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Abstract: Ashes from biomass heat (and power) plants that apply untreated woody biofuels may be
suitable for use as fertilizers if certain requirements regarding pollutant and nutrient contents are
met. The aim of this study was to examine if both bottom and cyclone ashes from 17 Bavarian heating
plants and one ash collection depot are suitable as fertilizers (n = 50). The range and average values
of relevant nutrients and pollutants in the ashes were analyzed and evaluated for conformity with
the German Fertilizer Ordinance (DüMV). Approximately 30% of the bottom ashes directly complied
with the heavy metal limits of the Fertilizer Ordinance. The limits were exceeded for chromium(VI)
(62%), cadmium (12%) and lead (4%). If chromium(VI) could be reduced by suitable treatment,
85% of the bottom ashes would comply with the required limit values. Cyclone ashes were high
in cadmium, lead, and zinc. The analysis of the main nutrients showed high values for potassium
and calcium in bottom ashes, but also relevant amounts of phosphorus, making them suitable as
fertilizers if pollutant limits are met. Quality assurance systems should be applied at biomass heating
plants to improve ash quality if wood ashes are used as fertilizers in agriculture.

Keywords: wood ash; fertilizer; heat and power plants; heavy metals; nutrients; German fertil-
izer legislation

1. Introduction

Combustion of wood in heat (and power) plants generates solid residues in the form
of ashes [1,2]. In the Federal State of Bavaria (i.e., Southeast Germany), a total of 30,000 to
60,000 t/a of wood ashes from untreated wood accumulates each year from plants with
an installed capacity of more than 1 MWtherm (calculated from the 2018 Energy Wood
Market Report of the Bavarian State Institute of Forestry (LWF)) [3]. Due to the physical
and chemical properties of these combustion by-products, suitable utilization strategies
might be recommended for their use as raw materials in the bioeconomy.

Depending on the point of origin of wood ashes in the heat (and power) plant, a
distinction can be made between different ash fractions. The ash accumulating in the boiler
is called “bottom ash” or “coarse ash”. In most cases, the ash from the heat exchangers is
also considered as part of the bottom ash. After the hot flue gas passes through the heat
exchanger, the air is usually cleaned by a cyclone in which the “cyclone ash” (also called
“coarse fly ash”) is separated. If the plant has an electrostatic precipitator, a fabric filter or a
flue gas condensation system, a third ash fraction, i.e., the so-called “filter ash” (also called
“fine fly ash”) or the “condensate sludge” is generated [1]. The following article focuses
on bottom ash and cyclone ash from grate-fired boilers as these are the most common ash
fractions in Bavarian heat (and power) plants.

The chemical composition of individual ash fractions depends on the fuel quality and
the plant technology [1,2]. Chemical elements such as plant nutrients (e.g., Ca, Mg) or
pollutants such as heavy metals vary in wood fuels depending on the species, but also on
bark content, the share of green biomass (i.e., needles/leaves), growing conditions, the
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degree of external contamination or dry or wet ash removal from the combustion unit [4–9].
Major and trace elements are volatile to varying degrees at temperatures that prevail within
the combustion chamber [1,10–12]. For instance, heavy metals such as Cd, Pb, Zn, and
Hg are highly volatile, while elements such as Cr or Cu have low volatility. Therefore, the
elements accumulate differently in bottom, cyclone or filter ash [10,13–15].

The material use of wood ashes as raw materials for the bioeconomy poses certain
challenges [16–18]. Complex legal frameworks, difficult ash logistics due to decentralized
accumulation, fluctuating product qualities and aspects of storage and occupational safety
are just some of the points that must be considered in this context [11,19–21]. In addition,
many utilization pathways are still under development or at the pilot stage [14,18,22,23]
and are not applied regularly. Consequently, ashes from biomass heat (and power) plants
are usually not perceived as by-products of the energetic use of wood. Thus, it is often not
regarded as a valuable intermediate for further processing but is classified as waste that
must be disposed at significant costs [24]. A survey conducted under the AshUse-project
showed that in the opinion of the heating plant operators the challenges for implementing
recycling of a functioning material include legal uncertainties, fluctuating ash qualities
and low economic revenues. In addition, operators often lack knowledge about quality
management strategies, such as how a defined ash quality can be reliably maintained and
verified [21]. The planned further work at TFZ will therefore focus on the area of quality
management in the production of wood ash at biomass heating (power) plants.

Wood ashes are already used to some extent as raw materials for various purposes in
Germany and in other European countries, and to some extent also in Northern America,
depending on the technical, economic, and legal circumstances and considering environ-
mental aspects. A relatively widespread application is the use of ashes as a fertilizer or as an
additive for fertilizer production for agricultural and forestry applications [11,15,20,25–29].
In Germany and Austria, suitable ashes are also added to composts [30,31]. In Austria, this
pathway is limited to a very low blending rate of 2% ash to the compost, which makes
this process uneconomical and no relevant quantities of ash are recycled via this route [30].
Instead, approximately 40% of the annually produced ash in Austria is processed by the
cement and building materials industry [30]. The use of ashes in road construction has
successfully been tested in research projects in Austria and Finland [22,32,33]. Tejada et al.
(2019) [34] investigated wood ashes as a source of raw materials in urban mining.

Heavy metal contamination, and in particular Cd in ashes, is seen as a major concern
in the use of ashes as fertilizers [16,35,36]. Limit values in other European countries are
considerably higher, especially for Cd [19]. There are regulations on specific parameters of
ash in individual countries. For example, in Germany, there is a limit value for Cr(VI) for
application on arable land [11,37], and in Denmark there is a conductivity limit value for
the eluate from ashes [38].

