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Abstract: Organic waste treatment, including its many strategies and objectives, is one
of the most rapidly changing sectors of environmental technology. It is closely related
to sustainability and other critical issues, such as global warming. The first years of this
century were the time of a transition from traditional technologies for the “disposal of”
waste, such as incineration (with poor energy recovery) or landfill (more or less controlled),
to biotechnologies that are more profitable, such as composting and anaerobic digestion.
However, recent developments are focused on advanced technologies in the framework of a
circular bioeconomy, maximizing the production of biomaterials and renewable energy us-
ing raw organic waste or digested materials. This perspective paper delves into the second
transition in the field of technologies for treating and valorizing organic waste, highlighting
emerging technologies such as anaerobic digestion enhanced with nanomaterials or biochar
to substitute fossil natural gas, solid-state fermentation to obtain bioproducts that have a
“chemical twin” with a high environmental impact, and pyrolysis as a predominant thermal
treatment due to the production of biochar, probably the most promising biomaterial in
today’s research. All these technologies exploit the potential of organic waste for bioenergy
production and material utilization, in line with circular principles.

Keywords: anaerobic digestion; biochar; bioeconomy; composting; pyrolysis; solid-state
fermentation; sustainability

1. Introduction

Today, the world is facing severe environmental problems that urge consistent and
science-based solutions with minimal or, preferably, positive environmental impacts. The
framework of these changes is related to the concept of a circular economy and, more
specifically, a circular bioeconomy. As precisely defined by Venugopal [1], a circular
bioeconomy refers to “an economic system that combines the principles of circular economy
and bioeconomy. It focuses on maximizing the value of biomaterial resources for as long as
possible and minimizing waste generation. This approach utilizes renewable biological
resources to produce food, materials, and energy, while also emphasizing investment in
human, social, natural, and physical capital. In a circular bioeconomy, the utilization of
biomass plays a significant role in continuous production and contributes to the overall
improvement of the economy”.

Circular bioeconomy paradigms are well aligned with the sustainable development
goals (SDGs) promoted by the United Nations since their publication in 2015 [2]. Specifi-
cally, some closely related critical aspects between SDGs and a circular bioeconomy include
sustainable agriculture (SDG2), sustainable management of water and its sanitation (SDG6),
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Organic waste

renewable energy (SDG7), sustainable industrialization (SDG9), smart cities (SDG11),
sustainable production and consumption (SDG12), climate change (SDG13), and the con-
servation of soil and terrestrial ecosystems (SDG15).

In this global context, it is evident that the waste management sector can significantly
contribute to achieving these goals, as it plays an important role in some of the above-
mentioned SDGs. This sector becomes particularly relevant when waste management,
especially for organic waste, is approached from a circular bioeconomy perspective. By
utilizing organic waste as raw material or as a source of renewable energy, this sector
not only reduces the dependency on finite resources but also fosters resource efficiency,
enables nutrient recovery, minimizes environmental impact, and supports the development
of sustainable bio-based industries. In doing so, it helps us transition away from linear,
non-sustainable models (Figure 1).

Landfill Incineration

Until 2000

(approximately) v > Energy?

2000-2020

(separated collection) » Energy/Compost

Biorefineries: composting, Energy
2020-future  * anaerobic digestion, solid-state > Bjoproducts
fermentation, pyrolysis, etc. Compost

Figure 1. The transition of waste management in recent decades.

Although the waste management sector includes a wide range of potential approaches
involving different feedstock, technologies, products, and environmental impacts [3-5],
it is the opinion of the authors of this perspective paper that three specific areas have
gained significant interest in waste management research, even though their level of
implementation remains at pilot scale:

(1) Anaerobic digestion (AD) has received increased attention because of our complex
global geopolitical situation, which has exponentially increased the use of additives to
improve the performance of the process in terms of biomethane yield and production.
Nanomaterials, in their different forms, and biochar are the most studied cases [6,7].

