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Abstract

Wood biomass ash (WBA) from thermal power plants is often landfilled despite its po-
tential as a secondary raw material. This study adopts a circular economy perspective
to assess the physicochemical properties, valorization potential, and environmental risks
of WBA, aiming to support its use in agriculture and environmental management. Com-
prehensive characterization included pH, cation exchange capacity (CEC), proximate and
elemental composition, and selected organic contaminants, including polycyclic aromatic
hydrocarbons (PAHs). The WBA exhibited a strongly alkaline pH (10.55), moderate CEC
(4.36 cmol kg−1), and high ash content (78.32%), with lower nutrient content than other
biomass ashes. Major elements included Ca (6.84%), K (2.90%), and Si (3.19%), while
nitrogen was absent. Potentially toxic elements (PTEs) such as As, Cd, and Ni were below
detection limits; Cr, Cu, Pb, and Zn remained within most regulatory thresholds, although
Zn exceeded some limits. ΣPAHs were low (0.05 mg·kg−1), indicating minimal environ-
mental concern. Despite reduced nutrient richness, the ash demonstrated suitability as a
liming agent and supplementary nutrient source, provided that Zn levels are managed and
nitrogen is supplemented. These results support the redirection of WBA from disposal to
beneficial use, advancing circular economy goals and contributing to more sustainable and
resilient agricultural systems.

Keywords: circular economy; valorization; waste management; risk assessment

1. Introduction
The use of biomass derived from forests for bioenergy is on the rise, motivated by the

need to reduce reliance on fossil fuels and achieve the objectives of carbon neutrality [1,2].
The growing transformation of forest chips and by-products from the forestry industry into
energy is boosting the production of wood biomass ash (WBA) [3]. In practice, the majority
of this ash ends up in landfills, with only a minimal portion being recycled, thus placing a
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considerable strain on land resources and the environment. Transformation of WBA into
construction materials [4,5], catalysts [6], enhancers of geotechnical soil properties [7], and
soil amendments and fertilizers [8,9], among others, can transform waste into valuable raw
ingredients. This strategy represents an environmentally sustainable method to mitigate
the challenges associated with waste disposal, a longstanding issue that has presented
notable difficulties for government agencies [10]. The use of WBA in agriculture has been a
topic of research for a long time. As early as 1875, the phosphorus content and fertilizer
benefits were examined [11], and even after 150 years, studies continue, such as those
investigating WBA’s impact on soil properties and plant development [12,13].

WBA shows potential as a promising material for use as a soil conditioner and an
alternative nutrient source for agricultural soils. It plays a role in improving soil quality and
aiding environmental remediation, underscoring its capacity as a sustainable solution to
tackle soil degradation and advance environmental sustainability in agricultural and ecolog-
ical systems [14–16]. WBA improves soil quality by adjusting pH levels, improving water
retention, and increasing the availability of essential macronutrients through stimulation of
microbial activity [17,18]. WBA has also been reported to improve soil microbial functions
and alter the composition of the microbial community; these advantageous impacts largely
depend on the type and amount of WBA used [19,20]. Additionally, the nutritional com-
position of WBA is significantly influenced by the type of tree species utilized, the source,
whether it is bark or wood, and the effectiveness of the combustion process [21]. Moreover,
WBA supports carbon sequestration by improving the organic matter humification process,
thus increasing the stability of carbon in soils [22,23]. However, the reported properties and
effects of biomass ashes vary substantially due to differences in biomass source, combustion
conditions, and environmental context, and existing research often emphasizes selected
parameters rather than providing a decision-relevant evaluation combining material char-
acterization with contaminant screening and environmental acceptability. This variability
and fragmented assessment hinder a consistent evaluation of WBA quality and its safe
valorization potential, highlighting the need for systematic investigation.

The European Green Deal aims to promote the recycling of limited resources and
stresses the objective of zero pollution. In alignment with this initiative, WBA should be
recognized as a resource, but its use should not result in environmental pollution [12].
WBAs contain potentially toxic elements (PTEs) derived from the wood biomass utilized in
combustion. As trees grow, they absorb PTEs from the soil [24,25]. The overall composition
of PTEs in the soil is the result of the combined concentrations of elements originating from
minerals in the geological parent material that form the soil (lithogenic source) and various
potential anthropogenic contributions (contamination) [26]. Therefore, geographically
and across different locations, the levels of PTEs vary significantly according to how
much trees can absorb from the soil. Even in rural regions, forests have been exposed
to PTEs [27]. Persistent organic pollutants, such as polycyclic aromatic hydrocarbons
(PAHs), may also be present due to incomplete combustion or transformations within the
flue gas pathway [28,29]. In addition, its high alkalinity and low N content might also
cause some negative effects [30,31]. Therefore, despite its resource recovery potential, the
variability in contaminant content and the possibility of adverse soil and environmental
effects necessitate a comprehensive risk evaluation to ensure that the WBA application is
consistent with zero-pollution objectives and regulatory requirements.

The growing reliance on biomass for heat generation has led to a substantial increase
in WBA production, much of which is still disposed of in landfills without considering its
resource potential [32]. This approach opposes the objectives of sustainable waste man-
agement and the core principles of the circular economy, which focus on the recovery and
reuse of materials. Although numerous studies have investigated selected physicochemical
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properties or agronomic effects of WBA, comprehensive evaluations that simultaneously
integrate detailed material characterization, contaminant screening, regulatory-based risk
interpretation, and comparative assessment with other biomass ash types remain limited.
Therefore, the present study provides a systematic assessment of the WBA generated by
heating energy plants, with particular emphasis on its chemical composition, physicochem-
ical properties, and environmental risk profile. By analyzing a wide range of parameters,
including pH, cation exchange capacity (CEC), proximate composition (water content,
volatile matter, ash content, and fixed carbon), nutrients, PTEs, and PAHs, and evaluating
associated environmental risks against relevant regulatory thresholds, this study generates
a comprehensive dataset to support evidence-based decision-making on the utilization of
WBA. Furthermore, by combining original analytical data with structured comparison with
the existing literature, this comprehensive analysis provides a decision-oriented analysis
of the advantages and limitations of WBA valorization and facilitates informed strategies
to redirect it from landfills towards advantageous uses in agriculture and environmental
remediation. This research is part of a wider effort to cycle resources more efficiently and
improve the sustainability of bioenergy systems.

