Directive Certification).

2 Municipal waste as a source of
biofuel

The amount of municipal waste generated is 2000 Mt/y
worldwide, 240 Mt/y in Europe, and 3.17 Mt/y in Flanders.
These amounts will become even greater with population
growth, urbanization, and prosperity. Global waste production
in urban centers is estimated to increase by 70% by 2025. The
largest increase in municipal waste production is occurring in
upper and lower-middle-income countries (Trends in Solid
Waste Management, 2021).

The contributions of municipal solid waste and refuse-
fuel (RDF) the
mechanical-biological treatment plants (MBT) are analyzed

derived to material recovered in
below. The main goal of this analysis was to compare the
efficiency of their incineration. RDF is an alternative fuel
resulting from the sorting and preparation of waste fractions

and is characterized by the high heat of combustion. The RDF
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TABLE 1 Composition of refuse-derived fuel obtained in mechanical-biological treatment plants.

Component/material Content (%)

According to Montejo et al. (2011)

In wet mass Water
Organic/Bio 24+ 38 42 +38
Biodegradable
Paper/Cardboard 28£5 16 + 1
Plastics 25+ 4 15
HDPE 1+05 26+ 3
LDPE 11+3 25+ 16
PP 10+ 3 6+1
PET 2+1 7+1
Mix 1+£05 6+1
Tetra 2+2 20 + 10
Glass 3+£2 2+2
Ferrous 2+1 2+£2
Non-ferrous 0.5+ 0.5 2+2
Cellulose 6+2 5+2
Textiles 9+4 28 £ 10
Wood 2+1 5+4
Rest 2+1 1+1

Lower calorific value (kJ/kg of wet mass)
Lower calorific value (kJ/kg of dry mass)
% water

% Inert/ash residue

Density (kg/m®)

formulation refers to fuels covering a wide spectrum of waste
processed to meet regulations or industrial requirements, in
terms of suitability for energy recovery (BioRen, 2020).

RDF obtained in MBT units constitutes about 67% of the
MSW processed and is usually landfilled, but combustion of RDF
with energy recovery has been proposed. MSW and RDF contain
high percentages of flammable materials such as plastics or
cellulose, and their calorific values are 10.160 MJ/kg for MSW
and 18.281 MJ/kg for RDEF. The calorific value of RDF is similar
to certain types of wood, so burning it seems to be more
economically advantageous than using MSW as a fuel
(Montejo et al.,, 2011). Its composition is shown in Table 1.

Due to their energy contents, MSW and RDF having a lower
calorific value (LCV), which is higher than 7.0 MJ/kg, can be used
for combustion (Cherubini et al, 2009). The burning of RDF
seems to be more efficient in economic terms as RDF has greater
water content and a LCV value of 79.9% which is higher than
MSW. Analyzing dry waste, the LCV of RDF is 23.6% higher than
MSW. This is possible due to the large content of materials with a
high LCV such as plastic, paper, organics, and cellulose in RDF
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According
to BioRen (2020)

Dry mass In dry mass In dry mass

13 16 44
16

23 28 28

21 26 32

1 1

8 10

9 11

2 2

1 1

2 2 2

3 4 2

2 2 1

0.5 1 0.5

6 7

6.5 8 9

2 2 2

2 2 7.5

16660

22060

2

10

130

waste. The LCV of RDF, 16.661 MJ/kg, is certainly higher than
LCV, 10.11 MJ/kg, of MSW  processed in
mechanical-biological treatment units. The reason for these

Italian

differences results from the varying compositions of MSW
and RDF is investigated. Thus, RDF is more flammable than
MSW since its LCV is much higher. In addition, an increase in
the energy recovery from RDF can be achieved by upgrading the
systems for the removal of organic materials in the MBT units, as
this fraction has one of the lowest LCVs containing ~50% water.
This confirms that RDF is more suitable for burning than MSW
(Cherubini et al., 2009).