(2) The growing need for nature-based, biodegradable, and non-impacting biomaterials
to substitute their chemically synthetized twins has promoted the use of solid-state
fermentation (SSF) far beyond its biological definition as the biological solid-state
aerobic transformation of organic biodegradable waste into bioproducts that permits
the substitution of raw sources of materials and energy [8]. In this general view, it
is important to keep in mind that SSF has its roots in another biotechnology, com-
posting, which is also becoming popular again because of the increasing need for
environmentally friendly organic biofertilizers [9].

(3) Thermal treatment technologies are also receiving growing attention. In previous
decades, they were practically restricted to incineration on a commercial scale, which
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has now been demoted in favor of other technologies. This is the particular case
of pyrolysis, which is energy-neutral and produces biochar, which is gaining a pre-
dominant role in a wide number of applications [10] (The European Biochar Industry
Consortium, 2024): fertilization, water and wastewater treatment, waste treatment,
heterogeneous catalysis, and construction materials, among others.

Despite advancements in organic waste management, there remain several challenges
that limit the large-scale implementation of circular bioeconomy strategies. Key gaps
include the limited integration of emerging technologies into existing waste management
infrastructures, the need for more scalable waste valorization processes, and economic or
regulatory barriers that hinder the commercialization of bioproducts. Addressing these
challenges is crucial for ensuring that innovative solutions move beyond the pilot scale.

Considering this context and these trends, the aim of this perspective paper is to
provide readers with a comprehensive overview of this second transition in the organic
waste management sector. Specifically, this transition is driven by AD (with biomethane as
a substitute of fossil natural gas), SSF (to obtain an increasing catalog of bioproducts), and
pyrolysis (for biochar production, with an endless list of applications), as well as the large
number of interactions that can be found among these technologies [11].

2. Organic Waste as a Source of Bioproducts and Bioenergy

Organic waste is a broad term encompassing a wide variety of waste materials derived
from both municipal and industrial sources. Municipal organic waste includes food waste
generated by households, restaurants, and other food services, as well as green waste such
as yard trimmings from parks and gardens [12]. This waste is known as the organic fraction
of municipal solid waste (OFMSW) and can come from either source-separated collection
systems or from the mechanical separation of mixed collection systems at treatment fa-
cilities, often resulting in lower-quality organic fractions [13]. Additionally, municipal
sources of organic waste include sewage sludge and digestate (solid fraction) generated
at wastewater treatment plants and urban waste management facilities based on AD. On
the other hand, organic waste from industrial origins is generated mainly in the agricul-
tural and food processing sectors. It includes crop residues, pruning waste, processing
by-products, or inedible fractions. Other industries, such as textile industry, specifically
those processes based on natural fibers, e.g., cotton or wool, also contribute to organic waste
streams [14]. Regardless of origin, organic waste materials share the common characteristic
of being biodegradable, to a greater or lesser extent. As such, they represent a valuable
resource for bioprocessing to produce bioproducts and bioenergy, in line with circular
bioeconomy principles.

