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Abstract

The recycling of organic waste is a key element of the circular economy, particularly in
response to the increasing generation of biodegradable residues. Composting provides
a sustainable solution that supports waste management while improving soil fertility;
however, its agronomic value depends on the feedstock origin, composting method, and
maturity. This study compares three compost types, two home-produced (C1, C2) and
one industrial (C3), to assess their suitability for agricultural application. The chemical
characterization included macronutrients and micronutrients, heavy metals, and the humus
content, while biological performance was evaluated through seed germination and root
growth tests. C1 was nutrient-poor, especially in nitrogen and calcium, indicating the
need for supplementation. C2 exhibited high potassium and moisture levels but elevated
sodium concentrations, suggesting potential salinity issues. C3 showed high calcium
and magnesium contents, moderate nitrogen, and low sodium, making it suitable for
calcium-demanding crops. Overall, the home-produced composts demonstrated superior
humus quality and more positive effects on plant development than the industrial compost,
highlighting their potential as sustainable soil amendments.

Keywords: circular economy; compost quality; nutrient composition; soil fertility; sustainable
agriculture

1. Introduction
According to the Quebec Bureau of Standardization, compost is defined as a solid,

mature product obtained through composting, an aerobic bio-oxidative process involving
heterogeneous organic substrates and a thermophilic phase [1]. During composting, or-
ganic waste undergoes microbial-driven decomposition and transformation, resulting in a
stabilized material containing more than 25% humus, primarily derived from microbial
biomass. Mature compost exhibits minimal biological activity; does not reheat, generate
odours, or attract insects; and typically presents a carbon-to-nitrogen (C:N) ratio between
10 and 15 [2].

Composting represents a controlled biological oxidation process in which organic mat-
ter is transformed through physical, chemical, biochemical, and microbial mechanisms into
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a homogeneous, humus-like product [2,3]. These transformations are strongly influenced
by aeration and moisture, which govern the stabilization and maturity of the final material.

Accelerated urbanization has significantly increased municipal solid waste (MSW)
generation, including in Romania. In 2022, Romania generated approximately 303 kg of
MSW per capita, while maintaining a low recycling rate (~12%) and landfilling more than
74% of collected waste. This situation highlights the need for integrated waste management
strategies consistent with circular economy and zero-waste principles [4–6], emphasizing
waste prevention, material recovery, and a reduced reliance on landfilling.

The European Union produces an estimated 118–138 million tonnes of bio-waste
annually [7]. In Romania, approximately 3 million tonnes of biodegradable waste are
generated each year, of which about 35% is treated through composting or anaerobic
digestion, with composting remaining the predominant method [8]. Organic waste is
commonly classified into bio-waste (food and garden waste) and biodegradable waste
(including paper, agricultural residues, and sewage sludge), a distinction essential for
optimizing treatment and recovery strategies [9].

Due to the variability in the feedstock composition and processing conditions, the com-
post quality must be assessed prior to agricultural application [10]. In Romania, composting
is practiced at both industrial and household scales. While commercial composts are subject
to certification and regulatory control, household composts generally lack formal quality
assessments [11,12]. Only stable and mature composts contribute positively to soil fertility
and plant growth, whereas immature composts may contain phytotoxic compounds and
pathogenic microorganisms [13,14].

Compost maturity and stability are key quality indicators and are commonly evaluated
using physical, chemical, microbiological, and biological methods [15,16]. Regulatory
frameworks governing compost quality differ internationally, particularly with respect
to heavy metal limits, pathogen control, and maturity criteria. In addition, mineral salts
(Na, K, Ca, and Mg) naturally accumulate during composting and may limit the compost
application depending on crop sensitivity and end uses [17].

In this study, compost quality was evaluated according to Polish regulations, which
require a minimum organic matter content of 30% and specified minimum concentrations
of nitrogen, phosphorus, and potassium [18,19]. Three composts—two home-produced
and one industrial—were assessed using selected chemical and biological indicators to
determine their fertilization potential and suitability for agricultural, horticultural, and
land rehabilitation applications [20]. Compost mixtures were standardized by target
C:N ratios (≈25–30:1) and moisture contents (≈50–60%), ensuring comparability between
composting systems. This approach provides a practical framework for evaluating compost
quality across different operational scales and supports the use of compost as a sustainable
soil amendment.

2. Materials and Methods
2.1. Composting Process Procedure and Organic Inputs

Parts of the experimental data used in this study were previously reported by
Popescu et al. (2025) [14], where the initial chemical characterization of home-produced
composts was presented. The present work extends that research by including addi-
tional compost types, incorporating biological assays (seed germination and root growth
tests), and providing a comparative evaluation of the agronomic suitability of each com-
post. To this end, additional compost quality indicators were introduced, and three com-
posts produced from different organic waste streams using distinct processing approaches
were assessed.
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Two composting methods were applied: aerobic composting (AC) and combined
aerobic–anaerobic composting (AANC). Aerobic composting was carried out primarily in
wooden composters using garden and park residues (grass clippings, leaves, shredded
branches, and plant material), household vegetable waste, paper and cardboard, and
agricultural by-products. The composting mixture (w/w) consisted of 20% grass clippings,
10% leaves, 10% shredded branches, 25% vegetable peels, 15% paper and cardboard,
10% straw, and 10% sawdust, with an initial moisture content of approximately 50% and
an elemental composition of about 0.68% N; 0.10% P; 0.59% K; 0.07% S; and 46.5% C
(C:N ≈ 69:1). All materials were mechanically reduced to particle sizes of 15–40 mm prior
to composting. The mixture was placed in wooden crates and plastic containers, and the
moisture content was monitored and adjusted to 60–70% to maintain optimal microbial
activity (Table 1).