Cherubini et al. (2009) undertook a life cycle assessment of
MSW management options for Rome: storage; storage with
biogas incineration for electricity production; a separation
plant that separates the inorganic waste fraction from RDF
(following use for electricity generation) and OFMSW for
biogas generation through anaerobic digestion and direct
burning of MSW. The results indicated waste storage systems
as the worst solution and show the essential ecological effects on a
worldwide scale that resulted from energy recycling.
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Analysis of the environmental impact of incineration of
MSW and RDF indicated that the pollution content in the
flue gases can meet European standards. When it comes to
the most harmful pollutants, such as dioxins and furans, such
compounds could be eliminated by proper plant design and the
treatment of emissions in the flue gas (Cherubini et al., 2009). In
addition, energy recovered in burning waste may be a factor in
reducing the emission of greenhouse gases when compared to the
quantities emitted during the combustion of primary energy. If
environmental standards are going to be met, the quality of flue
gas after RDF combustion would be higher than it would be in the
case of MSW, due to the lower heavy metal content in RDF fly
ash. This is the reason why RDF combustion can be considered a
more favorable solution for managing RDF than storing it.

2.1 Biofuels—types and methods of
production

Nowadays biofuels are a principal source of renewable
energy. Biofuels offer an opportunity to reduce greenhouse gas
emissions when compared to petroleum-based fuels, as well as to
store CO, emissions in the soil or decrease them. This depends
on the methods used for obtaining biofuels and their co-
products. The strategy for maintaining soil organic carbon at
an early stage of developing a biofuel restricts climate change.
This could guide farmers’ proper management of soil carbon
during the life cycle of biofuel production (Pourhashem et al.,
2016).

Biofuels could be made also from organic fractions of waste.
Most of the biofuels that are called conventional or first-
Ethanol
commonly produced by fermentation of sugars derived either

generation biofuels are produced from crops.
from starch-based raw material such as corn, wheat, maize,
sugarcane, or lignocellulose biomass is an established fuel
decarbonizing the transport sector. It is usually added to
petrol to produce blended fuels or added to ordinary vehicles
(up to 10%) as well as being used in higher concentrations in flex-
fuel cars, which are designed to use both ethanol and petrol.
Melin et al. (2022) presented a novel selective and flexible process
concept for the production of ethanol with electricity and
lignocellulose biomass as main inputs.

However, fermentation, known as the biochemical pathway
to drop-in fuels, is in the early phases of development and
therefore needs further research and pilot-scale tests to
develop cost-effective and sustainable ways to put such
methods into practice. It has been stated that ethanol and
biodiesel will be basic biofuels in the future. Singh et al
(2019) assessed the different raw materials used in the
production of biodiesel of different generations, along with
their advantages and disadvantages. This is because it
produces biodiesel with high efficiency and is comparable in
properties to diesel fuel. Biodiesel is made from vegetable oils or
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fats. In the production process, it is mixed with small amounts of
diesel fuel (up to 7%). As for the processes of biodiesel
production, transesterification is indicated as the most
appropriate process. The difference between hydrotreated
vegetable oil (HVO) and biodiesel results from the method of
production, as well as the quality of the final product. HVO,
obtained using the hydroprocessing of oils and fats, is commonly
referred to as renewable diesel. It can be mixed with diesel fuel
and there is no specific proportion used in mixing.

The production of second-generation 2G biofuels allows the use
of crops of raw materials that mainly contain cellulose. However,
cellulosic biofuels are still in the research phase and commercially
profitable methods that could be implemented on an industrial scale
are anticipated to require another decade of experiment and
development, despite their attractiveness (Schnoor, 2011).

Lignocellulose biomass (LCB) is the most abundantly
available bioresource amounting to about a global yield of up
to 1.3 billion tons per year. This is one of the key carbon
feedstocks to supply energy to the transportation sector for
light and heavy-duty fuels. Utilization of LCB supports
improved energy security by reducing the demand for
petroleum imports, agricultural development, and reducing
greenhouse gas emissions The hydrolysis of LCB results in the
release of various reducing sugars which are highly valued in the
production of biofuels such as bioethanol and biogas (Baruah
et al.,, 2018; Resch and Emme, 2022).