However, the management of organic wastes is complex due to their variability.
Furthermore, the inherent heterogeneity in their composition, variable generation rates,
seasonality, and content of improper materials all contribute to the challenges of managing
organic waste effectively [13]. As a result, waste management processes must be tailored to
the specific characteristics of each waste stream, considering its origin, collection methods,
and composition. An average characterization of the four main organic waste streams is
presented in Table 1, and differences among them can be observed. For instance, OFMSW
is richer in fats and proteins than digestate, which, on the contrary, is richer in more
recalcitrant matter such as lignin. Similarly, agricultural and wood wastes also exhibit a
higher content of lignin and, therefore, are more resistant to biodegradation, often requiring
pretreatment steps [15]. For these materials, fungi-based processes represent a promising
alternative due to their extensive repertoire of intracellular and extracellular enzymes and
their ability to grow on solid substrates [16].
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Table 1. Characterization of different organic waste streams.
Parameter OFMSW Solid Digestate Agricultural Waste Wood Waste
Humidity (%) 728 +£7.6 713 +45° - -
TS (%) 272+76 287 £452 - -
VS (% TS) 84.6 £9.9 874+£492 747 £12°¢ 798 +£36°
KN (g/kg) 7.9 +54 644147 - -
TP (g/kg) 17+25 25+21¢% - -
C (% 1TS) 46.6 £ 4.4 349 +£86° 371+£12°¢ 419 £23°
H (% TS) 6.6 £0.6 50+18° 45+02°¢ 494+04°¢
N (% TS) 29£0.6 33+20° 07+£02¢ 04=£01°
S (% TS) 03=£0.2 0.9 +13P 01£00°¢ 01£00°¢
Fats (%VS) 175 + 6.6 384224 - -
Protein (%VS) 177 £55 119+3.0° - -
Raw fiber (%VS) 29.2 £15.0 304£59°2 - -
Lignin (%VS) 9.7£53 241+£422 17.6 +£ 524 223+764
Carbohydrates (%VS) 55.5 & 10.1 57.7 £7.92 648 £7.94 715 +8.54
Data range 43 samples .from 20 'AD processes with 8 different types 8 different types
22 countries different substrates of crops of wood
References [12] a17];b [15] c[18];4[19]
TS, total solids; VS, volatile solids; KN, Kjeldahl nitrogen; TP, total phosphorous; dw, dry weight. The letter
correspond to the references where values were obtained.
3. Towards a Second Transition in Organic Waste Management:
Technologies, Bioproducts, and Renewable Energy
The richness and diversity within organic waste streams (Table 1) has led to the
development of more advanced and substrate-specific technologies, other than composting
and AD, such as pyrolysis for biochar production and SSF for the generation of high-value
bioproducts. A qualitative comparison analysis is presented in Table 2. In terms of energy
balance, both AD and pyrolysis yield positive results; however, it has been highlighted
that the high water content of organic waste requires high energy expenditure for drying
in pyrolysis [20]. From an economic perspective, SSF opens the door for obtaining higher-
value bioproducts [21], and pyrolysis produces a wide range of products that have further
applications [22], although they are also associated with higher costs. All technologies
offer environmental benefits compared to landfill or incineration. In this section, these
technologies and their potential integration (Figure 2) are evaluated in depth.
Table 2. Qualitative comparison of technologies for organic waste valorization.
Parameter Composting Anaerobic Digestion Pyrolysis Solid-State Fermentation (SSF)
Energy balance - — - ++ 4+ + - —
Cost + ++ +++ ++
Revenue —/+ + + + + 4+ +
Scalability (TRL) 9 9 9 5-7
Environmental impact ++ +++ + +++
Carbon sequestration + / +++ /
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Figure 2. Process diagrams for each technology and their interactions (dotted lines).

3.1. The Rise of Anaerobic Digestion
3.1.1. Biogas and Biomethane

AD is a well-known process through which a complex bacterial consortium breaks
down organic matter of different typologies in the absence of oxygen. This organic matter
presents a medium-to-high level of biodegradability [23]. To prevent the presence of oxygen,
anaerobic digestion takes place in sealed bioreactors, where these complex microbial
communities digest the waste and produce the resultant biogas and digestate (the solid and
liquid material end-products of the AD process), which are the main products discharged
from the digester. Although AD is well implemented in some parts of the world and is a
consolidated biotechnology for treating excess sludge produced in wastewater treatment
plants [24], its current prominence has transcended this secondary role to become the
first option when dealing with biodegradable organic waste. This is a consequence of
the extensive search for renewable energy sources that, at the same time, must be locally
available [25], which in turn will reduce the importance of energy accessibility in a complex
geopolitical situation. AD combines all these advantages, which explains the proliferation
of plants (already built or in the design stage) in several parts of the world, especially in
Europe and China [26,27].

Regarding the products of AD, research tends to consider biogas a clean renewable
energy source and highlights its numerous advantages as such [28]. While this is true, an
increased use of AD inherently implies an increase in the generation of the other main
product of AD, digestate, which needs a renewed perspective in terms of being a profitable
material for a large number of applications, as discussed further in this perspective paper.
Coming back to biogas, it is also evident that a transition regarding its use is occurring
right now. Thus, the beginning of AD’s implementation in waste or wastewater treatment
plants some decades ago was associated with the use of cogeneration units, which, after
purification and hydrogen sulfide removal, burn biogas to simultaneously produce heat in
the form of water vapor and electricity. The destination of these two forms of energy could
be the treatment plant itself or its use to meet external demands [29].

