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Biodegradable wastes pose significant environmental and societal challenges due to their instability, which favors
pathogen proliferation, pollutant emissions and associated management costs. Despite their potential, many of
these waste streams still lack efficient and scalable valorization pathways and are therefore often disposed of
through landfilling or incineration. In this context, hydrothermal carbonization (HTC) has emerged as a promising
alternative for wet waste processing without prior drying (Cavali et al., 2023), generating a stable, carbon-rich
material known as hydrochar with potential applications in soil remediation (Amado-Fierro et al., 2025).
Meanwhile, the availability of fertile soil and other substrates to gardening and urban green areas is rapidly
declining worldwide due to land degradation, contamination and urbanization (Heinrich-B611-Stiftung & TMG —
Think Tank for Sustainability, 2024).

Addressing both challenges simultaneously, the development of waste-based soils, known as Technosols,
has gained increasing attention. Some formulations include inert components, such as construction and demolition
waste (Barredo et al., 2020), combined with organic amendments that serve as nutrient sources and improve some
soil functions (Cavali et al., 2025).

Within the framework of the Gijon Ecoresiliente project, this study investigates the development of six
waste-derived Technosols for regenerative gardening. Specifically, it presents the first systematic assessment of
hydrochars produced from real waste streams as novel organic amendments in Technosols, evaluating their
potential in comparison with conventional materials such as vermicompost and biochar.

Technosols were constructed using a mixture of 80 wt.% fine aggregates from construction and demolition
waste and 20 wt.% composted sewage sludge (30.4 m*), combined with low-quality stockpiled soil from urban
excavation works (12.1 m?). Also, five different organic amendments were incorporated at 2% v/v (0.144 m?) of
the total mixture: vermicompost, biochar, and three distinct hydrochars. The latter were produced from the organic
fraction of municipal solid waste (OFMSW), sewage sludge (SS), and paper and cardboard (PC) rejects from a
mechanical-biological treatment (MBT) plant supplied by the Consortium for Solid Waste Management in
Asturias (COGERSA, Spain). Batch loads of 110-240 kg were subjected to hydrothermal carbonization in a 2 m?
pilot reactor at 195 °C and 14 barg for 3 h using a biomass-to-water ratio of 1:4. Low-severity HTC conditions
were selected to enhance economic and environmental sustainability at industrial scale and to minimize the
formation of potentially phytotoxic compounds (Lucian et al., 2018). Superheated steam (350 °C, 28 bar) from the
clinical waste incineration furnace of COGERSA was used as the heat source within a circular approach.
Hydrochar was separated from the aqueous phase by mechanical pressing at 300 bar.

Eighteen experimental plots (12 m? each) under field conditions were established in Gijon, Spain
(43°31'17.3"N, 5°37'22.7"W) (Figure 1), corresponding to six Technosol formulations tested in triplicate. After a
one-month incubation period, all plots were seeded with a commercial mixture of Atlantic grassland species (6
g/m?). The plots were monitored for two years (2023-2025), assessing general soil health and fertility, microbial
biomass, enzymatic activity and respiration, total and available concentrations of metals, organic carbon
fractionation and carbon stock, as well as biomass production. The complex dataset generated from the extensive
soil analyses was evaluated using advanced statistical and machine-learning approaches.

The HTC process induced minimal carbonization, clearly distinguishing hydrochars from typical biochar
produced by conventional pyrolysis of holm oak at 500 °C. Whereas biochar contained ~58% fixed carbon,
hydrochars and vermicompost showed substantially lower values (~9.5-14.8%). Consistently, hydrochars
exhibited O/C (0.32-0.67) and H/C (1.43—1.56) atomic ratios comparable to vermicompost (0.53 and 1.32), and
radically different than biochar (0.11 and 0.40), reflecting a highly functionalized surface. Although biochar
contained on average around 60% more recalcitrant carbon than hydrochar, contributing to a higher C stability
over the time, no significant differences in soil carbon stocks were observed among treatments. In fact, PC-
hydrochar slightly increased carbon stocks, by around 13% on average across all sampling periods.
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Figure 1. Plant growth evolution in experimenfal in-field Technosol plots

Collectively, physicochemical and biological indicators such as microbial respiration (CO.-C), potentially
mineralizable organic nitrogen (SLAN), and aggregate stability to water (VAST) reflect the biological activity,
nutrient availability, and physical condition of Technosols, providing useful insight into ecosystem functioning
and management-related dynamics. Statistically significant differences among Technosols were observed for CO-
C and SLAN, indicating a functional differentiation of the soil microbial community in response to substrate
source. VAST did not differ among soils but varied over time, with higher levels in 2025 than in 2023. CO.-C
showed intermediate levels (33—44 ppm), SLAN remained consistently high (309-346 ppm), and VAST was
within a moderate range (20-22%), in agreement with reference values for sandy loam soils (Oliveira et al., 2024).

Vermicompost and PC-hydrochar caused a pronounced initial increase in microbial biomass and carbon-
related enzyme activities (glucosidase and cellulase), likely driven by labile and lignified carbon fractions.
Although microbial biomass generally declined over time toward levels observed in the unamended Technosol,
enzymatic activities increased in all amended plots, indicating the development of a more efficient and functionally
adapted soil microbial community.

Principal Component Analysis (PCA) showed that differences among plots were greatest at the beginning
of the study, before temporal and weather-related processes led to progressive homogenization. PCA also
identified water-extractable organic carbon (a labile C fraction) as a key variable differentiating plots at the outset;
however, its discriminatory power declined after three months. Additionally, a linear model relating soil carbon
stock to soil health parameters was developed using elastic net regularization with nested cross-validation (10-fold
inner and outer loops). The model revealed that higher Cu availability is associated with a greater proportion of
labile carbon, which is highly degradable and leads to a reduction in soil carbon stocks.

The direct application of waste-derived hydrochar to Technosols diverted approximately 880 kg of organic
residues from landfill, with a mitigation potential of up to 616 kg CO.-equivalent emissions, without adversely
affecting key soil health indicators. Overall, Technosols exhibited favorable functional properties, including high
fertility with strong nitrogen-supply potential, moderate microbial activity indicative of active organic matter
turnover and nutrient cycling, and moderate aggregate stability supporting erosion control, water infiltration and
aeration. These results indicate that the evaluated Technosols, largely composed of waste-derived constituents,
represent a viable and effective approach for sustaining ecosystem processes and supporting plant establishment
within regenerative gardening systems.
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