A review of the techno-economic possibilities for
implementation and a versatile evaluation of activities used
for a high-quality “drop-in” fuel obtained from lignocellulose
materials (Kargbo et al., 2021) indicate that the actual production
cost of “drop-in” fuel is 100% higher than that of fossil fuels (11.5
$/L) if a second-generation feedstock is used. Most importantly,
the proper development of biofuels depends on the sustainable
use of biomass. It should be emphasized that second-generation
raw materials are more sustainable than first-generation.

Commercially produced fermentation ethanol based on
cellulosic biomass was first obtained in the United States.
Nowadays, technologies for the production of ethanol from
cellulose (EFC) that are economically viable have begun to
appear in some countries. Three basic types of EFC methods
that are used are acid, enzymatic, and thermochemical
hydrolysis—with different options for each. The most popular,
however, is acid hydrolysis because virtually any acid can be used
in this process. Due to economic reasons, sulfuric acid is the one
that is most commonly used (Badger, 2002).

Havlik et al. (2011) proved that 2G biofuel production using
wood from properly managed existing forests could result in a
negative indirect change factor in the use of the land (iLUC),
indicating that total emissions are 27% lower than they would be
with the “No biofuel” variant by 2030. Also, 2G biofuels achieve
better results concerning the other criteria evaluated; provided
that the biomass does not come from fields intended for this

purpose in direct competition with agricultural land.
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Daylan and  Ciliz  (2016) presented LCA and
ELCC—Environmental Life Cycle Costing research for the
lignocellulose bioethanol blends E10 and E85—10% and 85%
v/v of bioethanol with conventional petrol (CG). ELCC
calculations of E85 fuel use, provide a 23% lower cost with
concern to CG based on driving a distance of 1km. The
results proved E85 to be the better option for decreasing
emissions and the cost of fuel manufacture.

The techno-economic analysis of manufacturing methods for
producing first- and second-generation bio-jet fuels from sugars
and biomass, which are found in Santos et al. (2018), included the
minimum jet fuel selling price (MJSP) and its environmental
impact (i.e., GHG emissions and use of non-renewable energy
(NREU). Although the MJSPs estimated for all scenarios are
higher than those in the case of typical jet fuel, the large potential
decrease in environmental impacts (in terms of GHG emissions
and primary energy use) are promising for further experiments
on achieving cost reductions and technological development.

The efficiency of cellulose conversion is the most important
problem for cellulosic biofuels. Enzymes can transform sugars
into ethanol with a 90% yield, but the production of ethanol by
transforming cellulose has an efficiency of only ~40%
(Devarapalli and Atiyeh, 2015). Therefore, the transformation
of cellulose biomass to ethanol requires much larger quantities of
raw materials to be manufactured to obtain the same quantity of
biofuel as with first-generation biofuels. In a temperate climate,
20 t of cellulosic biomass and 30 t of grass can be obtained per ha.
In the most efficient cellulose transformation, 180 L ethanol is
obtained from 1t of raw material (Badger, 2002).

Commercial systems using second-generation biofuels are
still under evaluation to meet government requirements
concerning biofuels because classic biofuels are still cheaper.
Hence, there are worries that the cost attractiveness of the
second-generation biofuels will remain behind that of
conventional biofuels.

Third-generation biofuels are less developed than 2G biofuels
but offer some potential advantages. Two examples are algal
biofuels and synthetic biology. Algal biofuel production is at the
early stages of commercialization and scale-up. Their superiority
is due to their high energy and oil content, as well as lower
pollution content. The fourth generation of biodiesel is obtained
from synthetic biology, which will enhance the physicochemical
allowed carbon-neutral

properties of biodiesel and has

technology to be developed.