However, today’s use of biogas is taking a step forward. In an increasing number of
AD plants producing large amounts of biogas, it is cleaned, but also upgraded, removing
or transforming the considerable percentage of carbon dioxide that it contains. Although
several physicochemical technologies are available for biogas upgrading, the use of mem-
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branes is probably the most popular in full-scale facilities [30]. Among biotechnology
approaches, the role of biomethanation is emerging. Biomethanation is based on the bi-
ological process of methanogenesis, carried out by hydrogenotrophic methanogens, by
which carbon dioxide is transformed into methane with hydrogen [31]. This process is
gaining relevance, but its full-scale implementation will depend on the availability and cost
of “green” hydrogen. Anyway, the objective in this case is the substitution of fossil natural
gas by compressing and injecting this methane-enriched biogas into the existing natural
gas grids [32].

In conclusion, it is evident that all these recent advances have caused AD to be listed
prominently as a renewable energy source, which is starting to change the origin and
typology of organic waste from raw waste to its corresponding digested version.

3.1.2. Advanced Additives: Nanomaterials and Biochar

Alongside the ex situ upgrading of biogas, there are plenty of studies in the scientific
literature related to the emerging trend of searching for approaches that partially upgrade
biogas with high methane content and increase biogas-specific production per mass of
organic matter. This is the case with some additives, such as nanomaterials and, more
recently, biochar. Although this strategy is not capable of achieving carbon dioxide-free
biomethane, there is no need for external hydrogen, which makes this approach economi-
cally attractive [6].

Regarding nanomaterials, although a large number of metallic elements, oxides, and
even carbon nanostructures [33] have been found to affect the production of biogas, it is
important to highlight that iron nanoparticles, in several oxidation states, are the most
promising materials [34]. The reasons for this fact are clear: on the one hand, they are
economically feasible and can be obtained from iron scraps; on the other hand, iron is a non-
toxic element which is not inhibitory for the AD process and which, furthermore, permits
the safe use of digestate. Since the discovery of the positive effect of magnetite nanoparticles
on AD in terms of biogas production in 2014, many studies have been published, although
few of them were conducted in a continuous or semi-continuous mode of operation [34],
which is important for evaluating the long-term stability of the nanoparticles and their
impact on the process. The use of nanoparticles in AD has shown improvements in
environmental impact analysis, as the increase in biogas production is associated with a
lower consumption of fossil fuels [35]. However, the fate of these nanomaterials once they
are incorporated into the digestate remains an unanswered research question, especially if
the digestate is used as a fertilizer or for other agricultural applications, because it could
lead to the unintended spread of nanomaterials in soil ecosystems [6]. Therefore, further
studies on the persistence and long-term effects of nanomaterials in agricultural systems
are needed to assess their impact on ecosystems. Additionally, the cost-benefit ratio of
using nanomaterials in AD should be carefully assessed to ensure that the technological
benefits outweigh the economic costs. It is evident that the use of nanoparticles needs
a rigorous sustainability assessment, in economic but also environmental terms, before
considering its implementation at full scale.

A different and even more recent approach is the use of biochar to enhance anaerobic
digestion. In this case, this strategy should be considered differently when compared to that
of using nanomaterials. Biochar is obtained from the pyrolysis of organic waste, especially
that with high lignocellulosic content [36]. Moreover, biochar is being used in a wide
number of environmental applications [37], but also as a substitute for other non-renewable
materials [10], with a clear increasing interest. In the field of anaerobic digestion, the effects
of biochar on the process have recently been reviewed by several authors [38,39]. Although
the role of biochar will be discussed later in this paper, it is important to highlight the lack
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of continuous full-scale studies. Nevertheless, existing research shows highly promising
results, with significant increases in biogas production and in situ methane enrichment
observed in a semi-continuous study at 1000 L [40], a continuous study at 16 L [41], and
batch lab-scale experiments [42].