Many authors document the chemical composition of ashes used as fertilizers or soil
conditioners [10,11,19,20,24,26,28,29]. This is carried out by considering national conditions
regarding prevailing plant technology and legal requirements for the application of the
ashes. Due to the higher limits for heavy metals in ashes for fertilizer purposes in many
countries [19], higher contaminated mixed bottom and fly ashes or ashes from fluidized
bed combustion plants are also sometimes used as fertilizers [13,15,39,40]. In terms of
composition, these are often not comparable to the predominantly pure bottom ashes from
grate-fired furnaces, as they mainly occur in the study area [21] and are eligible for use as
fertilizer and soil conditioner under the German fertilizer law. Ash qualities of German
biomass heating plants are documented by Reichle et al. (2009) [16], Wilpert (2016) [11], and
Schilling (2020) [10]. Wilpert (2016) [11] and Schilling (2020) [10] examined bottom ashes
that were collected in the context of a quality assessment of bottom ashes for fertilizing
purposes. Therefore, rather less contaminated ashes than average may have been used.
The values of Reichle et al. (2009) [16] originate from before 2003, without giving any
further details on the sampled plants. Data on the ordinary ash quality of combustion
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plants according to the current state of the art are therefore missing. However, these data
are necessary to estimate the bioeconomic potential of an increased ash utilization.

Due to the high solubility of calcium oxide (CaO) in the ash, a pH shock is feared when
spreading in the forest, which negatively affects the soil flora and soil fauna. Therefore, the
ash often is pretreated before application. This process, the so-called “ash stabilisation” or
“ash hardening”, includes the addition of water followed by a storage period of several
months. Moistening and contact with atmospheric carbon dioxide causes a variety of chem-
ical transformations. Most importantly, the easily soluble calcium oxide (CaO) transforms
into the poorly soluble calcium carbonate (CaCO3) [11,12,24,38]. In large piles, this reaction
occurs only on the surface if there is no mixing [12,28].

In Germany, wood ash is mixed with lime dolomite and is then used for soil improve-
ment on arable and forestry land [11,41,42]. Wilpert (2020) [11] points out that the use of
wood ash-lime mixtures is particularly recommended where improved potassium supply
is desired and the alkaline effect is present. Since the solubility of the alkali salts remains
high even after ash hardening, the hardened ash should be protected from rain during
storage in order to prevent nutrient leaching. Another positive effect of humidifying the
ash and storing it for several months is the conversion of any toxic chromium(VI) into the
harmless chromium(III). Schilling (2020) [10] and Polandt-Schwandt (1999) [9] observed
this effect in the case of ash from combustion plants with a wet ash discharge system
where the hot ash was placed in a water bath and then discharged moist. Pelletizing and
granulation of wood ash also serve to reduce the reactivity of the wood ash. Auxiliary
materials such as cement or organic binders can be used in this process [28,43]. Pelletized
or granulated ash can be applied with conventional fertilizer spreaders [40]. Moistening of
the ash is not recommended if the ash is to be used as a substitute for quicklime— e.g., in
road construction. In this case, the ash must be stored dry [33].

Many authors emphasize the liming effect of ashes and mixtures with ashes on
agricultural and forest soils [11,24,28,44]. Katzensteiner et al. (2011) [45] describe the plant
availability of calcium and potassium from wood ashes as “high”, magnesium availability
as “medium” and phosphate availability as “low”. “Low” in this context means that less
than 10% of the total phosphate from wood ashes is available to the plant in the year
of application. In pot experiments, Kebli et al. (2017) [46] and Maltas et al. (2014) [47]
demonstrated the uptake of potassium from wood ash in ryegrass and sunflowers. In the
case of sunflowers, P uptake from the ashes was also observed.

An important prerequisite for approval as a fertilizer in Germany is compliance
with the heavy metal limits in the German Fertilizer Ordinance (DüMV) [42] and, if
applicable, the minimum nutrient contents required, depending on the fertilizer. If the ash
is mixed with biowaste or compost, the limit values of the German Biowaste Ordinance
(BioAbfV) [48] must also be complied with in certain cases [31]. Table 1 summarizes these
limit values. The DüMV also contains limit values for organic compounds (perfluorinated
tensides, dioxins and dioxin-like substances). These compounds are usually absent in
ash from biomass heating (and power) plants [10] and were not investigated in this study.
Currently, both bottom ashes and cyclone ashes (if the cyclone is not the last precipitation
unit in the plant) may be used for fertilizer production according to DüMV. Compared to
the application of wood ashes on farmland, 50% higher heavy metal limit values apply
to the application on forestry land. The Cr(VI) limit only applies to ash fertilization on
arable land.

Much uncertainty remains around the variability of wood ashes among plants or
within the same plant and which of these ashes might be suitable for application as
fertilizers in agriculture or for liming of forest soils. The aim of this study was to assess the
range and average values of nutrients and pollutants in ashes from individual Bavarian
biomass heat (and power) plants. This is an important prerequisite for an increase in ash
utilization as it is in in line with the Bavarian bioeconomy strategy [49].
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Table 1. Limit values or maximum contents (in brackets) for wood ashes according to the current
German Fertilizer Ordinance (DüMV) and Biowaste Ordinance (BioAbfV) (d.b. = dry basis).

Element Unit
Current National Limits

DüMV DüMV (Forest) BioAbfV

Arsenic mg/kg d.b. 40 60 -
Lead mg/kg d.b. 150 225 150

Cadmium mg/kg d.b. 1.5 2.25 1.5
Chromium, total mg/kg d.b. - - 100
Chromium(VI) mg/kg d.b. 2 - -

Copper mg/kg d.b. (900) (2000) 100
Nickel mg/kg d.b. 80 120 50

Mercury mg/kg d.b. 1 1.5 1
Thallium mg/kg d.b. 1 1.5 0

Zinc mg/kg d.b. (5000) (5000) 400
PFT mg/kg d.b. 0.1 0.15 -

I-TE Dioxines
and dl-PCB

ng WHO-TEQ/kg
d.b. 30 45 -

For this purpose, mainly bottom ashes but also mixtures of bottom and cyclone ashes
(due to individual ash handling at certain plants) and pure cyclone ashes from heat (and
power) plants with a thermal output of more than 1 MW were sampled and analyzed. The
cyclone ashes are used for comparison with the bottom ashes and for an estimate of how
the distribution of ash constituents could be influenced by plant operation.