Table 1. Methods used and organic inputs for individual composts (AC: aerobic composting and
AANC: aerobic–anaerobic composting).

Compost Type Organic Inputs Method Ripening Period

C1
Mixture of biological waste (kitchen food
scraps (banana peels, oranges, potatoes)

plus beech sawdust
AANC

Approximately 4 months,
depending on weather conditions,

and included the use of
vermicomposting techniques

C2

Biological mixture waste (kitchen food
scraps (banana peels, oranges, potatoes),

grass clippings, paper, cardboard,
sawdust, vine leaves

AANC
About 4 months depending on

weather conditions and the use of
vermicompost

C3

Biodegradable mixed waste (wood, paper,
cardboard, forestry, agricultural residues),
biodegradable waste (garden, park waste,

food, kitchen waste from households,
restaurants) collected separately by pupils

AC About 6 months depending on
weather conditions

The aerobic–anaerobic composting process was conducted in thermoplastic com-
posters intended for household garden use. Organic materials were size reduced to
15–40 mm and layered sequentially without bulk mixing. The compost maturity was
monitored over a period exceeding six months using temperature measurements, with
a stabilization near ambient temperature following the thermophilic phase serving as a
primary indicator. Additional maturity criteria included a dark brown color, an earthy odor,
a crumbly structure, and the absence of recognizable feedstock particles. Upon reaching
maturity, the compost mass was homogenized and transferred to dark plastic bags to
complete the maturation phase. Variations in compost maturity were observed among the
samples, reflecting differences in the feedstock composition and processing conditions.

Compost samples (100–300 g) were hygienically collected from separate composting
units after the completion of the maturation phase. Each sample was divided into two
subsamples: one was analyzed as fresh compost at its natural moisture content, while the
other was oven-dried at 105 ◦C to a constant mass to determine the moisture content and
to obtain dry material for subsequent physicochemical analyses. Each compost type (C1,
C2, and C3) was evaluated in triplicate, with three independent subsamples collected from
different locations within each composting unit to account for biological variability. For each
replicate, analytical determinations (pH, electrical conductivity, nutrient concentrations,
and germination rate) were performed in duplicate to ensure analytical accuracy and
reproducibility. The compost characteristics are presented in another paper (Popescu et al.,
2025, Sustainability [14]).

https://doi.org/10.3390/su18031604

https://doi.org/10.3390/su18031604


Sustainability 2026, 18, 1604 4 of 15

2.2. The Chemical Characterization of the Compost Samples
2.2.1. Chemical Analysis

Chemical analyses were performed on oven-dried compost samples. The organic
matter (OM) content was determined gravimetrically as the difference between total solids
and ash. Total solids were measured by drying the samples at 105 ◦C to a constant mass,
while the ash content was determined by incinerating the dried material at 550 ◦C for 6 h
in a muffle furnace. The resulting ash was used to quantify macronutrients (Ca, K, Mg,
Na) and micronutrients (Zn, Mn, Cu) by atomic absorption spectrometry. The moisture
content was determined by oven drying at 105 ◦C according to ISO 10390:2021 [21]. Baseline
chemical parameters for composts C1 and C2, previously reported by Popescu et al. [14],
are presented in Table 2 and were used as reference data for this study.

Table 2. Parameters of compost samples C1, C2, and C3.

Physicochemical Parameters C1 C2 C3

pH extract 1:5 (upH) 6.9 7.6 8.2
Conductivity 1:5 (µS/cm) 1982 2450 2782

Moisture content(%) 6.57% 61.67% 59.78%
Ca (mg/kg) 15,313.74 20,569.98 31,176.70
Mg (mg/kg) 1916.60 1909.19 4028.54
Na (mg/kg) 994.44 1519.68 581.90
K (mg/kg) 5249.40 7322.39 5028.67

Zn (mg/kg) 84.99 137.76 144.58
Mn (mg/kg) 279.75 16.81 237.10
Cu (mg/kg) 28.65 23.22 24.80

Particle size (mm) 25 18 20

Home-produced composts (C1 and C2) were included as reference materials from a
previous household-scale experiment [13]. Compost C3 was selected as a representative
industrial aerobic compost produced under controlled aeration, temperature, and moisture.
The inclusion of C3 allowed for a comparative evaluation of composts produced under dif-
ferent operational conditions and scales, reflecting real-world differences between domestic
and industrial systems. While a fully controlled comparison under identical conditions
would isolate process effects more clearly, this was beyond the scope of the present study
and is suggested for future work.

New analyses in the present study included biological assays (seed germination and
root growth), an evaluation of soil–compost mixtures, and the full characterization of C3.
Together, these data enabled an integrated assessment of the compost quality, maturity, and
agronomic performance.

2.2.2. Measurement of pH and Electrical Conductivity

The pH and electrical conductivity (EC) of the composts were measured using a
standardized 1:5 (w/v) compost-to-water extraction. For each sample, 10 g of compost was
mixed with 50 mL of deionized water and stirred for 30 min to ensure a complete interaction
between solid and liquid phases. The suspension was then filtered, and the pH and EC of
the filtrate were measured using calibrated pH and EC meters. This procedure provides a
reliable evaluation of compost properties, facilitating an assessment of its suitability for
agricultural and environmental applications.