3.1.3. Digestate: Problem or Opportunity?

Although at a different pace than that of biogas, the rise of AD has caused the appear-
ance of innovative sustainable alternatives for digestate management, beyond its classical
use as an organic biofertilizer, which continues to be its main destination [43]. Among
all the alternatives proposed for digestate, some of them can be considered quite consoli-
dated, while some others look very attractive in sustainability terms but are still at a low
technology readiness level.

The consolidated strategies include very different approaches, from biological treat-
ments, such as composting, to thermochemical treatments. The composting of digestate is
well known and results in a sanitized product that is free of odors and retains a high level
of digestate nutrients, if properly managed [44]. A variation of composting, biodrying, has
the same principles, but in this case, the objective is to have a refuse-derived fuel after the
biological process [45].

In relation to emerging digestate treatments, several technologies with very different
objectives can be observed in the recent literature. Table 3 compiles some of them.

Table 3. Emerging applications of digestate.

Technology

Objective Challenges References

Cultivation of insects

Scale-up and economic analysis [46]

Protei ducti . . .
rotem production Some pilot plants are in operation

Vermicomposting

Sensibility of earthworms to
inhibitory substances and [47]
waste self-heating

Vermicompost as
high-quality fertilizer

Highly controlled process: moisture,

Mushroom cultivation Mushroom production temperature, and absence of light [48]
Fungal (submerged) Biofuel (biodiesel or Liquid medium, not nat}l ral for fungi
. . . Pretreatment of digestate [49,50]
fermentation bioethanol) production . o
Sterile conditions
High cost
. o Production of Scale-up is surface-intensive
Microalgal cultivation high-value biomass Sensitive to contamination or (511
environmental variations
A wide variety of Scale-u
SSF bioproducts: biostimulants, e p [52,53]
. L Purification and downstream
biopesticides, etc.
Pyrolysis Production of biochar High moisture content reduces the [22]
efficiency of the process
- . . Limited experience
Pelletizing Biofuel production Loss of nutrients [54]

It is worthwhile to mention that Table 3 points out the differences in the technology

readiness level of the strategies presented. In general, SSF has great potential as a source
of bioproducts in the framework of a circular bioeconomy [8], and it will be discussed in
detail in the following subsection.
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3.2. The Emerging Role of Solid-State Fermentation
3.2.1. SSF Unlocks the Potential of Organic Solid Waste, Including Digestate

SSF is a biotechnological process characterized by the growth of microorganisms
in a solid matrix under aerobic conditions without the addition of free water. In SSF,
the solid substrate serves as both a nutrient source and a physical support for microbial
development. The main reason for the growing research interest in SSF in the last decade is
that it enables the direct utilization of solid organic waste as a substrate with minimal or
no pretreatment, thereby reducing processing costs and energy requirements [8]. SSF has
historically been considered a low-tech process and has been implemented widely in the
traditional fermented foods industry [21]. The rise of technological advances in and research
on SSF has mainly occurred in the context of its application in the enzyme industry [55].
When using organic solid municipal wastes, it has been described as an evolution of
composting [11], and as such, it presents both advantages and challenges: it allows for
cost-effective, decentralized production with minimal infrastructure, making it accessible
and adaptable to various applications, yet this same simplicity can limit scalability, process
control, and industrial adoption in highly standardized and automated settings [55]. For
example, the sterilization or the loading of solid substrates into large-scale bioreactors is
more challenging than for liquid substrates, which are pumpable [55]. However, converting
solid waste into liquid effluents involves the use of energy-intensive or water-consuming
pretreatments. Enzymatic hydrolysis is a commonly adopted biological alternative, though
it still results in a solid residue containing the unhydrolyzed fraction [56].

