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Abstract

The increasing volume of organic waste from agricultural, food, and household activities requires the identification
of efficient valorization solutions. Modern recycling of organic waste through biological and thermochemical
processes contributes to pollution reduction, renewable energy generation, and the restoration of soil resources.
This paper presents the main methods used in organic waste recycling—composting, anaerobic digestion, and
pyrolysis—as well as their economic and ecological advantages. Practical applications in agriculture, agritourism,
and environmental protection are discussed, highlighting the importance of integrating these technologies into the

circular economy.
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INTRODUCTION
The sustainable management of organic
waste is no longer just a matter of "cleanliness"
but has become a strategic stake, representing
one of the major challenges of the modern
economy. In the European Union, although we
possess the necessary technology, statistical
reality shows that over 30% of municipal waste
is organic, and an alarming share of it still ends
up being wasted in landfills [1]. This linear
approach—"produce, use, discard"—generates
massive greenhouse gas emissions. According to
the European Circular Economy Action Plan
(2020), recycling biodegradable materials is a
priority for reducing greenhouse gas emissions

and protecting natural resources [2].

Organic recycling includes biological
and thermochemical processes through which
organic matter is transformed into compost,
biogas, or biochar. These technologies offer
multiple benefits: reducing waste volume,
producing renewable energy, and increasing
soil fertility [3]. In the rural context, integrating
these methods into agricultural and agritourism
activities contributes to creating local circular
economy systems.

This paper proposes a paradigm shift:
moving from simple management to intelligent
valorization through biological and
thermochemical processes that can restore lost
vitality to the soil.
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MATERIALS AND METHODS
Composting
Composting remains the "golden

method" due to its simplicity. It is essentially a
biological process of aerobic degradation of
organic waste (vegetable residues, food waste,
manure), carried out by microorganisms under
controlled conditions of moisture, temperature,
and aeration [4]. Although it is a relatively slow
process, the result is a mature compost usable
as a natural fertilizer. The major advantages of
composting are low implementation costs,
simple  deployment, and soil quality
improvement, making it the ideal solution for
rural communities wishing to enhance soil
quality ~ without  massive  technological
investments.
Anaerobic Digestion

Unlike composting, anaerobic digestion
consists of biomass decomposition in the
absence of oxygen, forming biogas (with a
content of 60-70% methane) and digestate, a
residue rich in nutrients [5]. This is probably
the most efficient method to reconcile
environmental protection with energy recovery
needs. Biogas can be utilized to produce
electricity or heat, offering farms a pathway
toward energy independence, while the
resulting digestate, after stabilization, becomes
an organic fertilizer [6].
Pyrolysis and Biochar Production

While the first two methods are
biological, pyrolysis steps in as a



thermochemical process of biomass
degradation at temperatures between 400-
700°C in the absence of oxygen. The result is
biochar—a solid material with a high carbon
content [7]. The importance of biochar in the
agriculture of the future is critical: it not only
improves soil structure but also acts as a carbon
sink, sequestering it for hundreds of years and
preventing its release into the atmosphere.

Compared to composting and anaerobic
digestion, pyrolysis produces fewer residues
but involves higher energy costs. Although it
implies higher energy costs, the stability of the
final product justifies the investment.

RESULTS AND DISCUSSIONS
The comparative analysis of the methods is
summarized in Table 1.

Table 1
Comparative analysis of organic waste recycling methods
Method Main Product Advantages Disadvantages Applications
Composting Compost Low cost, easy to |Slow process, rigoroy Agriculture, gardening
implement
Anaerob Digestion Biogas, digestate| Renewable energy, High initial Farms, biogas plants
fertilizer investment
Pyrolysis Biochar Carbon Energy costs Agriculture, environment
sequestration, high
stability

The comparative data presented in
Table 1 demonstrate that each treatment
method offers specific advantages depending on
the type of waste and the targeted objective
(energy or pedological). Concluding, the
discussion on these results suggests that the
sustainability of a waste management system
does not derive from the use of a single
technology, but from their complementarity.
Integrating biological processes
(composting/digestion) with thermochemical
ones (pyrolysis) allows a material recovery rate
of nearly 100%, in full alignment with the
principles of the circular economy.
Technical and Process Parameter Evaluation
A critical evaluation of the parameters
integrated into Table 1 indicates that the
optimal selection of a recycling pathway
depends fundamentally on the biochemical
configuration of the initial substrate.
% Composting Dynamics: As highlighted
by Nair and Kumar [4], aerobic
composting operates through a multi-
stage thermal profile (thermophilic and
mesophilic phases). While the systemic
cost remains the lowest, the intrinsic
limitation lies in its kinetics—requiring
significant  processing time and
extensive land footprint. Furthermore, it
results in the release of carbon dioxide
(CO_2) as a natural byproduct of
microbial respiration, meaning it does
not maximize carbon retention within
the immediate cycle.
% Anaerobic Digestion Optimization: In
contrast, anaerobic digestion presents a
superior thermodynamic and energetic

yield. By maintaining a strict anaerobic

environment, methanogenic Archaea

convert volatile fatty acids into a high-

energy gas mixture (CH_4 and CO_2) [5].