3 Description of the BioRen process

The objective of BioRen is to develop techno-economical
competitive drop-in biofuels for road transport from
OFMSW. The project will develop a pretreatment method
for the organic fraction of MSW, industrial 2G Saccharomyces
strains that produce isobutanol, chemical dehydration of
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isobutanol into isobutene, and conversion of isobutene into
GTBE by adding category 1 glycerol. The developed processes
will be integrated into an innovative waste treatment plant
that combines the most efficient technologies of material reuse
and is currently looking into optimizing the profitability of its
organic waste fraction. Developed research allows making a
progress in the development of technology drop-in biofuels
for cars using the organic fraction of municipal solid waste as
shown in Figure 2.

The BioRen strategy is focused on the development of a
pretreatment method, hydrolysis, and fermentation appropriate
for application to biomass thus enabling the appropriate
production of isobutanol and glycerol tertiary butyl ether. A
pretreatment stage developed in the process, which includes an
industrial saccharification process, allows isobutanol to be
obtained and the chemical dehydration of isobutanol into
isobutene. The isobutene is transformed into GTBE by adding
glycerol. Obtained biofuels, such as isobutanol and GTBE, a
beneficial additive to both diesel and petrol, which can improve
engine performance and additionally decrease harmful exhaust
emissions, will be tested via engine trials, which determine their
impact on efficiency, emissions data, and fuel consumption
(BioRen, 2020).

3.1 Renasci—Smart Chain Processing
of MSW

Renasci Smart Chain Processing (SCP) processing was
implemented in the first stage of the BioRen project
realization (Verhe et al, 2020). This innovative process
combines waste processing technologies in a chain process
producing products and energy. Renasci installation in Ostend
(Belgium) converts 102,000 t/y of refuse-derived fuels RDF and
18,000 t/y of mixed plastics into reusable products (BioRen, 2020;
Redant et al., 2022).

The flow sheet of the Renasci Smart Chain Processing is
shown in Figure 3.

Renasci SCP allowed realizing innovative technologies,
sustainable, salable, and adaptable, enabling the processing of
mixed waste streams continuously improved through
collaboration with various acclaimed knowledge institutions.
SCP is the combination of proven following technologies:
high-end selective separation and sorting, plastics-2-chemicals
(P2C), (HTC),

physical-chemical catalysis (PCC). Developed SCP processing

hydrothermal carbonization and
is customizable to local waste management challenges and the
modular plant can be adjusted to different waste compositions
and the desired products. Developed technologies resulted in the
production of best-in-class materials and energy recovery. All
incoming waste is processed, and no residual waste is generated.
Technologies have a minimal ecological footprint and are self-

sustaining in terms of energy consumption (Verhe et al., 2020).

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.919415

Kowalski et al. 10.3389/fenrg.2022.919415

Biomass will be separated
from waste stream to improve
the combustion characteristic

O

(] \ \7
h @ --
Waste instead of crops

R
&

Drop in biofuels are produced

Fuel additive
to improve
the combustion

characteristic k
S y Engine performance improves, and
Y% harmful emissions are reduced
\ . &
N g
i S U e
6 - N
\
\
@ Solution
’ to global
waste crisis

©)

less fossil fuel ‘ PR eS SeTe 3
Residue
dependency converted into
@ biocoal pellets
Three
challenges!
@ Reduc_tio_n ’ |
COz2 emissions Join the Bi'Ren
- - - —-> Circular
economy
bioren.be

FIGURE 2
Objective of the BioRen process (BioRen, 2020).