2.2.3. Measurement of Total Cations and Trace Minerals

Total cation and trace element contents in compost samples were determined after
microwave-assisted acid digestion. Briefly, 0.5 ± 0.05 g of oven-dried compost was placed
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in a Teflon vessel, to which 6 mL of concentrated nitric acid (65%) and 1 mL of hydrogen
peroxide (30%) were added. Digestion was performed in an Analytik Jena TOPwave
microwave system using a three-stage program: (i) 170 ◦C for 10 min under 40 bar with
a 5 min ramp and (ii) 200 ◦C for 15 min under 40 bar with a 1 min ramp, followed by
cooling. The digested samples were quantitatively transferred to 50 mL volumetric flasks
with ultrapure water (18.2 µS/cm). Concentrations of Ca, Mg, K, Na, Mn, Zn, and Cu were
measured by flame atomic absorption spectroscopy (NO-VAA 300, Analytik Jena, Jena,
Germany). Calibration was performed using ICP Multi-Element Standard Solution XVI
(100 mg L−1, Certipur, Merck, Darmstadt, Germany), with correlation coefficients > 0.995.
All reagents were of spectroscopic grade. Data from previous composting trials [13] were
used as reference values for comparative interpretation.

2.2.4. Biological Assays: Germination and Growth Indices

Compost phytotoxicity was evaluated using two bioassays: the germination index (GI)
and growth index, employing open and closed test configurations. In the open test, seeds
were placed in direct contact with compost, whereas the closed test also captured effects of
compost-emitted gases. Wheat and bean seeds were used in the assays, with garden soil
enriched with mineral fertilizers serving as the reference substrate.

For the closed test, 500 g of compost and 1 g of seeds was evenly distributed across the
pot surface, including edges to monitor root development. In the open test, shoot biomass
was measured, while root length was recorded in the closed test. Compost extracts were
prepared by mixing 10 g of fresh compost with 100 mL of distilled water and stirring for 2 h
at room temperature. For the GI assay, 10 seeds were placed in 10 cm Petri dishes lined with
absorbent paper saturated with 5 mL of extract and incubated in the dark at 25 ◦C for 48 h.
Controls used 5 mL of distilled water. Seed germination was defined as the emergence of a
primary root ≥ 5 mm. All assays were conducted under controlled light and temperature
conditions, and growth was monitored over 7 days. This approach allowed comparison of
compost effects across different seasons and environmental conditions.

Relative seed germination (RSG), relative root growth (RRG), and the germination
index (GI) were then calculated using standard formulas [18]:

RSG (%) =
average number of seeds germinated in compost extract

average number of germinated seeds in control
·100 (1)

RRG (%) =
Average Root Length in Compost Extract

average root length in control
100 (2)

IG (%) =
RSG·RRG

100
(3)

3. Results and Discussion
Organic waste is commonly classified into two main categories: bio-waste and

biodegradable waste, a distinction that supports effective waste management and op-
timized composting processes.

Bio-waste, which is collected separately, includes garden, park, and food waste from
households and restaurants. Biodegradable waste comprises materials such as paper and
cardboard, residues from agricultural and forestry activities, and by-products of municipal
wastewater treatment, including sewage sludge [19].

Because the chemical composition of organic waste varies widely depending on
its source and processing method, the compost quality must be assessed before the
soil application.
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In Romania, composting is practiced both in commercial facilities and household
systems. While certified composts are used in agriculture, horticulture, land reclama-
tion, and urban green spaces, household-produced compost is generally not subject to
quality control.

The results for the two samples are presented in Table 2 and compared with previously
analyzed compost types.

Table 3 presents a comparison of the measured parameters of the compost samples with
the recommended ranges defined by the Compost Quality Alliance (Ontario, Canada) [2],
indicating that the samples generally meet the established quality standards for compost.

Table 3. Features of the compost according to the Compost Quality Alliance in Ontario [2].

Feature Value

Particle size: <25 mm
Moisture content: 40–50%

Total organic matter: >30% on a dry weight basis
C/N Report: <22

pH: 5.5–8.5
Conductivity <7.39 µS/cm
Sodium (Na): <2% relative to dry weight

Soluble salts (of a saturated paste): <4 mS/cm

In this study, the compost quality was evaluated according to Polish standards spec-
ified in the Regulation of the Minister of Agriculture and Rural Development. These
standards require a minimum organic matter content of 30%, as well as minimum concen-
trations of nitrogen (N) and potassium (K2O) of 0.3% and 0.2%, respectively. All analyzed
composts complied with these requirements.

Potassium levels exceeded the minimum threshold in all samples, ranging from 0.5%
in composts C1 and C3 to 0.7% in compost C2, confirming adequate nutrient availability.
Despite variations in the macro- and micronutrient composition, no statistically significant
differences were observed among the composts, and all showed comparable effects on seed
germination and root growth [22].

Carbon (C) and nitrogen (N) play key roles in compost quality, with an optimal initial
C/N ratio between 25 and 30. During aerobic composting, carbon is preferentially lost as
CO2, resulting in a reduced C/N ratio in the final product. Experimental results showed
carbon contents of 13.33% in C1, 22.18% in C2, and 25.12% in C3, indicating substantial
carbon loss, particularly in C1. The lower nitrogen content in C1 reflects the reduced
proportion of biological material used in its preparation.