2. Materials and Methods

A total of 17 biomass heat (and power) plants with an installed thermal capacity
between 0.8 and 31.6 MWtherm, as well as one centralized ash collection depot of several
small heating plants (plant ID 18), were selected for sampling. Table 2 gives an overview of
the sampled heat (and power) plants with thermal outputs, fuels used, ash samples and
plant IDs. The quality of the ashes varied due to different fuels, plant types or operating
parameters of the furnace. At 17 sites, pure bottom ash could be sampled. At one plant
(plant ID 1, TFZ), pure cyclone ash was sampled too. At five points, mixtures of bottom
ash and cyclone ash could be sampled, leading to a total of 50 ash samples (Table 2).
Depending on the ash management procedure, the storage duration of bottom ashes at
the heating plants varied considerably and ranged from a few days to several weeks. For
ten plants, sampling took place in two different heating seasons (winter 2018/2019 and
winter 2019/2020). Seven plants and the central ash collection depot were sampled only
once (n = 1). At the heating plant of TFZ (plant ID 1), a series of a total of 20 ash samples
was obtained over an entire heating period (12 × bottom ashes, 8 × cyclone ashes). For the
general analysis of variability between plants, mean values on ash quality per plant were
calculated, while individual samples were used to assess heterogeneity within one plant.
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Table 2. Overview of sampled heating (power) plants with thermal output, fuels (a = wood chips, b = wood pellets both from untreated wood) and composition of bottom ashes and
mixtures of bottom and cyclone ashes.

Parameter Unit Plant ID

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 3 4

Fuel a a a a a a a b a a a a a a a a a a a a
Thermal power per

combustion unit kWtherm 650 750 750 1050 1250 1500 1900 1950 2000 3000 3000 3500 3690 12,100 18,350 31,600 800 <1 MW 750 1050

Total thermal power kWtherm 1300 1500 1500 2100 2500 1500 1900 1950 2000 3000 3000 3500 3690 12,100 27,850 31,600 800 - 1500 2100

Bottom ash (n) 12 1 1 2 2 2 1 1 1 2 2 1 2 2 2 2 - - - -
Mixed bottom and

cyclone ash (n) - - - - - - - - - - - - - - - - 2 1 1 1

Cyclone ash (n) 8 - - - - - - - - - - - - - - - - - - -

Composition of bottom ashes Composition of mixed bottom and
cyclone ashes

Arsenic mg/kg d.b. 5.0 5.0 5.0 5.0 5.0 5.5 7.5 5.0 27.0 5.0 6.3 5.0 5.0 5.0 5.0 10.7 10.0 5.0 5.0 11.0
Lead mg/kg d.b. 4.7 5.0 2.0 5.4 3.7 16.0 3.0 12.0 2.0 5.4 11.0 2.3 4.5 45.5 3.9 150.5 38.0 180.0 12.0 15.0

Cadmium mg/kg d.b. 0.4 0.4 0.2 0.7 0.3 2.5 0.7 1.3 0.3 1.0 4.1 1.0 0.4 0.4 0.3 1.0 15.4 15.0 4.7 7.6
Chromium, total mg/kg d.b. 40 37 81 38 39 46 37 200 120 40 58 39 76 37 60 49 47 130 69 47
Chromium (VI) mg/kg d.b. 2.0 1.8 32.8 2.0 6.3 3.8 2.1 42.3 16.0 2.0 3.7 1.6 6.7 1.0 1.8 1.0 1.8 21.8 5.5 4.0

Copper mg/kg d.b. 51 53 100 69 51 68 66 150 120 45 47 79 64 29 54 44 55 110 48 94
Nickel mg/kg d.b. 45 18 41 28 50 31 38 39 43 32 41 36 37 28 62 21 42 44 42 36

Mercury mg/kg d.b. 0.05 0.05 0.05 0.06 0.05 0.09 0.05 0.05 0.05 0.05 0.05 0.10 0.05 0.05 0.05 0.06 0.05 0.06 0.05 0.09
Thallium mg/kg d.b. 0.37 0.40 0.20 0.30 0.30 0.50 0.20 0.20 0.20 0.30 0.30 0.20 0.30 0.30 0.30 0.30 1.45 0.89 0.66 0.55

Zinc mg/kg d.b. 110 46 120 173 37 500 490 95 64 170 420 260 142 161 145 205 760 1.500 320 990
Lime (CaO) wt% d.b. 23.9 38.0 21.0 17.5 50.5 31.5 16.0 43.0 18.0 46.5 24.5 32.0 22.0 31.0 19.0 19.5 44.0 31.0 17.0 20.0

Alkaline active substances (CaO) wt% d.b. 33.7 49.0 30.6 30.2 69.1 34.3 19.9 64.0 19.2 37.4 26.4 31.8 27.4 17.7 23.8 21.3 13.5 21.0 16.0 11.0
Phosphate, total (P2O5) wt% d.b. 3.2 4.1 2.9 2.3 3.7 2.9 2.1 5.2 2.5 2.2 2.9 3.2 2.9 0.9 2.4 1.3 2.5 3.2 2.3 2.5

Potassium oxide, total (K2O) wt% d.b. 10.2 11.0 8.1 5.5 5.1 6.4 4.5 12.0 4.8 5.5 6.0 6.5 8.1 2.5 7.0 3.4 5.6 11.0 6.1 6.1
Magnesium oxide, total (MgO) wt% d.b. 4.2 5.0 4.1 2.9 6.3 4.2 2.2 5.8 2.3 7.9 3.1 3.5 3.8 1.7 3.6 2.0 3.2 4.3 3.3 3.3

Total sulfur (S) wt% d.b. 0.11 0.14 0.04 0.07 0.04 0.23 0.15 0.16 0.09 0.15 0.34 0.10 0.11 0.07 0.05 0.25 0.54 1.40 0.29 0.41
Boron (B) mg/kg d.b. 0.0 0.0 0.0 2.6 0.0 82.5 0.0 1.6 1.4 0.0 1.0 0.0 0.0 0.3 0.6 1.8 240.0 280.0 140.0 220.0
Iron (Fe) mg/kg d.b. 26.083 9.500 18.000 14.000 5.750 15.500 16.000 5.200 9.600 13.500 14.000 12.000 17.000 11.300 21.000 14.500 47.000 94.000 51.000 51.000

Cobalt (Co) mg/kg d.b. 22 4 13 11 12 10 11 28 14 8 17 13 15 10 19 9 14.000 17.000 23.000 16.000
Manganese (Mn) mg/kg d.b. 17.567 2.600 12.000 8.250 25.000 11.550 5.500 40.000 17.000 6.250 15.500 13.000 11.500 1.450 13.000 1.700 11.350 23.000 8.700 13.000