The first stage of the Renasci SCP process is the separation of
RDF and plastic waste into partial streams: bio-organic materials,
paper, and cardboard, plastics, textiles, ferrous/non-ferrous
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components, and inert materials. These are converted into
recycling materials, products, and energy. The modern
separation unit sorts MSW into recyclable and non-recyclable
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FIGURE 3

Flow sheet of Renasci Smart Chain Processing in Ostend. PET— polyethylene-terephthalate, PVC—polyvinyl chloride. P2C—plastic-to-
chemicals, HTC—hydrothermal carbonization, PCC—physic-chemical combustion (Verhe et al,, 2020).

fractions. Each stream is separated based on its physical
characteristics such as magnetism, mass, and density. The
recyclable fraction of waste is cleaned, upgraded, and re-
entered in the market. The non-recyclable waste fraction is
processed and treated to obtain new products.

3.2 The ferrous and non-ferrous metals
are separated from the waste and sold as a
valuable feedstock

The separation unit sorts the recyclable and the non-
recyclable plastics. The non-recyclable plastics are converted
into hydrocarbons using the P2C method. According to P2C
end of life, plastics are processed by pyrolysis (non-catalytic) and
obtained vapors are condensed to obtain 75% heavy BP pyoil and
10% light BP pyoil). Non-condensable gases (7.5% of products)
are incinerated and obtained heat is used in the pyrolysis process
(in-process energy recycling). Heavy pyoil contains [in %]
67 linear alkenes, seven branched alkenes, 19 alkenes, six
cyclic compounds, and one aromatic compound (Verhe et al,,
2020).

The good quality paper/cardboard re-enters the market. The
non-recyclable organic fraction is processed by hydrothermal
carbonization (HTC) into bio-coal pellets. HTC is a recognized
method for converting waste into a product (Hitzl et al., 2015;
Zhai et al.,, 2017). The high calorific value of bio-coal pellets
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allows them to be used as a substitute for fossil fuels. Despite the
raw materials, the quality of the bio-coal obtained remains in the
range of caloric value of 20-24 MJ/kg which is similar to a coal
energy source. The by-product of the process could be added to
the soil as a conditioner.

The remaining fraction, which is too small to be separated, is
treated by physicochemical and catalytic conversion (PCC). It is
added to the reactor, the water is evaporated and the inorganic
particles are transformed into their clean, dry, and inert
ingredients. The steam and heat obtained are used to generate
electricity and provide power to the facility.

3.3 Bio-fermentation of organic part of
municipal solid waste

The second stage of the BioRen project realization provided
bio-fermentation of recycled and non-recycled parts OFMSW
fractions. In the analyzed case (Table 1), processed RDF
contained 44% non-recyclable organic compounds and 28% of
recyclable paper/cardboard. The flow sheet of the modernized
Renasci SCP processing providing bio-fermentation of all
OFMSW fractions to obtain biofuels and bio-coal pellets
produced from post-fermentation sludge using the HTC
method is presented in Figure 4 (BioRen, 2020). So only
separated  ferrous, PET/PVC, and
granulated plastics will be recycled and reused on the market.

non-ferrous metal,
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FIGURE 4
Flow sheet of Renasci innovative SCP (BioRen, 2020).

Non-recyclable organics and paper/cardboard should be
pre-treated before starting the bio-fermentation process. The
organic fraction of municipal solid waste (OFMSW)
consisting typically 35-40% of waste paper and cardboard
(WPCQC) fiber is a very interesting second-generation (2G)
feedstock. WPC is further pre-treated with mild acid,
which considerably reduced ash content to below 4%
(Varghese et al.,, 2022). The next phase of the process is the
saccharification/fermentation (SSF) set-up for isobutanol
production using solid OFMSW (organics, paper, and
cardboard waste) as feedstock.