In this sense, the potential of SSF does not lie in substituting more established and
automatized technologies but rather in its integration into existing waste management and
biorefinery systems. For instance, SSF can be applied to the solid fraction of different organic
wastes after enzymatic hydrolysis, where soluble sugars have already been extracted for
biofuel or biochemical production [13]. Alternatively, SSF can be applied before enzymatic
hydrolysis or AD processes to enrich organic waste with enzymes produced in situ and
improve the conversion efficiency of the subsequent step [57,58]. The bioproducts that
can be obtained from SSF processes are endless. Among them, enzymes have been the
most studied, primarily due to their high commercial value, which promotes the search
for alternative enzymes sources [56]. Other valuable bioproducts that have been produced
via SSF are biosurfactants, biopesticides, antioxidants, or pigments [21]. These products
provide sustainable alternatives to conventional chemical products in various industries,
from agriculture to food and cosmetics. The implementation of SSF in a biorefinery context
would enable the valorization of solid-waste effluents into higher-value products, providing
alternative sources of revenue, and, equally importantly, would contribute to achieving a
real zero-waste strategy, because its residual product, if any, is easily compostable.

Additionally, as introduced in the previous section, SSF presents an innovative alterna-
tive for processing digestate, the residual byproduct of AD. Given the increasing regulatory
restrictions on digestate application in soils, SSF offers a sustainable pathway for valorizing
this material beyond its fertilizing properties [52]. Although few studies have explored the
use of digestate as a SSF substrate, recent research is investigating its potential with different
microbial strains. For instance, an SSF process using Bacillus thuringiensis, the workhorse
of biopesticide producers, has been scaled up to 290 L, achieving a 2.4-fold increase in
production in terms of microbial spores. The resulting material exhibited low phytotoxicity
and high stabilization, highlighting its potential for agricultural applications [59]. The
cultivation of microorganisms from a different kingdom, fungi, has also been demonstrated.
Different Trichoderma species were successfully grown on digestate mixed with agro-food
waste at a laboratory scale [60]. Digestate presents certain characteristics that initially might
appear unfavorable for SSF processes, such as a strong endogenous microbial community,
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a low content on easily biodegradable matter and higher levels of recalcitrant compounds,
such as lignin (Table 1), or a high pH and alkalinity. However, the previous examples
demonstrate that the search for robust microbial strains with specific advantages, or the
use of co-substrates containing more accessible sugars, can help mitigate these challenges.

Despite its benefits, it should not be forgotten that SSF presents technical challenges,
primarily due to the heterogeneity inherent in the use of the solid substrates [55], which
have yet to be overcome. Unlike with liquid substrates, where a homogeneous mixture can
be achieved and maintained relatively easily, SSF systems inherently lack uniform mixing,
leading to poor mass transfer and the formation of gradients in nutrient availability, mois-
ture content, and temperature [21]. These features can result in non-uniform production,
localized substrate depletion, or difficulties in process modeling and control. However,
the potential benefits of SSF’s implementation justify further research and technological
development to optimize its scalability and efficiency.

3.2.2. Solid Fermentation for Solid Applications

Using organic waste as a substrate in fermentation processes is a strategy aimed at
reducing production costs by avoiding the cost of raw materials [18], but this approach
is not coherent with downstream processes that are too complex or require high levels of
purity, unless the final product justifies the effort. Therefore, it is essential to reconsider
the final use of the bioproducts generated via SSF and explore alternatives that allow for
their application in solid form. Certainly, this is not a universal approach, but in some
situations, the direct use of the entire solid matrix without extensive purification steps to
isolate specific molecules can be an interesting alternative. For example, in the production
of mixed enzymes for bulk applications such as AD [58], enzymatic hydrolysis of other
organic wastes [61] or enzyme-mediated bioremediation processes [62] could be employed.

In other cases, the choice between the downstream processing or direct application
of SSE-derived product will be crucial in determining the overall feasibility of the process.
For instance, digestate might be unsuitable for pharmaceutical or food applications due
to current regulatory restrictions and safety concerns; thus, its potential in soil-related
applications is a more promising alternative. SSF products derived from digestate could
be applied as enriched soil amendments [59], benefiting agricultural practices. Recent
research has explored the use of SSF products derived from green waste as soil amendments
with biostimulant properties, demonstrating positive results in lettuce cultivation [63].
Additionally, SSF can provide novel solutions for other soil-related applications, such as
biopesticides. The ability of SSF to support the growth of microorganisms with insecticidal
properties, such as Beauveria bassiana [64] or Bacillus thuringiensis [59], indicates that SSF-
derived solid products could contribute to the pest control market. More research on this
topic is needed to optimize product formulations, assess product stability, and determine
appropriate storage conditions.