Molybdenum (Mo) mg/kg d.b. 2.6 7.0 5.0 3.5 3.9 4.1 5.0 5.0 5.0 4.6 3.5 5.0 3.5 3.5 3.5 3.6 3.5 3.1 2.0 5.0
Sodium (Na) mg/kg d.b. 4.442 2.700 5.500 4.050 1.135 3.250 2.800 1.900 2.200 2.600 2.700 3.200 6.000 2.550 6.550 2.300 2.250 3.500 4.700 4.000

Moisture content wt% 0.1 0.0 0.5 13.9 0.2 0.1 0.4 1.0 1.8 0.3 0.3 0.7 0.4 24.8 7.6 30.4 0.5 0.2 0.0 29.3
Loss of ignition wt% d.b. 0.0 0.0 0.0 2.6 0.0 0.0 0.0 1.6 1.4 0.0 1.0 0.0 0.0 0.3 0.6 1.8 0.0 2.2 2.2 7.2

pH 12.7 13.1 12.8 12.9 12.8 12.8 12.7 13.3 12.4 12.8 12.9 12.9 12.8 12.7 12.6 12.7 12.8 13.1 12.8 12.5
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Sampling was carried out directly at the heating plants in accordance with LAGA
PN 98 [50]. Thereby, it was necessary to prepare a representative sample for laboratory
analysis from several individual samples of the ashes stored at their respective locations.
The minimum volume of an individual on-site sample and of the laboratory sample
prepared by sample combination, homogenization and sample division depends on the
maximum grain size of the ash and was between 0.5 and 10 L. Fine-grained ashes have
a lower required minimum volume than coarse-grained ashes. The minimum number
of incremental samples results from the basic quantity of stored bottom ash or cyclone
ash. For example, up to a volume of 30 m3, at least eight individual samples should be
taken according to LAGA PN 98. During sampling, the individual samples were recorded
photographically (Figure 1).

Figure 1. Sampling of bottom ash according to LAGA PN 98 [50].

To obtain the laboratory sample from the individual samples, the samples were
combined and thoroughly mixed with a shovel. After that, the mixed sample was divided
into four even parts. Two of the four parts were discarded. The two remaining quarters
were combined again, carefully mixed and the laboratory sample of approx. 8 L was taken
from the mixture. Each sampling was documented on a sampling protocol.

The TFZ heating plant was an exception regarding sampling. Here, twelve individual
samples of bottom ash and eight individual samples of cyclone ash were collected to assess
variability of this plant over a complete heating season. To compare variation among
heating plants, results from the bottom ash analyses were combined mathematically by
calculating a theoretical mixed sample for the entire heating season.

The chemical analyses were performed by Wessling GmbH, Neuried, Germany. The
analysis included the following ash components with a fertilizing effect—the macronutri-
ents calcium (Ca), phosphorus (P), potassium (K) and sulfur (S), as well as the micronutri-
ents cobalt (Co), iron (Fe), manganese (Mn), molybdenum (Mo), sodium (Na) and selenium
(Se). The following heavy metals were analyzed: arsenic (As), lead (Pb), cadmium (Cd),
chromium (Cr), both as total content and as chromium(VI), copper (Cu), nickel (Ni), mer-
cury (Hg), thallium (Th), and zinc (Zn). In addition, pH, moisture content and loss of
ignition of the ashes were measured. Elemental concentrations of the ash were determined
mostly according to ISO standards. The dry residue was determined according to DIN EN
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12879 [51]. The ash samples were dissolved with aqua regia (DIN ISO 11466 1997-06) [52]
and analyzed by plasma mass spectrometry (ICP-MS) (DIN EN ISO 17294-2 (2005-02) [53].
Cr(VI) was determined according to DIN 19734 (1999-01) [54] The pH value in the solid was
analyzed according to DIN ISO 10390 (2005-12) [55] and the alkaline active components
according to VDLUFA Method Book Volume II.2, Method 4.5.1 [56].

3. Results and Discussion

Table 2 summarizes the results for the bottom ashes and the mixtures of bottom and
cyclone ashes. The results are given per heating plant and ordered from left to right with
ascending boiler output. In this order, the different combustion plants were also provided
with IDs. All plants except one used wood chips from natural wood as fuel, and one
plant used wood pellets. The analysis of the ashes included heavy metals, nutrients, pH,
moisture content and loss of ignition. The results refer to the dry mass and are given either
as concentrations (mg/kg d.b.) or as mass fractions (wt% d.b).

3.1. Quality of Bottom Ash

First, the results of the heavy metals in bottom ashes were evaluated in more detail
(Figure 2), followed by analysis of the nutrient contents (Figure 3). The mean values for the
relevant chemical elements and the physical ash properties per plant are given in Table 2.

Figure 2. Heavy metal contents in mg/kg (on dry basis) of the 26 bottom ash samples as point clouds and as boxplots
with 25% and 75% quantiles (box) and minimum to maximum values (whisker). Horizontal lines show the respective limit
values according to the German DüMV and BioAbfV.
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Figure 3. Main nutrients of the 26 bottom ashes (based on dry matter) as point clouds as well as boxplots with 25% and
75% quantiles (box) and minimum to maximum values (whisker). The numbers next to the boxplots are the mean values.

The results refer to dry basis (d.b.) and, for each element, the individual results are
shown as a cloud of points and as a boxplot with a minimum and maximum. The twelve
ash samples from the TFZ heating plant are included in the evaluation as one mean value
to avoid weighting effects. This results in a total number of n = 26 for the evaluation of the
variation of bottom ashes among plants. In addition, the limit values for agricultural and
forestry use according to the German DüMV and the limit values of the German BioAbfV
are indicated in Figure 2. Table 3 gives the results in numbers.

Table 3. Analytical results of heavy metal contents of 26 bottom ashes from Bavarian biomass heat (and power) plants with
an installed capacity of >1 MW (d.b. = dry basis).