The bar chart (Figure 1) shows the elemental composition (C, N, H) of the three
compost samples (C1, C2, C3), which are key indicators of compost quality and suitability
for agricultural use. The carbon content was highest in C3 (25.12%), followed by C2
(22.18%) and C1 (13.33%), reflecting differences in the organic matter and decomposition
stage. Nitrogen levels followed a similar trend, C3 (1.52%) > C2 (1.41%) > C1 (1.18%),
indicating C3 as the most nutrient-rich. The hydrogen content was equal in C2 and C3
(3.32%) and lower in C1 (2.22%), suggesting less organic integrity in C1.

The C/N ratio highlighted decomposition and nutrient release dynamics: C1 (≈11.3)
suggests rapid decomposition and immediate nutrient availability, whereas C3 (≈16.5)
indicates slower degradation and sustained nutrient release. C2 showed intermediate
characteristics.
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Figure 1. A graphical representation of the characteristic parameters for C1, C2, and C3.

Overall, C3 is best suited for long-term soil improvement, C2 for general-purpose
use, and C1 for short-term nutrient supplementation. These findings align with previous
reports that less stabilized compost releases nutrients quickly but with a higher risk of
losses and phytotoxicity.

Figure 2 shows the C:N, C:H, and N:H ratios for compost samples C1, C2, and C3,
which indicate the stability, decomposition rate, and nutrient availability.

Figure 2. Variation in C:N, C:H, and N:H ratios for compost examples C1, C2, and C3.

The C:N ratio reflects the decomposition and nitrogen release. C1 had the lowest
ratio (11.29), indicating rapid microbial activity and quick nitrogen availability, suitable
for short-term crop needs. C2 (15.73) showed a balanced decomposition, while C3 (16.52)
decomposed slowly, supporting long-term soil organic matter buildup.

The C:H ratio indicates organic matter stability. C1 (6.00) had the least stable material,
C2 (6.68) was moderately stable, and C3 (7.56) had the most stable organic matter, implying
slower decomposition and lasting soil benefits.

The N:H ratio reflects the nitrogen availability relative to hydrogen. C1 (0.53) had the
highest, making it ideal for immediate fertilization. C2 (0.42) and C3 (0.45) released nitrogen
more gradually, supporting medium- and long-term soil improvement, respectively.

Application recommendations:
C1: Rapid decomposition and high nitrogen contents make it suitable for the fast-

acting fertilization of leafy vegetables, brassicas, and nitrogen-demanding crops, especially
in sandy or nitrogen-deficient soils. The quick nutrient release may limit long-term soil
benefits (Table 4).
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C2: Moderate decomposition and a balanced nutrient release make it ideal for general-
purpose use, fruiting vegetables, root crops, and legumes in loamy soils; it may require
supplemental nitrogen for high-demand crops (Table 4).

C3: Slow decomposition and high organic matter stability favour long-term soil
improvement, suitable for perennial crops, fruit trees, and degraded or clayey soils. This
compost is not recommended for crops needing immediate nutrients (Table 4).

These results align with previous studies, confirming that compost maturity strongly
influences nutrient release, soil improvement potential, and crop suitability.

Table 4. Final summary for the composting type [23–29].

Compost Type Primary Agronomic Function Representative Suitable
Crops Recommended Soil Context

C1
Rapid nutrient mineralization

and short-term fertility
enhancement

Leafy vegetables (e.g., lettuce,
spinach), maize, brassicas

Sandy soils with low nitrogen
availability

C2
Balanced nutrient provision

supporting sustained
plant growth

Solanaceous crops (e.g.,
tomato), root vegetables (e.g.,

carrot, beet), legumes

Loamy soils of moderate
natural fertility

C3
Gradual nutrient release and

long-term improvement of soil
structure and fertility

Perennial crops (e.g., fruit
trees, grapevines)

Clayey, degraded, or acidic
soils requiring structural and

chemical amelioration

3.1. Nutrient Composition and Agronomic Implications

The chemical composition of the three composts (C1, C2, and C3) revealed distinct
profiles with implications for crop fertilization and soil management.

Macronutrients: Sample C1 was characterized by moderate calcium (15.31 g·kg−1),
potassium (5.25 g·kg−1), and magnesium (1.92 g·kg−1), with low sodium (0.99 g·kg−1)
(Figure 3). While the calcium content supports soil structure and crop calcium requirements,
the limited nitrogen and magnesium indicate that additional supplementation may be
needed to sustain vegetative growth and photosynthesis. Sample C2 exhibited the highest
potassium concentration (7.32 g·kg−1), along with elevated calcium (20.57 g·kg−1) and
magnesium (1.91 g·kg−1), making it particularly suitable for potassium-demanding crops,
such as Solanaceae, legumes, and tubers. However, its relatively high sodium content
(1.52 g·kg−1) may pose salinity risks, requiring careful management [30]. Sample C3
presented the most balanced nutrient profile, with high calcium (31.18 g·kg−1), magnesium
(4.03 g·kg−1), and nitrogen (1.52 g·kg−1); moderate potassium (5.03 g·kg−1); and the lowest
sodium (0.58 g·kg−1). This composition supports soil fertility enhancement, structural
improvement, and vigorous vegetative growth while minimizing salinity risks [31–33].

Micronutrients: Mn, Cu, and Zn occur in low concentrations (<0.01% of dry matter)
and are reported in ppm: Mn (167–280), Cu (23–29), and Zn (85–145) (Figure 4). Overall
micronutrient levels were low but within international thresholds [34,35]. Zn was higher
in C2 and C3, potentially benefiting zinc-demanding crops such as cereals due to its role
in enzyme activation, protein synthesis, and hormone regulation. Mn was highest in C1,
suggesting its suitability for vegetables, soybeans, and leafy vegetables. Copper (Cu) levels
were consistently low; given its importance in lignin biosynthesis, enzymatic activity, and
reproduction, external supplementation may be necessary for copper-sensitive species such
as wheat, citrus, and grapevine [34,35].
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Figure 3. The macronutrient composition of the three different samples (C1, C2, and C3).