2. Materials and Methods
2.1. WBA Background

The WBA analyzed in this study was obtained from the Municipal Heating Energy
Company in Olsztyn (MPEC Olsztyn, Poland) as a by-product of the combustion of wood
chips used as biomass fuel (Figure 1c), with the resulting ash shown in Figure 1d. The
biomass consisted of forest harvesting residues that comprised mainly mechanically shred-
ded branches and other non-usable above-ground parts of trees. The material originated
from forests located in the Warmian–Masurian Voivodeship (Napiwodzko–Ramucka Forest,
Poland), an area of approximately 150 km2 dominated by coniferous stands. The predomi-
nant species included Scots pine (Pinus sylvestris L.) and Norway spruce (Picea abies (L.)
H. Karst.). The chips are incinerated in a biomass boiler at the Kortowo-Bio heating plant,
which has been in operation since 2019 and combusts approximately 50,000 Mg of wood
chips annually [33]. Combustion in the boiler chamber is conducted at 800–900 ◦C. The
WBA sample intended for analysis was obtained as a collective sample from a week’s
operation of the bio-heating plant in the 2023–2024 heating season. After being transported
to the laboratory, the material was dried at room temperature and thoroughly mixed to
homogenize the composition.

2.2. WBA Characterization

The collected WBA samples were air-dried at room temperature, gently disaggregated,
and sieved to <2 mm. The sieved WBA was thoroughly homogenized by manual mixing
prior to preparation of analytical aliquots. Representative portions for each analysis were
taken from the homogenized bulk sample. The pH of WBA was measured using a glass
electrode in a 1:10 ash-to-deionized water suspension after one hour of shaking using
a benchtop multiparameter meter (inoLab Multi 9430 IDS, WTW, Weilheim, Germany).
Cation exchange capacity (CEC) was determined using the ammonium acetate method,
which involved percolation with ammonium acetate, subsequent extraction with sodium
chloride (NaCl) (ISO/TS 2217, 2023 [34]), and quantification of ammonium ions (NH4

+) by
spectrophotometry (SpectraMax® 190, Molecular Devices, San Jose, CA, USA). Proximate
analysis, including the determination of moisture content, volatile matter, ash content, and
fixed carbon, was conducted using a thermogravimetric multi-analyzer system TGA801
(Leco, Mönchengladbach, Germany) according to ASTM D1762-84 (2021) [35].
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Figure 1. (a) Location of the Municipal Heating Energy Company in Olsztyn (MPEC Olsztyn, Poland);
(b) heating energy facility where biomass combustion and ash generation occur; (c) wood chips used
as fuel; (d) WBA obtained as the combustion by-product.

The chemical composition of the ash was determined using a wavelength-dispersive
X-ray fluorescence (WDXRF) spectrometer ZSX Primus IV (Rigaku, Tokyo, Japan) operated
with SQX software (version 3.43, Rigaku Corporation, Tokyo, Japan), which allows for the
quantification of elements ranging from fluorine (F) to uranium (U), with detection limits
ranging from parts per million (ppm) to 100%. Quantification was performed using funda-
mental parameter calibration with matrix correction and verified using certified reference
materials and replicate analyses (RSD < 5%). The detection limit was 1–10 mg·kg−1 for
trace elements; limits of quantification (LOQs) were defined as 10× the standard deviation
of blanks. PAHs were quantified according to the method described by Al Souki et al. [36].
For extraction and cleanup, acetone and hexane were used as extraction solvents, and
cyclohexane was used for solvent exchange and concentration; purification was performed
using HCl-activated copper and silica gel. Instrumental analysis was carried out using a GC
7890B gas chromatograph coupled to an MS 7000D triple quadrupole mass spectrometer
(Agilent Technologies, Santa Clara, CA, USA). The system was equipped with a splitless
double-taper UI liner and a DB-EUPAH capillary column (20 m × 0.18 mm, 0.14 µm. He-
lium (purity 5.5) was used as the carrier gas, and nitrogen (purity 6.0) served as the collision
gas. A total of sixteen EPA priority PAHs [37] were targeted in the analysis. Quantification
was based on multi-point calibration with internal standards (r2 ≥ 0.995). Method blanks,
matrix spikes, and duplicate samples were analyzed with each batch. Detection limits
for individual PAHs ranged from 0.1 to 0.5 µg·kg−1, and LOQs were defined as 10× the
standard deviation of replicate low-level spikes.

3. Results and Discussion
3.1. WBA Characteristics
3.1.1. Basic Physicochemical and Proximate Characteristics of WBA

The proximate composition and CEC of the WBA were evaluated and compared to
the values reported for other biomass ashes (Table 1), with corresponding literature sources
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provided therein. The WBA examined in this study exhibited a CEC of 4.36 ± 0.37 cmol kg−1,
which is substantially lower than the CEC reported for several other biomass ashes. For
example, Canadian wood ash showed a considerably higher CEC of 59.8 cmol kg−1, while
rice husk ash and rice mill ash had values of 40.0 and 17.64 cmol kg−1, respectively. Even sago
bark ash, derived from a woody biomass source such as this ash, presented a significantly
higher CEC of 13.13 cmol kg−1. In comparison with the feedstocks, the CEC in the current
study is quite low (4.36 ± 0.37 cmol kg−1). Several reasons could be behind this value. To
begin with, the elevated combustion temperature (800–900 ◦C) might have destroyed the
majority of the organic functional groups (COOH, OH, and phenolic groups) that contribute
to the cationic exchange property of the product. Such temperatures normally result in an
ash that is dominated by crystalline mineral phases (oxides, carbonates, and silicates), which
possess low surface charge and therefore low CEC [38]. Another possible reason could be
the low residual or fixed carbon (FC = 5.83 ± 0.19%). It is well known that CEC in ash is
strongly associated with unburned carbon fractions. The relatively low fixed carbon content
indicates efficient combustion, leaving little amorphous carbon surface that is capable of
contributing to augmenting the exchange sites [39]. Its agronomic potential can be enhanced
when applied in conjunction with organic amendments or materials that exhibit higher CEC,
especially in soils with low buffering capacity.