The cardboard and paper wastes used to demonstrate the
developed saccharification and simultaneous fermentation
(SSF) process at a pilot scale were pre-treated at a Bio Base
Europe Pilot Plant (BBEPP) before starting the SSF process.
The paper and cardboard wastes were first pulped to a dry
matter consistency of 10% w/w and heated to 50°C to increase
slurry homogeneity and specific fiber surface area. The pulp
was subsequently diluted to a 5% dry mass and circulated
through a magnetic sieve and plastic sieve to remove
ferromagnetic metal particles and plastic particles. A
pasteurization step was carried out after removing the
undesired particles in the pulp to kill off potential
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Catalytic Isobutene Gk v s .
Dehydration p| Etherification — GTBE
Catalyst Catalyst

contaminants in the waste stream. A decanter centrifuge
was then used to dewater the pulp. This dewatered material
(>30% dry mass) was repulped to 5% and calcium carbonate
was neutralized by adding nitric acid. The Ca(NOs3), obtained
is soluble in the water phase of the sludge. The pulp was finally
dewatered again by applying a second decantation step. These
resulted in the sludge deashing. The pretreatment process
allowed obtaining homogeneous sludge, free from the
undesired particles (metals and plastic) and with an
increased specific fiber surface area.

Figure 5 presents isobutanol production by a fermentation
process.

In the next step, a sample of pre-treated paper/cardboard
waste was subjected to a hydrolysis process providing
hydrolysis of cellulose and hemicellulose by chemicals or
enzymes, production of a sugar solution, and fermentation
of a sugar solution into isobutanol. The organic fraction of
municipal solid waste (OFMSW) consisting typically 35-40%
waste paper and cardboard (WPC) fiber is a very interesting
second-generation (2G) feedstock. These are further pre-
treated with mild acid, which considerably reduced ash
content to below 4%. The pre-treated cardboard pulp was
transferred into a continuously stirred tank reactor (CSTR).
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Flow sheet of isobutanol production; SHF enzymatic hydrolysis and saccharification; SSF —saccharification and simultaneous fermentation;

CBP—consolidated bioprocessing.
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FIGURE 6
Heterogeneous azeotropic isobutanol-water distillation.
The broth was directly cooled down from 50-55°C to 35°C. sugar contains practically no inhibitors, making it

Before pitching the broth with yeast, urea was added to the
fermenter to have a urea concentration of 2 g/kg into the
liquefied cardboard pulp. Process conditions such as pH,
dissolved oxygen, temperature, and feeding of sugars were
controlled in the propagation step to optimize the growth of
the yeast. The pH value and temperature were in an acceptable
range for optimal enzyme activity (pH = 4.75-5.25, T =
50-55°C).
process to valorize organic MSW fractions. This process

Renasci developed an enzymatic hydrolysis

produces second-generation sugars (85% glucose) that can

be used as a feedstock for bio-based chemistry. Due to the mild
pretreatment and enzymatically hydrolysis processes, the
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especially suitable for a fermentation feedstock (Redant
et al, 2022). The glucan and xylan present in the pre-
treated feedstock (65-70%) are easily amendable to
enzymatic saccharification and can be further fermented
with industrial xylose-fermenting yeast to produce 2G
bioethanol. CBHI-I was identified as the most limiting
cellulose enzyme during simultaneous saccharification and
co-fermentation (SSCF) of the WPC pulp. To further reduce
the commercial enzyme dosage and accelerate the SSCF, the
secretary expression of a heterogeneous codon-optimized
CBH-I gene from Talaromyce emersonii into industrial
xylose-fermenting yeast strain BMD44 was engineered.
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Diagram of the hydrothermal carbonization of the post-fermentation sludge.

TABLE 2 Composition of products of hydrothermal carbonization

methods of post-fermentation sludge.

Product Parameter Value/content Unit
Bio-coal pellets Calorific value >23 MJ/kg
Density 700 kg/m®
Ash <10 %
Water <10
C >58
H 6
N <2
S <0,2
Cl <0,2
Liquid fertilizer Niotal 336 mg/L
Proal 6,1
K 371
BOD >6000
COD 21975
pH 4.5
B 1,5
Fe 15
Zn 2
Cr 0.081
Cl 217

Under SSCF conditions, these strains are allowed for

producing the highest titer of ethanol at 6,22% (v/v) with a
yield of 93.3% (Varghese et al., 2022).
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A decanter centrifuge in the last stage of the fermentation
process is used, the remaining solids in the fermentation
slurry were separated from the broth and post-fermentation
residues can be converted into bio-coal pellets using
hydrothermal carbonization (HTC) (Verhe et al., 2020).