Figure 4. A graphical representation of the micronutrient content of C1, C2, and C3.

Tables 5 and 6 summarize the key macronutrient and micronutrient implications for
agricultural use.

Agronomic Implications: C3 offers the most comprehensive nutrient profile, mak-
ing it ideal for general soil fertility improvements and crops requiring high structural
and metabolic nutrients. C2 is particularly beneficial for potassium-demanding species
but requires attention to its sodium content. C1, while moderate in calcium and other
macronutrients, is best suited as a supplementary soil conditioner with a minimal salinity
risk [36,37].

https://doi.org/10.3390/su18031604
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Table 5. Agricultural recommendations for the samples.

Applicability C1 C2 C3

Calcium-Dependent Crops �Low Ca ��Medium Ca ��Great Ca
Potassium-Dependent Crops ��Good K ��Great K ��Good K
Magnesium Needs �Low Mg �Low Mg ��Great Mg
Low-Salinity Crops ��Moderate Na �High Na ��Lowest Na
Nitrogen-Dependent Crops �Low N ��Medium N ��Good N

� = Low or unfavorable nutrient level, indicating limited suitability for the specified crop requirement.

�� = Moderate to good nutrient level, indicating adequate suitability for the specified crop requirement.
��= High or optimal nutrient level, indicating excellent suitability for meeting the specified crop requirement.

Table 6. Agricultural implications for the content of Zn, Cu, and Mn.

Applicability C1 C2 C3

Zinc (Zn) Needs �Lowest Zn ��High Zn ��High Zn
Manganese (Mn) Needs ��Great Mn �Lowest Mn ��Medium Mn
Copper (Cu) Needs �Low Cu �Low Cu �Low Cu

� indicates a low micronutrient content with limited agronomic relevance for that specific need. �� indi-
cates a medium to high micronutrient content, adequate for addressing the specific nutritional requirement.
��indicates a very high micronutrient content, highlighting strong suitability or enhanced effectiveness for the
targeted requirement.

Table 6 summarizes the potential agricultural implications of Zn, Cu, and Mn in the
compost samples.

Sample C1 is best suited for manganese-demanding crops, such as soybeans, vegeta-
bles, and leafy vegetables, while C2 and C3, with higher zinc levels, favour zinc-demanding
cereals like wheat, maize, and rice. Copper was low in all samples, suggesting supplemen-
tal copper fertilization may be needed. Elevated Zn may enhance the crop micronutrient
status but risks soil accumulation, whereas the high Mn level in C1 supports enzymatic
activity and redox balance but could cause phytotoxicity in acidic soils. These findings
inform nutrient management to ensure crop performance and long-term soil health [38–40].

3.2. Effect of Moisture Variation in Compost Samples

The raw materials for composting initially had moisture contents above the opti-
mal 65%, mainly due to high-water fruits and vegetables typical of southern European
household waste. Adding sawdust, cardboard, and paper improved the porosity and
airflow, preventing anaerobic pockets. Sample C1 was too dry at 6.57%, likely from out-
door conditions and excess sawdust, while C3 had a balanced 59.78% moisture, ideal for
cereal crops.

Sample C2 (61.67% moisture) was unsuitable for moisture-sensitive crops like beans,
while C1 (6.57%) was extremely dry, likely representing mineral or desiccated soil. The
high moisture level in C2 and C3 (59.78%) suggests water-retentive materials from organic-
rich or wet soils. The physicochemical analysis (Tables 2–6) showed a pH of 7.4–8.1; an
EC of 2.1–4.3 mS cm−1; and C/N ratios decreasing from ~25:1 to 14:1, indicating stable,
humified compost. Sprout and root tests showed that wheat growth favoured substrates
with balanced moisture; excess or low moisture levels impeded growth (Figures 5 and 6).
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Figure 5. Soil, soil and compost, and compost samples for closed test.

 
Figure 6. Wheat germination after two (a), four (b), and seven (c) days.

Compost must meet environmental safety regulations and be produced from
biodegradable, rapidly decomposing materials. Stability and maturity are key: mature
compost is microbially stable, low in volatile substances, and has a suitable C:N ratio
(generally 15–20). Moisture strongly affects decomposition: <30% halts microbial activity,
and >65% promotes anaerobic conditions, with 45–65% being optimal [40–44].

C1 is low moisture and requires supplementation, while C2 and C3 have sufficient
moisture for hydrophilic crops, likely reflecting clay-rich or wetland origins. Table 7
recommends conditioning C1 before use, while C2 and C3 are suitable for high-water-
demand crops.
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Table 7. Final conclusions for the three samples.

Applicability C1 (Dry, 6.57%) C2 (Wet, 61.67%) C3 (Wet, 59.78%)

Drought-Tolerant Crops ��Great �Not Ideal �Not Ideal
Water-Retaining Crops
(e.g., rice, leafy greens)

�Not Suitable ��Great ��Great

Indicates Arid/Dry Soil ��Yes �No �No
Indicates High-Moisture Soil �No ��Yes ��Yes

�= Not suitable or unfavorable condition for the specified crop or soil characteristic.��= Suitable or favorable

condition, adequately meeting the specified crop or soil requirement.��= Highly suitable or optimal condition,
indicating excellent performance under the specified moisture regime.