Table 1. Proximate composition and CEC of the WBA studied compared to selected biomass ashes.

Ash Type CEC
(cmol kg−1) WC (%) VM (%, DM) Ash (%, DM) FC (%, DM) References

WBA (current study) 4.36 ± 0.37 6.72 ± 0.18 15.86 ± 0.56 78.32 ± 0.46 5.83 ± 0.19 This study

Canadian wood ash 59.8 ng 20 70.4 9.6 Manirakiza et al. [13]

Mix biomass ash a ng ng 1.17 98.67 0.11 Wu et al. [40]

High-carbon wood ash ng ng 19.63 26.15 ng Williams & Thomas [41]

Sago Bark Ash 13.13 ng ng ng ng Hamidi et al. [42]

Rice husk ash 40.0 ng ng 96.0 ng Severo et al. [43]

Rice mill ash 17.64 ng ng ng ng Alvarez-Campos
et al. [44]

CEC: cation exchange capacity; WC: water content; VM: volatile matter; DM: dry mass; FC: fixed C; a: agricultural
and woody biomass; ng: not given; ±: standard deviation.

After air-drying at ambient temperature, the WBA had a water content of 6.72 ± 0.18%.
The initial moisture content was higher, as expected for fresh ash stored under typical
environmental conditions. This drying procedure was essential to ensure uniformity in sub-
sequent analyses and to simulate the ash’s behavior under practical handling, storage, and
application conditions. Although data on moisture content for the other referenced ashes
are limited, the final low moisture level indicates favorable manageability for transport and
incorporation into agricultural or environmental uses. The volatile matter (VM) content in
the analyzed WBA was 15.86 ± 0.56% on a dry basis, signifying the presence of residual
organic compounds or partially combusted materials. This percentage is lower than that
found in Canadian wood ash (20%) and high-carbon wood ash (19.63%) but markedly
higher than the VM reported for mixed biomass ash composed of agricultural and woody
feedstocks, which contained only 1.17%. Forest residues (branches and bark fractions) may
burn less uniformly and consequently leave small amounts of volatile organic compounds
in the ash [45]. From the perspective of valorization, the VM may affect both the chemical
reactivity of the ashes and their interactions with soil microbial communities [46]. While
the VM level is moderate, it should be considered when assessing the ashes’ suitability for
land application, particularly where stability and minimal organic residues are prioritized.
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The ash content measured in the targeted WBA was 78.32 ± 0.46% on a dry basis,
indicating a large proportion of inorganic residue remaining after combustion. This figure
exceeds that of Canadian wood ash, which had 70.4%, and is substantially greater than
high-carbon wood ash’s 26.15%, reflecting the latter’s higher organic residue content.
Conversely, the ash content was lower than that of mixed biomass ash (98.67%) and rice
husk ash (96.0%), both known for highly mineralized residues due to their feedstock
composition and combustion efficiency. The elevated combustion temperature might have
induced almost full oxidation of lignocellulosic material. Nevertheless, inorganic residues
are predominantly left [47]. In addition, the increase in the final ash proportion could be
due to the fact that branches and bark were the combusted parts of the trees. It is known
that these parts contain a higher mineral content than the stem wood [48]. This level of
ash content suggests potential as a mineral-rich soil amendment capable of supplying
base-forming elements, though it also indicates that combustion, while efficient, may not
have been entirely complete. The fixed carbon (FC) content of the WBA was 5.83 ± 0.19%
on a dry basis. This is less than the 9.6% reported for Canadian wood ash but notably
higher than the 0.11% FC found in mixed biomass ash derived from agricultural and
woody sources. The relatively low FC content could be the result of efficient combustion at
800–900 ◦C with the presence of an adequate oxygen supply, which promoted almost full
oxidation of fixed carbon [49]. From an application standpoint, the FC content may impact
the ash’s chemical reactivity and nutrient adsorption capacity, as well as its stability within
soil systems [50]. Although the FC is not excessive, it may contribute marginally to soil
carbon inputs, but the WBA should not be regarded as a significant carbon source.

The elemental composition and pH of the WBA were assessed and compared with a
variety of biomass ashes documented in the literature (Table 2). The pH of the analyzed
WBA was measured at 10.55 ± 0.03, indicating a strongly alkaline nature. This pH value is
lower than those reported for Danish wood ash (12.7), Canadian wood ash (11.5), mixed
biomass ashes (12.83 and 12.39), and olive cake ash (12.8), yet slightly exceeds the pH
values of agricultural residue ash (10.06) and Miscanthus × giganteus ash (11.8). Obtaining
a high value of ash pH is a familiar phenomenon. The high concentrations of cations (Ca,
K, Mg, and Na) indicated dominance of basic oxides and carbonates, which hydrolyze in
water and generate OH− ions. In addition, the absence of acidic organic functional groups
eliminates buffering capacity and ensures strong alkalinity [51]. Although less alkaline than
many counterparts, the WBA retains a significant liming capacity, suggesting its potential
to correct soil acidity, particularly in acidic environments [8,19]. Biomass ash has been
reported to have a stronger liming effect than biochar [52]. However, the high pH of WBA
presents risks of over-alkalization if applied in high doses, particularly in neutral or slightly
alkaline soils [32,53].

Table 2. Elemental composition and pH of the studied WBA compared with selected biomass ashes
reported in the literature.

Elements WBA (Current
Study)

Danish
Wood Ash

Canadian
Wood Ash

Mix Biomass
Ash a

Mix Biomass
Ash b M × g Ash Agricultural

Residue Ash c
Olive Cake

Ash

pH 10.55 ± 0.03 12.7 11.5 12.83 12.39 11.8 10.06 12.8

Al (%) 0.79 ± 0.05 1.24 30.22 ng 0.05 ng 4.31 ng

Ca (%) 6.84 ± 0.42 13.5 23.18 14.51 5.99 4.68 31.9 19.8

Fe (%) 0.51 ± 0.05 0.67 14.35 0.43 0.22 0.14 12 ng

K (%) 2.90 ± 0.13 3.94 9.82 16.56 5.31 4.89 11.7 16

Mg (%) 0.71 ± 0.07 1.27 6.62 1.35 0.86 ng 3.13 7.52

Na (%) 0.27 ± 0.11 1.05 13.33 0.14 0.77 ng 0.85 0.38
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Table 2. Cont.