Parameter Unit Min 1st Quantile Median Mean 3rd Quantile Max

Arsenic (As) mg/kg d.b. 5 5 5 6.5 5.6 27
Lead (Pb) mg/kg d.b. 2 2.8 5 20.2 11 260

Cadmium (Cd) mg/kg d.b. 0.2 0.4 0.4 1 1.2 4.8
Chromium, total (Cr) mg/kg d.b. 29 39 45 59 58 200

Chromium(VI) (Cr(VI)) mg/kg d.b. 1 1.3 2.7 7.2 5.5 42.3
Copper (Cu) mg/kg d.b. 5.8 39 60 64 90 150
Nickel (Ni) mg/kg d.b. 18 28 37 37 43 78

Mercury (Hg) mg/kg d.b. 0.1 0.1 0.1 0.1 0.1 0.1
Thallium (Th) mg/kg d.b. 0.2 0.2 0.2 0.3 0.4 0.8

Zinc (Zn) mg/kg d.b. 26 95 145 205 250 900

The limit values of the DüMV were exceeded in one sample for Pb (3%) and in
three samples for Cd (8%). These exceedances apply to the DüMV limit values of both
agricultural and forestry applications, although a 50% higher heavy metal content is
permissible for forestry applications (Table 1). Schilling (2020) [10] examined 334 ash
samples from 12 plants. He found exceedances for Pb in 1.9% of cases and for Cd in 1.6%
of cases. The author documented exceedances for Cr(VI) in just 6% of cases. This deviates
strongly from the values in the present study. For an application on agricultural land, a
limit value for Cr(VI) of 2.0 mg/kg applies, according to DüMV. This limit is exceeded by
62% of the examined bottom ashes. Additionally, Reichle et al. (2009) [16] point out that
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the Cr(VI) limit is frequently exceeded in bottom ash from wood combustion. The authors
recommend paying particular attention to Cr(VI) during the recycling of wood ash.

Ten heating plants were sampled twice in the current study, i.e., during winter
2018/2019 and during winter 2019/2020, and only two heating plants complied with
the limit value for Cr(VI) in both samples. These were plants with a wet ash removal
system (plant IDs 4, 14, 16), whereas all other plants used dry ash removal systems. For
the plants that used dry ash removal, at least one sample per heating plant exceeded the
limit value for Cr(VI). In three plants, the limit value was exceeded both times. Moistening
of bottom ashes provides the conditions for a chemical reduction of Cr(VI) into Cr(III) [9].
Pohlandt-Schwandt (1999) [9] and Schilling (2020) [10] state that wet bottom ashes are
low in Cr(VI). Therefore, moistening of bottom ashes is already often applied as a quality
management tool to improve bottom ash quality [9,57].

In contrast to DüMV, there is no limit value for Cr(VI) in the BioAbfV. However, some
of the other limit values in the BioAbfV are lower compared to DüMV and some bottom
ashes exceeded the values for copper (19%, n = 5), nickel (8%, n = 2) and zinc (15%, n = 4).

The DüMV limit value for Cd was exceeded by two plants (plant IDs 6 and 11).
Nickel and copper limits of BioAbfV were exceeded in each of the heating plants that were
sampled twice in one of the samples, while the BioAbfV limit value for zinc was exceeded
by both samples at one heating plant. Thereby, Zn was exceeded in all three ash samples
with exceeded Cd. Kovacs et al. (2018) [8] and Schilling (2020) [10] show that there is a
negative correlation between the concentration of volatile metals such as Cd, Pb or Zn and
the temperature in the combustion chamber. Therefore, higher temperature combustion
could probably solve the problem of Cd in bottom ash. Schilling (2020) [10] observed a
complete volatilization of Cd at an average temperature of above 750 ◦C in the combustion
chamber. The boiling temperature of Cd is 767 ◦C.

In total, only eight of the bottom ashes sampled complied with all heavy metal limit
values according to the DüMV and the BioAbfV (Table 1), directly. Assuming that Cr(VI)
can be sufficiently reduced by suitable treatments, e.g., by moistening the ashes [9,10], 85%
of the ashes (n = 22) complied with the limit values of the DüMV. A total of 54% of the
ashes (n = 14) also complied with the requirements of the BioAbfV regarding the maximum
permissible heavy metal concentrations.

Bottom ashes contain many nutrients that are relevant for plant growth [11,24,26,28].
The sum of the basic components (metal oxides and carbonates [24]) and the individual
values for calcium (calculated as CaO), potassium (calculated as potassium oxide K2O),
magnesium (calculated as magnesium oxide MgO) and phosphorus (calculated as phos-
phate P2O5) are shown in Figure 3 as point clouds and box plots. Table 4 shows the results
in figures together with the contents of the additional trace nutrients and other parameters.

First, a comparison is made with publications on ash quality from Germany and Aus-
tria. Since here the wood qualities and the technology of the CHP plants are quite similar
to the plants investigated. Reichle et al. (2009) [16] reported average nutrient contents for
bottom ash of 25 to 45 wt% for calcium oxide (CaO), 3 to 6 wt% for magnesium oxide (MgO)
and potassium oxide (K2O), each, and of 2 to 3 wt% for phosphate (P2O5). In the current
study, higher values were measured, especially for potassium oxide. Here, the mean value
is 6.3 wt% (d.b.) and 50% of the analytical results were between 4.5 and 7.5 wt% (d.b.).
Obernberger (1997) [58] also gives a higher value for K2O than Reichle et al. (2009) [16]
with 6.7 wt% d.b. as the average value for the content of potassium oxide in 12 bottom
ashes from the combustion of wood chips. The mean phosphate content in Obernberger
(1997) [58] is 3.6 wt% (d.b.) and thus about one percentage point higher than results in
this study.
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Table 4. Analytical results of trace nutrients and other parameters of 26 bottom ashes from Bavarian
biomass heat (and power) plants with an installed capacity of >1 MW (d.b. = dry basis).