The fermentative production of isobutanol remains a
challenge due to isobutanol inhibits the growth of
microorganisms at concentrations of 1-2% w/w. In situ
product recovery (ISPR) needs to be developed to solve
this problem. From reviewed ISPR methods, technological
and economic performance of sol that can be used for vent
extraction and pervaporation was assessed (Vandercruysse,
2022). An isobutanol concentration of 200 g/L was reached
after 57 h of fermentation. After heterogeneous azeotropic
isobutanol-water distillation (Figure 5), the product obtained
was isobutanol. In the production of isobutanol, the
maximum yield is 1 moll of isobutanol/moll of glucose,
and 411 kg of isobutanol is obtained from 1t of glucose. A
measure of 1,000 kg of biomass (25% water) gives 308 kg of
isobutanol. With the expected yield of 80%, 246 kg of
isobutanol can be obtained from 1 ton of biomass (25%
water). The remaining 20% (200kg) is converted into
HTC. The diagram of isobutanol concentration is shown
in Figure 6.

Finally, glycerol tertiary butyl ether (GTBE) is produced
which is a promising fuel additive that substitutes the use of
fossil fuels (reduction in CO, emissions). It is usable in both
diesel and gasoline engines and improves engine performance
and cuts harmful exhaust emissions (e.g., fine dust). It can be
blended in higher amounts than ethanol, without having to
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TABLE 3 Amounts of products, and material and energy consumption data of the BioRen process.

10.3389/fenrg.2022.919415

Unit process Input Amount Output Amount Unit Reference
Sorting MSW transport 1,030.26 tkm Cherubini et al. (2009)
Electricity 190 kWh
Stabilization and pretreatment ~ Transport of phosphoric acid 1.14 tkm (Daylan and Ciliz, 2016)
Steam 5.00 GJ
Processing water 124.80 t
Transport of enzymes 0.05 tkm
Electricity 2.56 kWh
Fermentation Yeasts 63.49 Ethanol 34.89 kg (Meng et al., 2019)
Processing water 104.19 Isobutanol 0.23874 kg
Biomass sludge 14300 kg
Electricity 442 kWh
Distillation Electricity 25.12 kWh
Heat 3976.95 MJ
Carbonization Oil 7.64 kg
Water 4894.64 kg
Biomass sludge 14300 Separated inerts 1,023.33 kg
Water evaporation — 4612.62 kg (BioRen, 2020)
Emissions:
NOx 0 kg
Co, 106.92 kg
CcO 1.53 kg
SO, 0 kg
PM 053 kg
Electricity 534.58 kWh
Thermal energy 3894.76 kWh
Catalytic dehydration Isobutanol 283.74 Isobutene 154.60 kg (Tao et al., 2014; Asdrubali et al.,, 2015)
Water 49.69 kg
Electricity 1.40 kWh
Etherification Glycerol GTBE 100.0 kg Asdrubali et al. (2015)
Isobutene 154.60 kg
Transport of glycerol 0.05 tkm
Deionized water 10.90 kg
Steam/pressure 102.00 kg
Electricity 1.40 kWh

change the engine. The surplus of crude glycerol generated by
biodiesel production is used in the production of GTBE
(Verhe et al., 2020).

Glycerol + isobutene 294 GTBE mixture (mono, di and tri).

3.4 Hydrothermal carbonization (HTC) of
post-fermentation sludge

Hydrothermal carbonization is a method in which waste

organic materials are transformed into a bio-coal and an aqueous
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hydrothermal carbonization liquid AHL, a fertilizer solution
containing N, P, and K (Gao et al,, 2019). Bio-coal pellets are
usually combusted for energy recovery. Maniscalco et al. (2020)
studied different methods of using bio-coal obtained from
various types of waste biomass. Zhai et al. (2017) studied the
implementation of hydrothermal carbonization for energy-
efficient production of char pellets from sewage sludge.