According to Hassan et al. [1], the

operational viability of this method is

heavily enhanced by co-digestion—
mixing highly nitrogenous waste, such
as animal manure, with carbon-rich
agricultural residues. This process

stabilizes the Carbon-to-Nitrogen (C:N)

ratio, preventing ammonia inhibition

and maximizing methane output.
< Pyrolysis and Thermochemical

Efficiency: Moving from biological to

thermochemical degradation, pyrolysis

completely alters the timeline of carbon
cycling. By subjecting lignocellulosic

biomass to high thermal stress (400-

700°C) under anoxic conditions, the

volatile fractions are driven off as

syngas or bio-oil, leaving behind a highly

stable, aromatic carbon skeleton known

as biochar. The energy penalties

incurred due to heating are offset by the

extreme longevity of the product.
Environmental Synergies and Circularity
Matrix

When evaluating these results through
the lens of environmental protection and
sustainable development, the concept of
technology competition must be replaced
by technological complementarity.

As Liu et al. [8] demonstrated, a linear
choice between these systems often leaves
unexploited resource streams. A fully optimized
circular economy framework can combine these
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methodologies into an integrated cascade (Fig.
1):
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Fig. 1 Integrated cascade framework for organic
waste recycling pathways based on circular
economy principles.

First, high-moisture, easily degradable
organic fractions (food waste, manure) should
first pass through anaerobic digestion to
extract immediate energetic value (biogas).
Second, the solid fraction of the resulting
nutrient-rich digestate can subsequently be
mixed with dry, woody lingocellulosic waste.
Third, this combined stream can either be
subjected to pyrolysis to generate biochar or
stabilized via composting.

This cascade strategy creates a closed-
loop system where biological and
thermochemical pathways push the material
recovery rate toward 100%, offering a robust,
scientifically grounded framework for local
sustainable development.

PRACTICAL APPLICATIONS

The implementation of organic recycling in
rural areas does not represent merely an
environmental protection measure, but a driver
of local economic development. Through the
utilization of anaerobic digestion in farms,
vegetable residues and animal manure are
transformed into green energy. The analysis of
practical applications highlights the following
strategic directions:

< Sustainability of agro-food
systems: By  utilizing  anaerobic
digestion, farms can convert animal
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manure and vegetable residues into
renewable energy and digestate. This
process reduces farmers' operational

costs and provides a superior
fertilizer (digestate) [9].
« Eco-innovation in

agroturism: Integrating composting
and small biogas units in agrotourism
circuits allows for the sustainable
management of food waste at the
source. This approach  brings
significant benefits: producing natural
fertilizers, reducing energy costs
through biogas utilization,
diminishing the impact of food waste
on the environment, and increasing
the attractiveness of agrotourism
through ecological practices.

% Models of good practice: Good
practice examples can be observed in
projects implemented in Germany,
Denmark, and Romania (Oradea,
Bihor), where pilot composting and
biogas stations serve local
agricultural communities [9].

CONCLUSIONS

The present research highlights the fact
that the modern recycling of organic waste
constitutes a fundamental pillar in the
transition toward a functional circular economy.
The comparative analysis demonstrated that
the  evaluated  technologies—composting,
anaerobic digestion, and pyrolysis—are not
exclusive  solutions, but complementary
technologies that can be strategically adapted
depending on local infrastructure and the
typology of available waste. The main
conclusions of the paper highlight the following
aspects:

v" Organic waste recycling represents an
efficient solution for reducing pollution
and valorizing renewable resources.

Composting, anaerobic digestion, and
pyrolysis are complementary
technologies that can be adapted to
different waste types.

Their integration into rural systems
contributes to consolidating the circular
economy, reducing emissions, and
ensuring the sustainable development of
the rural environment.



v" The implementation of these
technologies in rural areas and in
agrotourism consolidates local
economic resilience, offering concrete
solutions for energy independence and
the regeneration of fertility through soil-
restoring options.
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