Parameter Unit Min 1st
Quantile Median Mean 3rd

Quantile Max

Alkaline active
components (CaO) wt% d.b. 15.5 23.5 30.1 32.9 33.5 75.2

Calcium
(calculated as CaO) wt% d.b. 15 18.5 24 28.9 37.5 56

Magnesium
(calculated as MgO) wt% d.b. 1.4 2.4 3.9 3.9 4.5 10

Potassium
(calculated as K2O) wt% d.b. 2.3 4.6 6.3 6.3 7.5 12

Phosphorus
(calculated as P2O5) wt% d.b. 0.9 2.1 2.6 2.6 3.1 5.2

Total sulfur (S) wt% d.b. 0.0 0.1 0.1 0.1 0.2 0.4

Boron (B) mg/kg d.b. 0 92 145 148 195 330
Iron (Fe) mg/kg d.b. 5000 12,000 14,500 14,057 16,750 26,083

Cobalt (Co) mg/kg d.b. 4.1 9.1 12.5 13.0 15.8 28.0
Manganese (Mn) mg/kg DM 1000 4075 12,500 11,772 15,750 40,000

Molybdenum (Mo) mg/kg d.b. 2.0 2.7 5.0 4.1 5.0 7.0
Sodium (Na) mg/kg d.b. 970 2425 2750 3362 4181 8000
Selenium (Se) mg/kg d.b. 5.0 5.0 5.0 5.0 5.0 5.0

pH value - 12.3 12.7 12.8 12.8 12.8 13.3
Moisture content wt% 0.0 0.0 0.5 6.2 9.9 32.7
Loss on ignition wt% d.b. 0.0 0.0 0.0 0.6 1.3 3.6

The results indicate that the nutrient contents in bottom ash from wood combustion
can fluctuate over a wide range of values. The pH values of the ashes examined vary
between pH 12.3 (minimum) and pH 13.3 (maximum) (Table 2). They thus fluctuate quite
closely around the mean value of pH 12.8 and lie within the range of pH 11 to pH 13 given
by Reichle et al. (2009) [16] for wood ashes.

Most of the ashes were very dry, the median value of the moisture content is 0.5 wt%.
Nurmesniemi et al. (2012) [15] also notes this value for bottom ashes. Only the two plants
with wet ash removal raised the mean moisture content to 6.2 wt%. For the plants with a
wet ash removal system, the moisture content varied between 21 and 33 wt%.

Most of the ashes were completely combusted and showed only a low loss of ignition,
which amounted to 0.6 wt% on average and reached a maximum of 3.6 wt%. Thus, all
ashes remained below the value of 5 wt%. Therefore, it can be assumed that there are no
organic pollutants in the ash [16].

Looking at ash qualities that have been published beyond Germany and Austria,
similar contents for CaO, MgO, P2O5 and K2O have been reported by Okmanis et al.
(2015) [40] and Ingerslev et al. (2011) [20]. Considerably lower nutrient levels have been
published by Nurmesniemi et al. (2012) [13] and Hannam et al. (2018) [16] for bottom ashes.
Except for Cr (partly originating from the steels in the combustion chamber [20], the ash
constituents originate from the fuels [7,20]. These differences can therefore be partly due
to different fuel compositions. However, the main causes are differences in combustion
technology and different temperatures in the combustion chamber.

Table 5 correlates the bottom ash contents of the present study with the thermal power
of the combustion unit classified in <1 MW, 1 to 10 MW and >10 MW. The nutrient levels
of alkaline active substances (CaO), MgO, P2O5 and K2O decrease with increasing furnace
power due to higher temperatures in the combustion chamber. This is consistent with
the research of Okmanis et al. (2015) [40] who examined the ash from heating plants in
Lithuania. Additionally, Wilpert et al. (2016) [11] shares this observation and suggests a
mixture of ashes from large and smaller heating plants to increase the nutrient content in
fertilizers from wood ash.
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Table 5. Chemical composition (mean value and range) of the bottom ash according to thermal power
of the combustion unit.

Parameter Unit
Thermal Power of Combustion Unit in MWtherm,

n = Number of Units—Each Represented with One or
Two Samples

<1 (n = 3) 1–10 (n = 9) >10 (n = 3)

Arsenic mg/kg d.b. 5.0 (5.0–5.0) 7.6 (5.0–27.0) 6.9 (5.0–10.7)
Lead mg/kg d.b. 3.9 (2.0–5.0) 6.5 (2.0–16.0) 66.6 (3.9–150.5)

Cadmium mg/kg d.b. 0.3 (0.2–0.4) 1.2 (0.3–4.1) 0.6 (0.3–1.0)
Chromium, total mg/kg d.b. 53 (37–81) 69 (37–200) 48 (37–60)
Chromium(VI) mg/kg d.b. 12.2 (1.8–32.8) 8.7 (1.6–42.3) 1.3 (1.0–1.8)

Copper mg/kg d.b. 68 (51–100) 76 (45–150) 42 (29–54)
Nickel mg/kg d.b. 35 (18–45) 37 (28–50) 37 (21–62)

Mercury mg/kg d.b. 0.05 (0.05–0.05) 0.06 (0.05–0.10) 0.05 (0.05–0.06)
Thallium mg/kg d.b. 0.3 (0.2–0.4) 0.3 (0.2–0.5) 0.3 (0.3–0.3)

Zinc mg/kg d.b. 92 (46–120) 235 (37–500) 170 (145–205)

Lime (CaO) wt% d.b. 28 (21–38) 30 (16–51) 23 (19–31)
Alkaline active

substances (CaO) wt% d.b. 37.7 (30.6–49.0) 36.0 (19.2–69.1) 20.9 (17.7–23.8)

Phosphate, total
(P2O5) wt% d.b. 3.4 (2.9–4.1) 3.0 (2.1–5.2) 1.5 (0.9–2.4)

Potassium oxide,
total (K2O) wt% d.b. 9.8 (8.1–11.0) 6.4 (4.5–12.0) 4.3 (2.5–7.0)

Magnesium oxide,
total (MgO) wt% d.b. 4.4 (4.1–5.0) 4.2 (2.2–7.9) 2.4 (1.7–3.6)

Total sulfur (S) wt% d.b. 0.10 (0.04–0.14) 0.14 (0.04–0.34) 0.12 (0.05–0.25)
Boron (B) mg/kg d.b. 0.02 (0.00–0.05) 8.91 (0.00–82.50) 0.90 (0.30–1.76)

Iron (Fe) mg/kg d.b. 17,861
(9500–26,083)

12,255
(5200–17,000)

15,600
(11,300–21,000)

Cobalt (Co) mg/kg d.b. 13 (4–22) 14 (8–28) 13 (9–19)

Manganese (Mn) mg/kg d.b. 10,722
(2600–17,567)

15,355
(5500–40,000)

5383
(1450–13,000)

Molybdenum (Mo) mg/kg d.b. 4.9 (2.6–7.0) 4.3 (3.5–5.0) 3.5 (3.5–3.6)

Sodium (Na) mg/kg d.b. 4213.9
(2700.0–5500.0)

2983.5
(1135.0–6000.0)

3800.0
(2300.0–6550.0)

The bottom ashes which, apart from Cr(VI), do not exceed any other limit values of
the DüMV, all contain more than 15 wt% (d.b.) CaO and thus meet the requirement for a
“lime fertilizer made from ash from the combustion of vegetable matter”. A recycling path
established in Bavaria and Baden-Württemberg consists of mixing ashes of this quality
with lime or lime dolomite to form “carbonic acid lime”. The ash content may not exceed
30 wt%. Theoretically, it would also be possible to mix this lime fertilizer from ash with
biowaste. However, minimum nutrient content limits in the finished product of 3 wt% N,
3 wt% P2O5 or 3 wt% K2O in the dry matter would then have to be met. According to
Kehres (2016) [31], these contents are generally not achieved by mixtures of bottom ash
and biowaste.