Elements WBA (Current
Study)

Danish
Wood Ash

Canadian
Wood Ash

Mix Biomass
Ash a

Mix Biomass
Ash b M × g Ash Agricultural

Residue Ash c
Olive Cake

Ash

P (%) 0.46 ± 0.04 1.0 0.56 0.92 1.47 1.29 1.65 3.53

S (%) 0.60 ± 0.04 0.24 <LOD 0.47 ng ng 1.62 0.35

Si (%) 3.19 ± 0.18 25.4 54.03 ng 6.65 ng 27.9 ng

Cr
(mg·kg−1) 37.67 ± 3.06 26.6 313 48.4 49.31 3.59 55.6 68.1

Cu
(mg·kg−1) 47.33 ± 7.57 60.4 55 536 208.7 24 52.3 140

Mn
(mg·kg−1) 2073 ± 163 7430 7548 1490 1310 978 5480 409

Pb
(mg·kg−1) 28.5 ± 0.71 13.8 0.10 130 30.03 0.82 46.0 2.51

Zn
(mg·kg−1) 774.67 ± 60.78 340 238 423 628.1 73.9 207 49.6

References This study Maresc
et al. [54]

Mahmood &
Kamal, [55]

Szostek
et al. [56]

Uysal &
Yıldızbaş, [57]

Brami
et al. [58] Liu et al. [59] López

et al. [60]

Note: ng: not given; a: (70% forest and 30% agricultural biomass); b: (agricultural and animal wastes); c: (wheat
stem, maize straw, groundnut shell, cotton stalk, and other agricultural residues); ±: standard deviation.

3.1.2. Elemental Composition of WBA

The aluminum (Al) concentration in the WBA was 0.79 ± 0.05%, considerably lower
than the notably high Al content in Canadian wood ash (30.22%) and also below levels
found in Danish wood ash (1.24%) and agricultural residue ash (4.31%). However, it
is substantially elevated compared to mixed biomass ash derived from agricultural and
animal waste sources, which contained only 0.05% Al. Considering the elevated pH level of
the WBA (10.55), which restricts the solubility and bioavailability of Al, the concentration of
Al present is unlikely to present substantial environmental or agronomic risks. Nonetheless,
Al monitoring remains prudent when applying ash repeatedly or at high rates, especially
in acidic soils where Al mobilization might increase [61]. Calcium (Ca) content was
determined to be 6.84 ± 0.42%, placing it in the lower-to-moderate spectrum relative to
other biomass ashes. This value is considerably lower than the Ca concentrations observed
in Danish wood ash (13.5%), Canadian wood ash (23.18%), mixed biomass ashes (14.51%
and 5.99%), as well as agricultural residue ash (31.9%) and olive cake ash (19.8%). It does,
however, slightly surpass the Ca content reported for Miscanthus × giganteus ash (4.68%).
Although the Ca level here is relatively low compared to certain ashes, it still supports the
WBA’s ability to improve lime effects and nutritional benefits. Ca improves soil structure,
reduces acidity, and supports plant physiological functions [62,63]. Therefore, the Ca level
present in WBA confirms its suitability as an additional source of Ca for agricultural and
environmental uses, particularly when combined with other materials to ensure a balanced
nutrient supply.

The iron (Fe) content of the WBA was 0.51 ± 0.05%, placing it within a low-to-moderate
range compared to other ashes described in the literature. This concentration is significantly
lower than those reported for Canadian wood ash (14.35%) and agricultural residue ash
(12.0%), which may be indicative of contamination by soil or metal-rich feedstocks in those
samples. In contrast, the Fe concentration slightly surpasses that of mixed biomass ashes
(0.43% and 0.22%), Danish wood ash (0.67%), and Miscanthus × giganteus ash (0.14%).
From an agronomic standpoint, the Fe content may supply beneficial micronutrients to
plants, particularly in Fe-deficient soils, although its availability may be constrained under
the ash’s alkaline conditions [64,65]. The potassium (K) content was determined to be
2.90 ± 0.13%, which is comparatively low in relation to other biomass ashes. This is
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significantly less than Canadian wood ash (9.82%), agricultural residue ash (11.7%), and
olive cake ash (16%), all of which reflect nutrient-rich feedstock origins. Mixed biomass
ashes demonstrate elevated K concentrations, varying between 5.31% and 16.56%, and
Miscanthus × giganteus ash also presents a higher K content at 4.89%. The comparatively
modest K level in the studied WBA likely reflects the characteristics of coniferous wood,
known for lower K accumulation relative to herbaceous or agricultural biomass. While
the WBA may contribute to K supply in soil, its nutrient value in this respect is limited
compared to other ashes. Nonetheless, it can continue to function as an ancillary source
of K, particularly when incorporated into fertilization strategies designed to diminish
dependence on traditional mineral fertilizers. Utilization of biomass ashes in soil has been
shown to increase K content in many studies [13,66,67].