3.3. Plant Growth Assays and Stability Tests

Plant growth assays were conducted using open and closed pot tests with wheat and
beans, comparing compost samples to the reference soil. Open tests measured the plant
weight, while closed tests tracked the root length and gas effects [43–45]. After seven days,
the growth on C1, C2, and C3 composts was satisfactory, comparable to the reference soil,
confirming their stability and suitability for cultivation (Figures 6 and 7). Biological assays
like the GI provide a valuable complement to chemical analyses for assessing compost
maturity [46–48].

 
Figure 7. The evaluation of germination with the open test.

Stability tests showed germination index (GI) values of 80% for all three composts,
indicating acceptable maturity. A GI above 80% generally signifies mature, non-phytotoxic
compost, while values over 100% suggest a positive effect on seed growth. Although rapid and
sensitive, GI tests are labour-intensive, species-dependent, and lack standardized thresholds.

In the open test, the sprout weight (2–4 g) reflected substrate stability, while in the
closed test, the root growth was greatest in the soil–compost mix, moderate in soil (limited
by dryness), and lowest in the pure compost (excess moisture). Wheat grew slightly without
intervention in the soil–compost mix, was hindered by the high moisture in the compost,
and was limited by the low moisture level in the soil after 7 days (Figures 6 and 7).

An RRG score of 80% is classified as “very good,” indicating a strong alignment
between objectives and outcomes, but should be interpreted in context with the assessment
tool, population, and research goals [49,50]. It reflects practical significance rather than full
theoretical validation. This study also highlights limitations in current compost assessment
methods, showing that maturity can vary depending on the evaluation index used.

4. Conclusions
The compost chemical composition was influenced primarily by organic inputs rather

than by the composting technology. Composts obtained from biological waste through
the INAC process were characterized by comparatively low concentrations of nutrients
and organic matter; nevertheless, they exhibited favourable indicators of biochemical
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stability and maturity. However, commonly employed metrics for assessing compost
stability and maturity—such as the carbon-to-nitrogen (C:N) ratio—are not supported by
universally accepted threshold values and, when applied in isolation, do not adequately
capture the complexity of the compost quality. Consequently, a reliance on single-parameter
indices may lead to incomplete or misleading evaluations of compost performance and
agronomic suitability.

A comprehensive compost quality assessment requires the integration of chemical,
physicochemical, and biological indicators, as single-parameter indices such as the C:N ra-
tio are insufficient to capture compost maturity and stability. Biological assays and detailed
chemical profiling provide more reliable evaluations of compost performance. Agronom-
ically, composts represent cost-effective, locally available soil amendments that enhance
soil fertility, support sustainable waste management, and reduce the reliance on mineral
fertilizers. The three compost types evaluated exhibit distinct functional characteristics: C1
provides rapid nitrogen availability and is suitable for short-term soil enrichment under
arid or degraded conditions but requires careful management to avoid nutrient imbal-
ance; C2 offers balanced nutrient release and moisture retention, making it appropriate for
intensively cultivated soils, although its elevated sodium content necessitates salinity con-
trol; and C3 supports long-term soil quality improvements through slow nutrient release
and high calcium and magnesium contents, making it particularly suitable for sensitive
agroecosystems and soil restoration. Optimizing compost applications by matching the
compost type to soil properties and crop requirements enhances nutrient use efficiency,
minimizes environmental risks, and supports circular bioeconomy strategies focused on
resource recovery and sustainable agricultural productivity.

Author Contributions: Conceptualization, I.-S.P. and C.I.C.-M.; methodology, I.-S.P., V.-C.N., and
C.I.C.-M.; software, I.-S.P. and V.-C.N.; validation, I.-S.P., V.-C.N., and C.I.C.-M.; formal analysis,
I.-S.P., V.-C.N., C.S, ., and C.I.C.-M.; investigation, I.-S.P., V.-C.N., C.S, ., and C.I.C.-M.; resources,
C.I.C.-M.; data curation, V.-C.N. and C.I.C.-M.; writing—original draft preparation, I.-S.P., V.-C.N.,
and C.I.C.-M.; writing—review and editing, I.-S.P., V.-C.N., and C.I.C.-M.; visualization, V.-C.N. and
C.I.C.-M.; supervision, C.I.C.-M.; project administration, V.-C.N. and C.I.C.-M.; funding acquisition,
V.-C.N. and C.I.C.-M. All authors have read and agreed to the published version of the manuscript.

Funding: Part of this work has been funded by the National University of Science and Technology
Politehnica Bucharest.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Acknowledgments: Part of this work has been conducted by the National University of Science and
Technology Politehnica Bucharest; the other part was conducted under NUCLEU Program Financing
Contract no. 20N/05.01.2023, Project PN 23150402 and Project PN 23150401 funded by the Romanian
Ministry of Education and Research. The authors are grateful to Anca Zaharioiu, from the National
Research and Development Institute for Cryogenic and Isotopic Technologies-ICSI Rm. Valcea, for
the elemental analysis.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Compost Council of Canada. Technologies and Practical Modalities of Composting: Guide of Authorities; Compost Council of Canada:

Toronto, ON, Canada, 1995; ISBN 1-896471-03-X.
2. Compost Council of Canada. Composting Processing Technologies; Canada Compost Council: Toronto, ON, Canada, 2006.

https://doi.org/10.3390/su18031604

https://doi.org/10.3390/su18031604


Sustainability 2026, 18, 1604 14 of 15

3. Goldstein. Modern Composting Technologies; The JG Press Inc.: Emmaus, PA, USA, 2005.
4. Woods End. Solvita Compost Quality Seal of Approval Program; Document 2.0; Woods End Research Laboratory, Inc.: Augusta, ME,