For a large part of the bottom ash (69%), the classification as “PK fertilizer from ash
from the incineration of vegetable matter” would be possible, since at least 2 wt% P2O5
and 3 wt% K2O are contained in their dry matter.

Four of the ashes (corresponding to approximately 15%) contain at least 10 wt% (d.b.)
K2O and would thus fulfil the requirement for a “potassium fertilizer from ashes of the
combustion of vegetable matter”.

Wood ash can also be used in composting. If the resulting “organic-mineral fertilizers”
are to be spread on agricultural land in accordance with DüMV, the limit values of the
BioAbfV must also be met. Taking into account the exceedances of Cr(VI) according to
the DüMV, a total of 54% of the bottom ash examined also complies with the limit values
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of the BioAbfV. However, the limit values of the BioAbfV do not have to be met if the
application takes place on land, for which the BioAbfV does not apply, such as in gardening
and landscaping or if substrates or topsoil materials are produced from the mixture of ash
and compost [31]. This latter recovery path would thus be possible for 85% of the bottom
ash investigated, as long as a reduction in the Cr(VI) content can be assumed.

3.2. Distribution of Element Loads between Bottom Ash to Cyclone Ash (TFZ Heating Plant)

At the TFZ heating plant, the distribution of the element loads between bottom ash
and cyclone ash was investigated. For this purpose, individual samples of bottom ash and
cyclone ash were sampled simultaneously at eight points during the same heating period.

Volatile ash components, such as Cd, Pb, Zn and Hg, evaporate at the high tempera-
tures in the combustion chamber [8,10,13,15,16]. For this reason, volatile components can
be discharged from the hot ash bed and accumulate in the cyclone ash through condensa-
tion. This results in increased concentrations of these elements in the cyclone ash compared
to the bottom ash. By using the data set of samples obtained at the TFZ heating plant, this
correlation should be directly verifiable.

Table 6 shows the heavy metal and nutrient concentrations in the bottom ash in
direct comparison with the corresponding cyclone ash. The mean value and the standard
deviation of the eight samples taken in pairs are given in each case. Pairs of mean values
that differ significantly are printed in bold. Means were compared using the Wilcoxon
signed-rank test. At the points where there is no standard deviation, all samples had fallen
below the detection or determination limit with respect to this element. The specified
detection or quantification limit was then used as the concentration. For the elements
As and Hg, which also occur at very low concentrations in the cyclone ash, this can lead
to a distortion in the calculation of the element loads, since this procedure means that a
similarly high value must be assumed in both the bottom ash and the cyclone ash. In fact,
it can be assumed that the proportion of the two volatile elements As and Hg is higher in
the cyclone ash than in the bottom ash. However, the detection limit of the analysis via the
external laboratory does not allow this conclusion to be drawn.

Table 6. Mean heavy metal and nutrient concentrations (including standard deviation) in bottom
ashes and in the associated cyclone ashes from eight paired samplings at the TFZ heating plant.

Parameter Unit Bottom Ash Cyclone Ash

Mean * Standard
Deviation Mean * Standard

Deviation

Arsenic mg/kg d.b. <5.0 8.7 2.5
Lead mg/kg d.b. <5.0 123.3 65.6

Cadmium mg/kg d.b. 0.5 0.1 56.3 14.7
Chromium, total mg/kg d.b. 41.1 7.3 54.4 10.4
Chromium(VI) mg/kg d.b. 1.9 1.3 2.1 0.7

Copper mg/kg d.b. 32.9 27.8 77.1 20.5
Nickel mg/kg d.b. 46.0 9.1 51.9 8.7

Mercury mg/kg d.b. <0.1 0.4 0.2
Thallium mg/kg d.b. <0.4 5.5 2.1

Zinc mg/kg d.b. 110 25.4 3787 788.1

Lime (CaO) wt% d.b. 20.9 5.9 25.3 8.8
Alkaline active

substances (CaO) wt% d.b. 30.7 10.4 40.5 6.1

Phosphate, total (P2O5) wt% d.b. 3.3 1.8 3.9 1.4
Potassium oxide, total (K2O) wt% d.b. 10.1 3.3 8.5 3.0

Magnesium oxide, total (MgO) wt% d.b. 4.0 0.9 5.3 1.1
Total sulfur (S) wt% d.b. <0.1 1.8 0.3
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Table 6. Cont.

Parameter Unit Bottom Ash Cyclone Ash

Mean * Standard
Deviation Mean * Standard

Deviation

Boron (B) mg/kg d.b. 191.3 40.8 435.0 72.6
Iron (Fe) mg/kg d.b. 16,125 3370 35,125 11,263

Cobalt (Co) mg/kg d.b. 20.6 6.5 29.9 13.4
Manganese (Mn) mg/kg d.b. 15,850 7284 24,213 11,097

Molybdenum (Mo) mg/kg d.b. 2.2 0.2 4.7 0.9
Sodium (Na) mg/kg d.b. 4525 1253 2788 491

* Significantly different pairs of mean values are printed in bold.

The interpretation of the results in Table 4 is based on the calculated absolute element
loads related to the total mass of the respective element in the ash (Figure 4). In order
to make quantitative statements about how the actual loads of the individual elements
are distributed between the bottom ash and the cyclone ash, it is first necessary to make
reasonable assumptions about the mass ratio between bottom ash and the associated
cyclone ash. For fixed-bed furnaces, a proportion of 10 to 30 wt% of cyclone ash is usually
reported [45,58–60]. Fine fly ash is not considered in the following analysis.