The magnesium (Mg) content of the WBA analyzed in this study was 0.71 ± 0.07%,
placing it at the lower spectrum of values reported for other biomass ashes. This concen-
tration is markedly less than that found in Canadian wood ash (6.62%), olive cake ash
(7.52%), and agricultural residue ash (3.13%), as well as Danish wood ash (1.27%) and
mixed biomass ash consisting of 70% forest and 30% agricultural material (1.35%). It is also
slightly below the level observed in mixed ash from agricultural and animal waste (0.86%).
While Mg is a crucial element for plant growth, the comparatively low concentration in this
WBA constrains its efficacy as an exclusive Mg fertilizer. Nevertheless, it may still enhance
the overall Mg supply to the soil when utilized in conjunction with other nutrient sources.
The sodium (Na) content measured in the WBA was 0.27 ± 0.11%, which falls within the
low-to-moderate range among biomass ashes. This is substantially lower than the Na
content reported for Canadian wood ash (13.33%) and below the concentrations found
in Danish wood ash (1.05%), agricultural residue ash (0.85%), and olive cake ash (0.38%).
Conversely, it exceeds the Na level reported for mixed biomass ash composed of 70% forest
and 30% agricultural biomass (0.14%) yet remains lower than that in mixed ash from agri-
cultural and animal wastes (0.77%). From an agronomic standpoint, the concentration of
Na is not expected to pose salinity hazards when utilized at conventional rates, particularly
in soils that are well-drained or exhibit tolerance to Na. Nevertheless, it is recommended
that continuous monitoring be conducted if the WBA is applied recurrently, especially in
soils that are sensitive or vulnerable, as the excessive accumulation of Na may negatively
impact soil structure by inducing clay dispersion and diminishing permeability [68].

The phosphorus (P) content in the WBA was quantified at 0.46 ± 0.04%, which rep-
resents a relatively low concentration in comparison to other biomass ashes. This value
is slightly below the phosphorus concentration in Canadian wood ash (0.56%) and con-
siderably lower than those reported for Danish wood ash (1.0%), mixed biomass ashes
(0.92% and 1.47%), Miscanthus × giganteus ash (1.29%), agricultural residue ash (1.65%),
and notably olive cake ash, which contains the highest P level at 3.53%. While the WBA
contributes some P, its capacity as a primary P fertilizer is limited relative to ashes with
richer nutrient profiles. However, due to its alkaline characteristics and the inclusion of
base-forming elements, the WBA has the capability to improve soil fertility when used
in integrated nutrient management systems. The P contribution from WBA may be of
particular significance in low-input agricultural systems or environments where P avail-
ability is moderately restricted. Many studies indicated that the addition of biomass ash to
soil significantly increased the content of P in soil [15,69,70]. The sulfur (S) content of the
WBA was 0.60 ± 0.04%, representing a moderate level compared to other biomass ashes. It
exceeds S concentrations reported for Danish wood ash (0.24%), Canadian wood ash (below
detection limits), and olive cake ash (0.35%). Moreover, it exceeds the S concentration
found in mixed biomass ash, which consists of 70% forest residues and 30% agricultural
residues (0.47%). However, agricultural residue ash exhibits a substantially higher S content
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(1.62%), and S levels were not reported for some ashes, including Miscanthus × giganteus
ash. Agronomically, this S content provides an additional supply of this vital macronutrient,
which is fundamental for the formation of proteins and numerous metabolic activities in
plants [71,72]. However, the variability in S forms and their solubility within ash materials
must be taken into account when evaluating their bioavailability for plant uptake.

The silicon (Si) content of the WBA analyzed in this study was 3.19 ± 0.18%, which
is markedly lower than the values reported for most other biomass ashes in the literature.
Canadian wood ash contained the highest Si level at 54.03%. This was followed by agricul-
tural residue ash, which had a Si content of 27.9%, and Danish wood ash at 25.4%. These
values reflect the high Si content typical of herbaceous or soil-contaminated feedstocks.
Even mixed biomass ash derived from agricultural and animal wastes showed a higher Si
content of 6.65%. The reduced Si content is especially relevant in the assessment of safety
and environmental considerations. Research indicates that rice husk ash, for example, may
contain extremely high Si levels ranging from 87 to 99.8%, typically in a highly porous and
lightweight structure with extensive surface area [73,74]. Silicon in its amorphous form is
known to improve soil structure and enhance plant stress resistance; however, its crystalline
form has been designated as a carcinogen, with extended exposure associated with an
increased risk of lung cancer [75,76]. The crystallinity of Si is significantly affected by the
conditions of combustion, with particular emphasis on temperature and duration, wherein
elevated calcination temperatures or prolonged exposure times facilitate the formation of
crystalline silica [77]. Considering the moderate Si levels detected in the WBA analyzed in
this study, it is likely that this material presents a reduced risk of crystalline silica-related
hazards in comparison to rice husk ash. Consequently, from the perspective of health
and environmental safety, this composition is more advantageous, notably in situations
concerning direct soil application or handling. Therefore, while its agronomic value as a Si
source is limited, its lower Si content may be advantageous in reducing occupational and
environmental risks related to crystalline silica exposure.