USA, 2000.
5. Haug, R.T. The Practical Handbook of Compost Engineering; Routledge: London, UK, 2002.
6. Diaz, L.F.; de Bertoldi, M.; Bidlingmaier, W.; Stentiford, E. (Eds.) Compost Science and Technology, 2nd ed.; Elsevier: Amsterdam,

The Netherlands, 2011.
7. Forgie, D.J.; Sasser, L.W.; Neger, M.K. Compost Plant Requirements Guide: How to Comply with Part 5 of Regulation on the Recycling of

Organic Matter; Ministry of Water, Land and Air Protection: Nanaimo, BC, Canada, 2004.
8. Paul, J.; Geesing, D. Compost Plant Operator’s Manual; Transform Compost Systems Ltd.: Abbotsford, BC, Canada, 2009.
9. North-East Regional Agricultural Engineering Service. Field Guide for On-Farm Composting; Northeast Regional Agricultural

Engineering Service: Ithaca, NY, USA, 1992; NRAES-114.
10. North-East Regional Agricultural Engineering Service. Composting for Municipalities—Planning and Design Considerations; North-

east Regional Agricultural Engineering Service: Ithaca, NY, USA, 1994; NRAES-94.
11. Gao, M.; Liang, F.; Yu, A.; Li, B.; Yang, L. Evaluation of stability and maturity during forced surface composting of chicken

manure and sawdust at different ratios C/N. Chemosphere 2010, 78, 614–619. [CrossRef]
12. López, M.; Huerta-Pujol, O.; Martínez-Farré, F.X.; Soliva, M. Approaching compost stability from Klason lignin modified method:

Chemical stability degree for OM and N quality assessment. Resour. Conserv. Recycl. 2010, 55, 171–181. [CrossRef]
13. Jakubus, M. Evaluation of maturity and stability parameters of composts prepared with sewage sludge. Fresen. Environment. Bull.

2013, 22, 3398–3414. Available online: https://www.researchgate.net/publication/281925540_Evaluation_of_maturity_and_
stability_parameters_of_composts_prepared_with_sewage_sludge (accessed on 20 June 2025).

14. Popescu, I.-S.; Covaliu-Mierlă, C.I.; Niculescu, V.-C.; S, andru, C. Home Composting: A Sustainable Solution at Community Level.
Sustainability 2025, 17, 3368. [CrossRef]

15. Law No. 181 of 19 August 2020 on the Management of Compostable Non-Hazardous Waste, Published in the Official Monitor No.
762 of August 20, 2020. Available online: https://legislatie.just.ro/Public/DetaliiDocument/229273 (accessed on 20 June 2025).

16. Regulation of the Minister of Agriculture and Rural Development of 18 June 2008. J. Laws 2008, 119, 765. Available online:
https://dziennikustaw.gov.pl/du/2008/s/119/765?utm_source=chatgpt.com (accessed on 23 June 2025).

17. Recycling and Composting of Municipal Waste, Ontario Regulation 101/94, Developed Under the Environmental Protection Act.
Available online: https://www.ontario.ca/laws/regulation/940101 (accessed on 17 December 2024).

18. Azim, K.; Soudi, B.; Boukhari, S.; Perissol, C.; Roussos, S.; Alami, T. Composting parameters and compost quality: A review of
the literature. Org. Agric. 2018, 8, 141–158. [CrossRef]

19. Constantinescu, M.; Bucura, F.; Ionete, R.-E.; Niculescu, V.-C.; Ionete, E.I.; Zaharioiu, A.; Oancea, S.; Miricioiu, M.G. Comparative
Study on Plastic Materials as a New Source of Energy. Mater. Plast. 2019, 56, 41–46. [CrossRef]

20. Brady, N.C.; Weil, R.R. The Nature and Properties of Soils, 15th ed.; Pearson: London, UK, 2016.
21. ISO 10390:2021; Soil, Treated Biowaste and Sludge—Determination of pH. International Organization for Standardization:

Geneva, Switzerland, 2021. Available online: https://www.iso.org/standard/75243.html (accessed on 22 June 2025).
22. Fageria, N.K.; Baligar, V.C.; Jones, C.A. Growth and Mineral Nutrition of Field Crops, 3rd ed.; CRC Press: Boca Raton, FL, USA, 2011.
23. Bernal, M.P.; Alburquerque, J.A.; Moral, R. Composting of animal manures and chemical criteria for compost maturity assessment—

A review. Bioresour. Technol. 2009, 100, 5444–5453. [CrossRef]
24. Geisseler, D.; Harmon, M.; Smith, R.F.; Brennan, E.B. Predicting soil nitrogen dynamics after incorporating cereal cover crop

residues. Nutr. Cycl. Agroecosyst. 2026, 132, 1. [CrossRef]
25. Mahapatra, S.; Ali, M.H.; Samal, K. Assessment of compost maturity-stability indices and recent development of composting bin.