Overall, the decision to implement downstream processing will be case-specific, de-
pending on the initial substrate and the intended application of the final product. More
refined applications will require additional purification steps, but as discussed, this is not
the only viable approach for SSF products. In many cases, particularly those related to
agriculture and environmental applications, the direct use of the fermented solid matrix
can be an effective and sustainable alternative.

3.3. Pyrolysis as Predominant Thermal Treatment for Biochar Production
3.3.1. Pyrolysis as a Source of Biochar

Thermal pretreatments have traditionally been used in waste management. The first
strategy implemented was the incineration of mixed municipal solid waste (MSW), with the



Processes 2025, 13, 940

10 of 16

recovery of energy and the disposal of ashes in sanitary landfills. Although this technology
is still widely used in many countries [65,66], other thermal treatments that have objectives
beyond energy production are gaining a predominant role nowadays [67]. This is the case
of pyrolysis, whose recent relevance is mainly attributed to its ability to produce biochar.
In fact, other thermal treatments such as gasification or hydrothermal carbonization can
also produce biochar, although their use is quite limited [68].

During organic waste or biomass pyrolysis, three main products are obtained: a solid
(biochar), a liquid (bio-oil), and a gas (pyrolytic gas/syngas). The pyrolysis process is
energy-neutral, since the temperature required for the thermal decomposition of biomass is
achieved by the heat generated from the combustion of a part of this biomass. Moreover,
many factors have an influence on the pyrolysis process (feedstock characteristics, pressure
and process temperature, among others) and can change the ratio and properties of the
three products obtained [69].

From an environmental perspective, pyrolysis and biochar have another important
benefit: the biomass used as feedstock results in a material that is much more difficult to de-
compose, either by biological or physicochemical processes. Thus, the atmospheric carbon
dioxide that has been consumed by biomass for its growth is immobilized, and this implies
a positive carbon balance. In fact, biochar is considered a versatile and scalable product
with the potential to contribute to generating carbon credits, in agreement with sustainable
development goals [70], and its critical function as a negative-emission technology at a
regional level has been pointed out recently [71].

3.3.2. Understanding Biochar

According to the International Biochar Initiative [72], biochar is “the solid material
obtained from the thermochemical conversion of biomass in an oxygen-limited environ-
ment”. In practice, biochar is a carbon-rich material similar to coal but generated from
different types of biomass through a pyrolysis process, as explained before. Due to this, it
represents a sustainable alternative to activated carbon and its multiple applications, since
it shares many of its characteristics, but comes from a renewable source. Figure 3 shows
some pictures of biochar (a macroscopic view and under electronic microscopy).

Figure 3. Cont.
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Figure 3. Images of biochar from forestry biomass: (a) macroscopic view; (b) under electronic microscopy.

File Name = Biochar 1 _01.tif

Figure 3 is interesting since it shows the reason why biochar has gained exponential
attention in several fields, especially in environmental technologies. Thus, when biochar
is observed at high resolution (Figure 3b), a complex structure is revealed, with a high
degree of porosity. This particular structure results in a large specific surface area, reaching
hundreds of square meters per gram, a highly relevant characteristic of the material that
can be modulated according to the conditions of the pyrolysis process [73]. In fact, this
parameter means that biochar has multiple applications in fields such as water treatment,
the cleaning of polluted gases, and, recently, the treatment of organic waste [74]. On top
of its high surface area and porous structure, the abundance of functional groups present
in biochar allows for the adsorption and retention of contaminants such as heavy metals
or organic compounds [7]. Its stability and ability to bind pollutants have placed it in the
spotlight as a material for environmental remediation.