The chromium (Cr) concentration in the analyzed WBA was 37.67 ± 3.06 mg·kg−1,
placing it in a low-to-moderate range compared to the values reported for other biomass
ashes. This level exceeds that found in Canadian wood ash (26.6 mg·kg−1) and agricultural
residue ash (3.59 mg·kg−1) but is lower than the concentrations observed in mixed biomass
ashes (313 and 48.4 mg·kg−1), Miscanthus × giganteus ash (49.31 mg·kg−1), Danish wood
ash (55.6 mg·kg−1), and olive cake ash (68.1 mg·kg−1). Compared to ashes derived from
herbaceous or more heterogeneous biomass, often characterized by elevated PTE content
due to soil pollution or variable feedstock inputs, the Cr content in this WBA appears
relatively controlled. While Cr does not increase the nutritional value, its presence is a sig-
nificant factor to consider when assessing the appropriateness of this WBA for application
on land, especially in relation to the cumulative input of PTE. The copper (Cu) content of the
analyzed WBA was 47.33 ± 7.57 mg·kg−1, which falls within a low-to-intermediate range
relative to other biomass ashes. This value is marginally lower than those reported for Dan-
ish wood ash (60.4 mg·kg−1), Canadian wood ash (55 mg·kg−1), and agricultural residue
ash (52.3 mg·kg−1), but exceeds the Cu concentration found in Miscanthus × giganteus ash
(24 mg·kg−1). It is substantially lower than the values in mixed biomass ashes (536 and
208.7 mg·kg−1) and olive cake ash (140 mg·kg−1), reflecting greater variability and possible
contamination from diverse or nutrient-rich feedstocks. From a valorization perspective,
Cu serves as a critical micronutrient for plant metabolism and enzyme activity [78,79].
Although this WBA is not a major Cu source, it can contribute supplemental Cu to soils,
particularly in deficient contexts, without reaching toxic or environmentally concerning
levels at typical application rates.
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Manganese (Mn) concentration in the analyzed WBA was 2073 ± 163 mg·kg−1, rep-
resenting a moderate level compared to other biomass ashes. This value exceeds the Mn
content reported for Miscanthus × giganteus ash (978 mg·kg−1), mixed biomass ash from
agricultural and animal wastes (1310 mg·kg−1), and olive cake ash (409 mg·kg−1). How-
ever, it is lower than the concentrations measured in Canadian wood ash (7548 mg·kg−1),
Danish wood ash (7430 mg·kg−1), and agricultural residue ash (5480 mg·kg−1). As an
essential micronutrient involved in multiple enzymatic and physiological plant processes,
the Mn content enhances the agronomic value of this ash, particularly for soils deficient in
micronutrients [80]. Although not as enriched as some ashes, the Mn level suggests its role
as a valuable supplementary source of micronutrients in agricultural and environmental
applications. Lead (Pb) content in the analyzed WBA was 28.5 ± 0.71 mg·kg−1, placing it
within an intermediate range relative to other biomass ashes. This concentration is consid-
erably higher than the levels reported for Canadian wood ash (0.10 mg·kg−1), Miscanthus
× giganteus ash (0.82 mg·kg−1), and olive cake ash (2.51 mg·kg−1), and exceeds that of
Danish wood ash (13.8 mg·kg−1). It is slightly lower than concentrations found in mixed
biomass ash from agricultural and animal wastes (30.03 mg·kg−1) and markedly below
mixed biomass ash composed of 70% forest and 30% agricultural residues (130 mg·kg−1).
Although Pb has no beneficial role in agriculture and poses toxicity risks, its concentration
in this ash remains consistent with levels typical of ashes derived from clean wood sources.

Zinc (Zn) content in the analyzed WBA was notably high at 774.67 ± 60.78 mg·kg−1,
exceeding all biomass ashes referenced. This value surpasses the concentrations found in
mixed biomass ash from agricultural and animal wastes (628.1 mg·kg−1), mixed biomass
ash composed of 70% forest and 30% agricultural residues (423 mg·kg−1), Danish wood
ash (340 mg·kg−1), Canadian wood ash (238 mg·kg−1), and agricultural residue ash
(207 mg·kg−1). It also significantly exceeds Zn levels in Miscanthus × giganteus ash
(73.9 mg·kg−1) and olive cake ash (49.6 mg·kg−1). Zn is an essential micronutrient that
generally accumulates in bark and branches. The Zn content elevation in the WBA could be
due to the fact that the biomass consisted mainly of forest residues. In addition, combustion
removes organic mass but retains Zn in mineral form (ex. ZnO), thus concentrating it in
the ash matrix [81]. On the other hand, the low Cd, As, and Ni indicate minimal anthro-
pogenic contamination. Zn is an essential micronutrient involved in enzymatic activity,
protein synthesis, and growth regulation. From an agronomic perspective, the elevated Zn
concentration enhances the nutrient profile of the WBA, especially for use in Zn-deficient
soils [82,83]. Nonetheless, Zn bioavailability depends on soil properties such as pH, and
further investigation into solubility and plant uptake is necessary to fully assess fertilizing
potential. Still, the elevated Zn content indicates that this WBA may constitute a significant
micronutrient resource for application in both agricultural and environmental contexts. On
the other hand, continuous use of this WBA can result in an accumulation of Zn, especially
in acidic soils, as Zn tends to be more bioavailable and possibly harmful to both plants and
soil microorganisms [84].

Nitrogen (N) was not detected in the analyzed WBA, which is consistent with estab-
lished knowledge that N is almost entirely volatilized during biomass combustion. During
the combustion process, N in the feedstock is lost primarily as molecular nitrogen (N2) or
nitrogen oxides (NOx) [85]; therefore, biomass ash does not contribute to the N supply of
the soil and cannot serve as a N fertilizer. This limitation has important agronomic implica-
tions, as cropping systems utilizing ash for nutrient input will require supplemental N from
chemical fertilizers or biological fixation, such as legume rotations. Recognizing this deficit,
some studies advocate the combination of biomass ash with N-rich organic amendments
or synthetic fertilizers to achieve a more balanced nutrient profile for sustainable crop
production [86,87].
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3.2. Risk Assessments
3.2.1. Regulatory Compliance of Wood Ash

The absence of EU-wide legislation that regulates PTE concentrations in biomass
ash used as soil fertilizers means that individual countries enforce their own standards.
National laws and decrees vary, with compilations available from Denmark, Finland, and
Sweden [88], as well as Lithuania, Austria, and Croatia [89]. To evaluate the environmental
safety of the WBA for land application, its PTE concentrations were compared with these
national standards (Table 3). The Cr content of 37.67 mg·kg−1 in the ash falls comfortably
within the limits established by most national regulations. Sweden, Lithuania, and Den-
mark allow up to 100 mg·kg−1; Austria allows 150 mg·kg−1 for Class A and 250 mg·kg−1

for Class B ashes; France and Canada set thresholds at 150 and 120 mg·kg−1, respectively;
and Finland permits as much as 300 mg·kg−1. The exception is Germany, which enforces a
notably stringent limit of 2 mg·kg−1. In general, the Cr concentration complies with the
majority of standards, which supports the potential for environmentally safe reuse of the
WBA. Cu concentration measured at 47.33 mg·kg−1 also remains well below maximum per-
missible limits across most jurisdictions. Sweden and Lithuania permit up to 400 mg·kg−1,
Austria allows 200 mg·kg−1 for Class A and 250 mg·kg−1 for Class B ashes, France and
Canada both set limits at 100 mg·kg−1, and Finland allows up to 700 mg·kg−1. Germany
applies a stricter threshold of 70 mg·kg−1, which the WBA meets. These results confirm
that the Cu content does not pose regulatory concerns, further supporting the suitability of
the WBA for agricultural and environmental use.