Energy Nexus 2022, 6, 100062. [CrossRef]
26. Food and Agriculture Organization (FAO). Soil Nutrient Management for Sustainable Agriculture. 2021. Available online:

https://www.fao.org (accessed on 20 June 2025).
27. Havlin, J.L.; Tisdale, S.L.; Nelson, W.L.; Beaton, J.D. Soil Fertility and Fertilizers: An Introduction to Nutrient Management, 8th ed.;

Pearson: London, UK, 2016.
28. Rengel, Z. Nutrient Use Efficiency in Plants: Concepts and Approaches; Springer: Berlin/Heidelberg, Germany, 2015.
29. Sandru, C.; Iordache, M.; Radulescu, A.M.; Zgavarogea, R.I.; Ionete, R.E. Hydrochemical characterization and quality of surface

water from Olt River, Romania. Smart Energy Sustain. Environ. 2020, 23, 35–46. [CrossRef]
30. Wairich, A.; De Conti, L.; Lamb, T.I.; Keil, R.; Neves, L.O.; Brunetto, G.; Sperotto, R.A.; Ricachenevsky, F.K. Throwing Copper

Around: How Plants Control Uptake, Distribution, and Accumulation of Copper. Agronomy 2022, 12, 994. [CrossRef]
31. Xu, E.; Liu, Y.; Gu, D.; Zhan, X.; Li, J.; Zhou, K.; Zhang, P.; Zou, Y. Molecular Mechanisms of Plant Responses to Copper: From

Deficiency to Excess. Int. J. Mol. Sci. 2024, 25, 6993. [CrossRef]
32. Chisté, L.; Silva, C.A.; Rabêlo, F.H.S.; Jindo, K.; Melo, L.C.A. Evaluating Copper-Doped Biochar Composites for Improving Wheat

Nutrition and Growth in Oxisols. Agronomy 2025, 15, 144. [CrossRef]

https://doi.org/10.3390/su18031604

https://doi.org/10.1016/j.chemosphere.2009.10.056
https://doi.org/10.1016/j.resconrec.2010.09.005
https://www.researchgate.net/publication/281925540_Evaluation_of_maturity_and_stability_parameters_of_composts_prepared_with_sewage_sludge
https://www.researchgate.net/publication/281925540_Evaluation_of_maturity_and_stability_parameters_of_composts_prepared_with_sewage_sludge
https://doi.org/10.3390/su17083368
https://legislatie.just.ro/Public/DetaliiDocument/229273
https://dziennikustaw.gov.pl/du/2008/s/119/765?utm_source=chatgpt.com
https://www.ontario.ca/laws/regulation/940101
https://doi.org/10.1007/s13165-017-0180-z
https://doi.org/10.37358/MP.19.1.5119
https://www.iso.org/standard/75243.html
https://doi.org/10.1016/j.biortech.2008.11.027
https://doi.org/10.1007/s10705-025-10454-0
https://doi.org/10.1016/j.nexus.2022.100062
https://www.fao.org
https://doi.org/10.46390/j.smensuen.23120.80
https://doi.org/10.3390/agronomy12050994
https://doi.org/10.3390/ijms25136993
https://doi.org/10.3390/agronomy15010144
https://doi.org/10.3390/su18031604


Sustainability 2026, 18, 1604 15 of 15

33. Tamm, L.; Thuerig, B.; Apostolov, S.; Blogg, H.; Borgo, E.; Corneo, P.E.; Fittje, S.; de Palma, M.; Donko, A.; Experton, C.; et al. Use
of Copper-Based Fungicides in Organic Agriculture in Twelve European Countries. Agronomy 2022, 12, 673. [CrossRef]

34. SR ISO 11465:1998; Soil Quality—Determination of Dry Matter and Water Content as a Function of Mass—Gravimetric Method.
International Organization for Standardization: Geneva, Switzerland, 1998.

35. European Commission. Commission Implementing Regulation (EU) 2021/1165 of 13 July 2021 establishing rules for the imple-
mentation of organic production and labelling of organic products with regard to production, labelling, control and import. Off. J.
Eur. Union 2021, L 249, 1–206. Available online: https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32021R1165
(accessed on 20 June 2025).

36. De Boni, A.; Melucci, F.M.; Acciani, C.; Roma, R. Community composting: A multidisciplinary evaluation of an inclusive,
participative, and eco-friendly approach to biowaste management. Clean. Environ. Syst. 2022, 6, 100092. [CrossRef]

37. Wu, Y.; Wu, Z.; Jiang, S.; Lu, S.; Zhou, N. Elemental Stoichiometry (C, N, P) of Soil in the Wetland Critical Zone of Dongting Lake,
China: Understanding Soil C, N and P Status at Greater Depth. Sustainability 2022, 14, 8337. [CrossRef]

38. Corradini, E.; Dreibrodt, S.; Erkul, E.; Groß, D.; Lübke, H.; Panning, D.; Pickartz, N.; Thorwart, M.; Vött, A.; Willershäuser, T.;
et al. Understanding Wetlands Stratigraphy: Geophysics and Soil Parameters for Investigating Ancient Basin Development at
Lake Duvensee. Geosciences 2020, 10, 314. [CrossRef]

39. Herrero, J.; Jiménez-Ballesta, R.; Castañeda, C. The Clay Minerals in the Soils of the Gypseous Belt of Barbastro, NE Spain. Land
2024, 13, 1415. [CrossRef]

40. Rodríguez-Espinosa, T.; Navarro-Pedreño, J.; Gómez Lucas, I.; Almendro Candel, M.B.; Pérez Gimeno, A.; Zorpas, A.A. Soluble
Elements Released from Organic Wastes to Increase Available Nutrients for Soil and Crops. Appl. Sci. 2023, 13, 1151. [CrossRef]

41. Jakubus, M.; Bakinowska, E. Practical applicability of the germination index evaluated by logistic models. Compost. Sci. Util.
2018, 26, 104–113. [CrossRef]
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