3.3.3. The Potential Role of Biochar in Modern Waste Management
Anaerobic Digestion

As explained in Section 3.1.2, the main role of biochar in anaerobic digestion is the
increase in biomethane production, both in terms of biogas production and in terms of
biogas methane content. In addition to this, two emerging research fields within the
framework of anaerobic digestion where biochar is gaining attention are biogas upgrading
and improved fertilizer properties using digestate. In the first case, biochar has a higher
carbon dioxide adsorption capacity than activated carbon, and it can also remove up to
78% of hydrogen sulfide, a typical contaminant found in biogas [39]. This is mainly due to
its large porosity and surface area and the presence of basic and hydrophobic functional
groups [75,76]. In addition, its high electron exchange capacity favors the bioconversion of
carbon dioxide into methane and promotes the release of basic cations that help solubilize
carbon dioxide into carbonate/bicarbonate [77]. In the case of the use of digestate as
organic fertilizer, biochar is able to retain many compounds (organic molecules, phosphate,
ammonium, nitrate, nitrite, metals, carbon dioxide, etc.), which favors the use of nutrients
by plants and avoids the leaching of heavy metals [75]. It also improves the water retention
capacity of the soil [78]. Finally, it is important to emphasize that a clear advantage of
biochar compared to other adsorbents is that it does not require regeneration, since it can
be directly applied to soil for nutrient retention [78].
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Composting

In general, the presence of biochar has important benefits in the composting of organic
waste, both in the performance of the process [79] and in compost quality [74]. In particular,
biochar has been demonstrated to be a powerful additive that minimizes the gaseous
emissions from the composting of a wide range of different organic waste. These emissions
include GHGs (greenhouse gases, methane and nitrous oxide, specifically), ammonia,
volatile organic compounds (VOCs), and unpleasant odors. As this topic is highly relevant,
it is important to note that the absence of studies at full scale makes these results quite
preliminary, with an evident need for validation. Particularly, this is the case of ammonia,
the main polluting/odorous gas emitted from composting, whose emission also results
in a decrease in the fertilization properties of compost. Thus, it has been observed that
biochar reduces ammonia emissions [80], although the opposite phenomenon has also
been reported [81]. This is supported by other research that describes that the main factor
controlling ammonia emissions in composting is temperature [82], which is clearly related
to the composting scale [83].

In the case of other gases, the patterns and mechanisms of emissions reduction seem
clearer. Thus, regarding GHGs, the reduction in methane emissions can reach 80% and it is
associated with better aeration due to an increase in porosity and, therefore, a reduction
in anaerobic zones [84]. In the case of nitrous oxide, the reduction in emissions has
been reported to reach values up to 38% and has been associated with a decrease in the
presence of denitrifying microbial populations that generate this gas [84]. In the case of
VOCs, the situation is very complex, given the high number of VOC families emitted from
composting [85], although some preliminary experiments have also observed a positive
effect of biochar in reducing these emissions, which result from a simple deodorization
process [86].

4. General Perspective

The integration of circular economy principles into production systems and society as
a whole has driven significant innovation in waste management over the last decade due to
the paradigm shift from viewing waste as a burden to recognizing it as a valuable resource.
In the present perspective article, novel and innovative technologies have been discussed.
One well-established strategy is anaerobic digestion, which has already demonstrated
scalability and market viability, as evidenced by the rapid expansion of the production of
biogas and, consequently, digestate in many regions of the world. Two additional emerging
strategies, with lower technology readiness levels, characterized by their versatility and
flexibility in terms of substrate utilization are solid-state fermentation and end-use applica-
tions of biochar. This adaptability is key in the potential integration of these technologies
into a holistic waste management system to increase sustainability, resource efficiency, and
a more resilient bioeconomy. To fully leverage the potential of these technologies, policy
support and targeted incentives that encourage investment will be crucial.

Furthermore, the role of digital technologies, including artificial intelligence (AI)
and the Internet of Things (IoT), should be considered. Research on the topic is increas-
ing [87], particularly on optimizing waste management logistics [88] and improving waste
characterization [89], but also on the optimization and control of complex technological
conversion processes [29]. The integration of these digital solutions could improve waste
management systems.

Looking ahead, further research is needed to refine these technologies, improve their
economic feasibility, and develop integrated models that maximize synergies between
different waste valorization strategies.
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