Table 3. Concentrations of PTEs (mg·kg−1) in the WBA studied compared to international regulatory
limits for land application.

Ash Type
PTEs

References
As Cd Cr Cu Ni Pb Zn

WBA (Current study) <LOD <LOD 37.67 47.33 <LOD 28.5 774.67 This study

Sweden 30 30 100 400 70 300 7000 Emilsson [90]

Lithuania 30 30 100 400 70 300 700 Stupak et al. [91]

Germany 40 1.5 2 70 80 150 ng Silva et al. [53]

Finland 40 25 300 700 150 150 4500 Nurmesniemi et al. [92]

Denmark ng 5 100 ng 30 120 ng Niu & Tan [93]

Austria (Class A/B) 20/20 5/8 150/250 200/250 150/200 100/200 1200/1500 Lanzerstorfer, [94]

France ng 2 150 100 50 100 300 Maltas et al. [95];
Ké & Dihé [96]

Canada 14 1.6 120 100 32 60 220 Ké & Dihé [96]

Note: <LOD: below detection limit; ng: not given.

The Pb concentration of 28.5 mg·kg−1 is well within the allowable limits under all
reference standards. Sweden and Lithuania permit up to 300 mg·kg−1; Germany and
Finland set limits at 150 mg·kg−1; Denmark allows 120 mg·kg−1; Austria sets 100 mg·kg−1

for Class A and 200 mg·kg−1 for Class B ashes; France and Canada maintain stricter caps
of 100 and 60 mg·kg−1, respectively. The measured Pb content is comfortably below even
the most restrictive thresholds, indicating that there are no regulatory issues with respect
to Pb in this WBA. Zn at 774.67 mg·kg−1 generally complies with international regulatory
limits. It remains well below the generous thresholds of Sweden (7000 mg·kg−1), Finland
(4500 mg·kg−1), and Austria (1200 mg·kg−1 for Class A and 1500 mg·kg−1 for Class B
ashes). While Lithuania’s threshold is 700 mg·kg−1, the measured Zn slightly exceeds this
limit. In contrast, France (300 mg·kg−1) and Canada (220 mg·kg−1) apply more conservative

https://doi.org/10.3390/urbansci10040197

https://doi.org/10.3390/urbansci10040197


Urban Sci. 2026, 10, 197 12 of 19

limits. Although Germany and Denmark do not provide explicit guidance, the Zn content
of the WBA is generally acceptable in most frameworks, but its elevated concentration
warrants caution in regions with more restrictive policies. In typical application scenarios,
WBA poses minimal Zn-related risk but may require dosage management when stricter
controls apply.

As, Cd, and Ni were below detection limits in the analyzed WBA, ensuring compliance
with the strictest international standards. Sweden and Lithuania allow up to 30 mg·kg−1

for As and Cd and 70 mg·kg−1 for Ni. Germany imposes stricter restrictions, with the Cd
limit at 1.5 mg·kg−1 and Ni at 80 mg·kg−1, while Finland allows up to 40 mg·kg−1 for As,
25 mg·kg−1 for Cd, and 150 mg·kg−1 for Ni. Austria, France, and Canada apply varied
thresholds, with Canada having the lowest limits for Cd (1.6 mg·kg−1) and Ni (32 mg·kg−1).
Given that none of these elements were detected, the WBA can be deemed environmentally
safe with regard to As, Cd, and Ni in all the national regulations examined.

Although the EU does not have specific legislation regulating PTE concentrations
in biomass ash used as soil fertilizer, it has established regulatory limits for materials
applied as liming agents or inorganic soil improvers [97]. According to Regulation (EU)
2019/1009 of the European Parliament and the Council, if substances are being used as
liming material, then PTEs in a lime material must not exceed the following limit values: Cd:
2 mg·kg−1, hexavalent chromium (Cr(VI)): 2 mg·kg−1, Ni: 90 mg·kg−1, Pb: 120 mg·kg−1,
As: 40 mg·kg−1, Cu: 300 mg·kg−1, and Zn: 800 mg·kg−1. The levels of As, Cd, Cu, Ni, Pb,
and Zn in the WBA were all below the respective thresholds for liming material. These
results indicate compliance with the regulation for these elements. However, the measured
concentration of Cr in the WBA exceeds the regulatory limit for liming material, which
is for Cr(VI). Since the present study did not distinguish between Cr species, compliance
with the Cr(VI) limit cannot be confirmed. Therefore, while the WBA meets the regulatory
limits for all other assessed PTEs in the context of liming material, Cr speciation analysis
is required to determine full regulatory conformity. Moreover, if substances are used as
inorganic soil improver, then PTEs must not exceed the following limit values specified
by the EU: Cd: 1.5 mg·kg−1, Cr(VI): 2 mg·kg−1, Ni: 100 mg·kg−1, Pb: 120 mg·kg−1, As:
40 mg·kg−1, Cu: 300 mg·kg−1, and Zn: 800 mg·kg−1. Compared with these maximum
allowable concentrations, the PTE content in the WBA from the current study remained
within allowable limits for all analyzed elements, except Cr, for which the same limitation
with respect to speciation applies.

3.2.2. Content of PAHs in WBA

To evaluate the organic pollutant content, the PAH concentrations in the WBA were
compared with those reported for other types of ash (Table 4). The total concentration of the
16 EPA priority ΣPAHs in the analyzed WBA was 0.05 mg·kg−1. This value is higher than
those reported for Polish wood ash (0.01 mg·kg−1) and coal ash (0.01 mg·kg−1). However,
it is markedly lower than PAH concentrations found in biomass ashes derived from wheat
straw fly ash (160 mg·kg−1), Polish WBA (78.86 mg·kg−1), wood chips ash (0.09 mg·kg−1)
and a mixture of coconut and chicken waste (0.311 mg·kg−1). African traditional cookstove
ash, another wood-based material, also exhibited a higher ΣPAHs value of 10.91 mg·kg−1.
Among the individual PAHs detected in the studied WBA, the highest concentration was
observed for naphthalene (0.05 mg·kg−1), while the other 15 individual PAHs were below
the detection limit. At 800–900 ◦C with sufficient oxygen, PAHs are thermally decomposed
and oxidized to CO2 and H2O. Practically, controlled industrial combustion ensures stable
temperature and oxygen availability, which minimizes the formation of pyrolytic organic
hydrocarbons [98]. The detection of trace amounts of naphthalene could reflect minimal
contamination or analytical background interference.
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Table 4. Concentrations of 16 EPA priority PAHs (mg·kg−1) in the studied WBA compared to selected
biomass and coal ashes.