The actual proportion of cyclone ash depends on various factors, such as the turbu-
lence of the primary air in the combustion bed or the fineness of the fuel, for comparison
of the ash fractions from wood chips or sawdust shows [1]. With these assumptions, it is
possible to derive from the eight pairwise analyses of the bottom ash and the cyclone ash
at the TFZ heating plant how the fractions of heavy metals and nutrients are distributed
between the ash fractions. In addition to the 1:1 mixing ratio (bottom bar chart), Figure 4
shows the distribution of the loads at 10, 20 and 30 wt% cyclone ashes of the total ash.

Heavy metal compounds containing Pb, Cd, Tl, Hg and Zn, are highly volatile [8,13]
and are predominantly found in the cyclone ash in all calculations. Consequently, even
at the lowest assumed cyclone ash content of 10 wt% of total ash, Cd accumulates in the
cyclone ash of up to 93 wt%. Should high concentrations of highly volatile elements be
observed in bottom ashes that are considered for utilization as fertilizer, an increase in the
temperature in the combustion bed could result in a reduction in these elements in bottom
ashes and an increase in cyclone ashes.

For As, no clear effect could be seen in the data presented here. As the concentrations
of As in the investigated bottom and cyclone ashes were overall very low, the limit of
determination often had to be used as the concentration in the ash fractions. Cu, Cr, Ni
and the main nutrients Mg, P, Ca and K are less volatile and, depending on the calculation
performed here, are found in only 11 to 50 wt% in the cyclone ash. Therefore, they
predominantly remain in the bottom ash.

Obernberger (1997) [58] shows basically similar element ratios between bottom ash
and cyclone ash for wood chips. However, the reported concentrations in the cyclone ash
were consistently lower compared to the results presented here (with exception of K and
P), which may be due to different combustion chamber and cyclone temperatures of the
heating plants investigated. The combustion chamber temperatures near the combustion
bed are not known for the TFZ heating plant. Lanzerstorfer (2017) [13] observed that at
combustion chamber temperatures between 830 and 920 ◦C, Cd, Pb and Zn accumulate
in the fly ashes, while most nutrients (Ca, Mg, P2O5) remain in the bottom ash. Both
Lanzerstorfer (2017) [13] and Schilling (2020) [10] note a higher volatility for potassium,
which leads to K losses from the bottom ash. These increased K losses could not be observed
at the TFZ heating plant, suggesting that the combustion temperatures are sufficiently
high to remove the volatile heavy metals and at the same time low enough to avoid high
potassium losses.
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Figure 4. Ratio of element loads in bottom ash and cyclone ash of the TFZ heating plant at hypotheti-
cal mixing ratios with cyclone ash contents of 10, 20, 30 and 50 wt%.

3.3. Quality of Mixtures of Bottom Ash with Cyclone Ash

In some heating plants, the bottom ash and the cyclone ash are collected in the same
container due to the plant design. The composition of these ashes is shown in Table 2
(right columns). All five samples of these mixed ashes exceed the DüMV limit value for Cd.
Further exceedances occurred for Cr(VI) (n = 4), thallium (n = 1) and lead (n = 1). None of
the bottom ashes mixed with cyclone ash can meet the requirements regarding the heavy
metal limit values of the DüMV or the BioAbfV. They are therefore not eligible as a source
material for fertilizers. These ashes are excluded from being spread on agricultural and
forestry land in Germany. If the aim is to recycle bottom ashes, it is recommended that
these ash fractions are collected and reused separately. When using other fuels, e.g., when
firing agricultural fuels such as straw, a mixture of bottom ash and cyclone ash can often



Sustainability 2021, 13, 5482 15 of 18

comply with the limit values of the DüMV [42]. This is due to the generally lower heavy
metal content of agricultural fuels compared to wood fuels.

4. Conclusions

The energetic use of untreated wood in biomass heat (and power) plants produces
combustion residues in the form of ash. The increased use of by-products and residues
contributes to the conservation of natural resources. It has been shown that the bottom
ashes produced are basically suitable for use as fertilizers or as a raw materials for fertilizers
despite the low pollutant limits in the German DüMV.

On average, the bottom ashes examined contained 33 wt% alkaline active components,
29 wt% Calcium (calculated as CaO), 3.9 wt% Magnesium (calculated as MgO), 6.3 wt%
Potassium (calculated as K2O) and 2.6 wt% of phosphorus (calculated as P2O5).

However, quality assurance of the ashes and compliance with the relevant legal
requirements due to possible exceedances of the heavy metal limits prescribed by the
German Fertilizer Ordinance are crucial. The limits were exceeded in the bottom ashes
for chromium(VI) (62%), cadmium (12%) and lead (4%). Mixing of the bottom ashes with
cyclone ashes led, in all cases, to the heavy metal limit values being exceeded, especially
for cadmium. The following measures contribute to the quality assurance of ashes for
fertilization purposes:

- As prescribed by the German Fertilizer Ordinance, only untreated wood should be
used in biomass heat (and power) plants, since waste wood can contain elevated
concentrations of heavy metals.

- Fluctuations in fuel quality or the combustion conditions can change the heavy metal
contents in bottom ash. Regular sampling and chemical analysis of the ash is there-
fore necessary.

- Since some of the heavy metals are volatile under the usual combustion conditions in
biomass heating (power) plants, care should be taken to ensure that the combustion
temperatures in the boiler are constantly high enough. An average temperature of
over 750 ◦C, for example, reliably leads to sufficiently low cadmium contents in the
bottom ash.

- As has been shown, mixing of bottom ash and cyclone ash leads to an increase in
heavy metals. Separate collection of these ash fractions is essential.

The frequently exceeded limit value for chromium(VI) in the German Fertilizer Or-
dinance can be reduced by moistening and storing the bottom ashes. In this process,
chromium(VI) converts into the harmless chromium(III).

The present study maps the ash quality of typical biomass heating plants according
to the state of the art in Germany. The evaluation of the results is carried out according
to the regulations applicable in Germany for the use of biomass ash for fertilizer pur-
poses. Other combustion techniques, other fuels and other legal regulations may lead to
different assessments.
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