The process of OFMSW hydrothermal carbonization is an
effective  MSW management strategy combined with the
production of sustainable solid fuel. In the study of Lucian
et al. (2018), processing conditions affecting the formation
and composition of hydro chars obtained from OFMSW were
analyzed. The study showed that the increased parameters
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(higher temperature, and longer reaction time) resulted in lower
solid efficiency, but an increased calorific value, and content of
fixed and elemental carbon.

Gupta et al. (2019) indicated that the HTC process has the
greatest energy recovery potential for paper and food waste FW
having a calorific value of 2.95 MJ/kg FW. Incineration tests
indicated that the hydro char produced from FW has high energy
productivity  (2.95MJ/kg FW) concerning combustion
(2.217 MJ/kg FW) and anaerobic digestion (2.605 MJ/kg).

Roman et al. (2021) investigated the process of producing
catalytic hydro char by HTC from MSW compost. The influence of
individual parameters on the reaction was examined, that is, hydro
treatment time (1-5 h) and amount of compost (30-120 kg/1000 L
and temperature 150-230°C). Several factors were assessed for the
liquid phase (TOC, conductivity, and volume recovered) and for
the solid phase (mass and amount of carbon). The hydro char
obtained had high catalytic activity in hydrogen breakdown (100%
decomposition after 6 h of processing).

The Ingelia Company has optimized its HTC process (Hitzl
et al,, 2015; Burguette et al., 2016) for a wide range of feedstock.
According to the laboratory tests, fermentation residue from
isobutanol can be transformed into biochar using the HTC
method. The carbonization degree was slightly increased with
reaction time. The HTC yield increased when the dry matter
concentration was increased. An optimum value for solid recovery
using HTC has been detected with 80% of humidity in the
feedstock. This would also be an optimum point for pumping
operations. It was possible to transform the waste stream into a
solid bio-coal and a liquid effluent, recovering water and nutrients.
The reaction is carried out in aqueous media under a pressure of
18.7 Talaromyce emersonii—19.5 bar and a temperature of 210°C.
The separation of post-treatment sludge has been satisfactory,
achieved by physical, gravitational means, separating sand with
silica, and calcium sulfate from hydro char. The process yield was
56.8% to bio-coal. Nitrogen, potassium, and organic matter are the
main nutrients in the obtained processed water. A schematic
diagram of the HTC process is given in Figure 7.

The composition of bio-coal pellets and liquid fertilizer
obtained after HTC processing of post-fermentation sludge is
presented in Table 2.

Material and energy consumption data for raw material,
electricity, and energy and figures for assessments of the
amounts of products obtained and energy utilized are
presented in Table 3.

4 Conclusion

BioRen project research results in an increased value of
selected municipal and industrial waste streams feeding into
biofuels and bio-coal and the development of technology for
the production of effective drop-in fuel additives derived from
the processing of the organic solid fraction of municipal wastes.
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The proposed Renasci/BioRen SCP of municipal solid waste is
much more environmentally friendly than that of the municipal
waste incineration energy system. Process products are electricity,
bio-coal pellets, biodiesel, inerts used as fillers in building
materials, and second-generation GTBE biofuel. Glycerol
tertiary butyl ether is the end product, which is used as a fuel
additive that can be mixed with petrol or diesel in high
proportions. The environmental impact of Renasci technologies
is highly beneficial, especially for the production of biofuels and
biochar. In the Renasci/BioRen method, 53% of waste is recovered
and used for utility purposes. More than 78% of energy from waste
is also recovered. The integrated production system, with a highly
flexible modular configuration, is very well suited to the processing
of complex waste streams. The project meets the requirements of

all European regulations and directives.
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