16 PAHs (mg kg−1) WBA (Current
Study) Wood Ash a Coal Ash a Wood

Chips Ash
African

Wood Ash b
Czech Wheat
Straw Fly Ash

Mix
Biomass Ash c Polish WBA

Naphthalene 0.05 0.0001 <LOD 0.08 0.035 19.1 0.055 49.81

Acenaphthylene <LOD 0.00006 <LOD ng 0.342 12.6 0.021 <LOD

Acenaphthene <LOD 0.0005 0.0001 ng 0.188 3.87 0.009 <0.02

Fluorene <LOD 0.001 0.0007 ng 0.189 0.17 0.008 23.26

Anthracene <LOD 0.0002 0.0003 ng 2.925 21.7 0.015 0.90

Phenanthrene <LOD 0.001 0.001 ng 0.280 17.9 0.091 0.47

Fluoranthene <LOD 0.001 0.001 ng 0.581 16.3 0.028 0.21

Pyrene <LOD 0.0002 0.0001 ng 0.719 6.54 0.019 0.11

Benz[a]anthracene <LOD 0.004 0.005 ng 0.479 7.28 <0.0004 <LOD

Chrysene <LOD 0.0007 0.0006 ng 0.729 6.49 <0.0003 0.11

Benzo[k]fluoranthene <LOD 0.0002 0.0001 ng 1.277 7.57 <0.001 <LOD

Benzo[b]fluoranthene <LOD 0.0003 0.0002 ng 1.275 13.8 0.060 <LOD

Benzo[a]pyrene <LOD 0.0002 0.0002 ng 0.396 15.0 0.005 0.54

Indeno [1,2,3-cd]pyrene <LOD 0.0001 0.0001 ng 0.414 1.15 <0.006 3.01

Dibenz[a,h]anthracene <LOD 0.0001 0.00008 ng 0.153 3.87 <0.006 <LOD

Benzo[g,h,i]perylene <LOD 0.00004 0.00003 ng 1.026 6.69 <0.006 0.34

ΣPAHs 0.05 0.01 0.01 0.09 10.91 160 0.311 78.86

References This study Kozielska
et al. [99]

Kozielska
et al. [99]

Ondrasek
et al. [100]

Etchie
et al. [101]

Košnář
et al. [102]

Masto
et al. [103]

Poluszyńska
[104]

Note: a: (Lesser Poland Region and Silesian province, Poland); b: (wood ash from African traditional cookstoves);
c: (coconut and chicken waste); <LOD: below the detection limit.

3.2.3. Evaluation of Risks on WBA Utilization

Considering the comprehensive dataset, the WBA demonstrates a generally low envi-
ronmental hazard, although several direct and indirect risks may arise from its application,
particularly under repeated or poorly managed use. Direct risks are primarily associated
with its elevated Zn content (774.67 mg·kg−1), which, although below thresholds in coun-
tries such as Sweden and Finland, exceeds the limits set by others such as France and
Canada. Zn, while essential for plant growth, can become phytotoxic at high concentra-
tions, affect microbial function, and contribute to long-term soil contamination. The high
alkalinity (pH 10.55) of WBA, while beneficial in acid soils, can also induce oxidative stress
effects in neutral or alkaline environments, leading to nutrient imbalances, particularly
deficiencies in Fe, Mn, and P, and an altered structure of the microbial community.

Indirect risks arise from the long-term accumulation of PTEs such as Cu, Pb, and
Cr, which are currently within regulatory limits but could accumulate with repeated
applications, especially in soils with low buffering capacity. Additionally, the complete
absence of N in the WBA, as a result of volatilization during combustion, limits its function
as a complete fertilizer. This imbalance may compromise plant nutrition if the WBA is
applied as the sole amendment, thus requiring additional N through mineral fertilizers or
organic sources. Furthermore, the fine particle size and chemical reactivity of WBA could
influence the physical properties of the soil and indirectly affect the biology and structure
of the soil over time. Therefore, while WBA meets most safety criteria, its use should be
guided by site-specific assessments, controlled application rates, and integrated nutrient
management to mitigate potential environmental and agronomic risks.

4. Conclusions
This study comprehensively characterized the WBA produced by a municipal heating

energy plant to assess its potential for valorization in agricultural and environmental appli-
cations. The WBA exhibited a strongly alkaline pH, moderate CEC, and high ash content,
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confirming its suitability as a liming agent. Nutrient analysis revealed substantial levels of
Ca, K, and Si, and a moderate P content, indicating its potential contribution to soil fertility.
However, N was not detected, which reflects the inherent nutrient imbalance commonly
found in biomass ash. PTEs such as As, Cd, and Ni were below the detection limits, while
Cr, Cu, Pb, and Zn remained within or near most international regulatory thresholds,
although the elevated Zn content exceeded the limits in some regulatory frameworks.
The ΣPAH concentration was low, indicating minimal environmental concern related to
organic pollutants. The findings demonstrate that this WBA can be safely and beneficially
reused as a soil amendment for pH correction and partial nutrient supply, provided that
its limitations, particularly the absence of N and the need to monitor Zn accumulation,
are managed through integrated nutrient planning and site-specific application strategies.
Future research should explore the bioavailability of key nutrients and PTEs in different
soil types, long-term field trials under diverse agronomic conditions, and the optimization
of ash mixing with organic or mineral inputs to improve its agronomic performance. By
reframing this WBA from a waste material to a resource, the study contributes to sustain-
able waste management practices and circular economy strategies. It shows that when
properly assessed and managed, energy-sector by-products such as WBA can play a mean-
ingful role in reducing reliance on synthetic inputs and promoting resilient, low-waste
agricultural systems.
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