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Abstract: In the presented paper, two types of animal-origin biomass, cow dung and chicken litter,
are characterized in terms of combustion-related problems and ash properties. It was found that these
parameters strongly depend on the farming style. Whether it is cow dung or chicken litter, free-range
raw materials are characterized by higher ash contents than industrial farming ones. Free-range
samples contain chlorine at lower levels, while industrial farming samples are chlorine rich. Free-
range samples are characterized by the predominant content of silica in the ash: 75.60% in cow dung
and 57.11% in chicken litter, while industrial farming samples contain more calcium. Samples were
classified by 11 “slagging indices” based on the ash and fuel composition to evaluate their tendencies
for slagging, fouling, ash deposition and bed agglomeration. Furthermore, an assessment was made
against the current EU law regulations, whether the ashes can be component materials for fertilizers.
The phosphorus concentration in the investigated ashes corresponds to 4.09-23.73 wt% P,Os and is
significantly higher in industrial chicken litter samples. The concentrations of Hg, Cu, As, Ni, Cd and
Pb in all samples are below the limits of the UE regulations. However, concentrations of Cr in all
samples and Zn in industrial chicken litter exceed these standards.

Keywords: biomass; animal-origin biomass; chicken litter; cow manure; biomass ash; slagging;
chlorine corrosion; SEM; ash characterization

1. Introduction

Animal-origin biomass is mainly a solid animal waste (manure) that is produced
during animal breeding. Various types of animal biomass were under investigation when
it comes to its energy potential and usability: cattle manure [1,2], poultry litter [3,4], turkey
litter [5], goat dung [6], piggery waste [7,8], horse dung [9], deer manure [10] or even
elephant dung [11].

Despite this diversity, the greatest potential of animal-origin biomass comes from
poultry and cattle breeding. The daily production of droppings per bird depends on the
chicken type and ranges from 150-160 g of droppings for an adult chicken to 65-110 g for
pullets [12]. Poultry breeding results in massive litter production, which consists not only of
manure, but waste bedding, food and feathers. The total amount of poultry litter generated
per bird over the entire production cycle depends on the bedding change interval and is
reported to be from 1.5 to 5.7 kg [13]. Similar to the poultry litter, the annual production of
cow manure depends mainly on the bedding system. An adult cow produces 12.4-26.0 t of
waste per year for deep bedding and 11.6-22.0 t/year for a bedding-less system [14].

The safe removal and utilization of animal litter is a key issue since it is considered
to be a problematic type of waste. Both poultry litter and cow manure are rich in plant
nutrients, such as nitrogen (N), phosphorus (P) and potassium (K) hence they have been
utilized for soil conditioning as a fertilizer. However, in recent years, their effectiveness
and safety as a fertilizer have become questionable. Animal manure is characterized by
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low carbon/phosphorous and nitrogen/phosphorous ratios. Nitrogen and phosphorous
have the potential for leaching [15] and may result in the contamination of groundwater
and eutrophication of water bodies [16] since soil and water are directly linked [17]. When
fresh manure is spread on land, nitrous oxide and ammonia, potent greenhouse gases, can
be emitted into the atmosphere. Another issue is the pathogens present in animal waste
that are a possible threat to human and animal health [18]. Alternative strategies of litter
utilization assume anaerobic digestion or thermal treatment, such as pyrolysis, gasification,
direct combustion and co-combustion.

Taniczuk et al. determined the technical energy potential of chicken manure for four en-
ergy conversion variants taking into account the energy degradation during the production
of useful energy, e.g., heat, and pre-processing of the litter (e.g., drying) [19]. The biggest
energy loss was found for anaerobic digestion, while combustion demonstrated the most
efficient scenario. Furthermore, direct combustion is a convenient and cost-effective method
since it can be applied locally on a small scale in the farm neighborhood. Animal-origin
biomass, similarly to plant-origin biomass and lignite, may be used in a processed form,
for example, torrefied or as pellets and briquets [20-22]. Szymajda et al. [1] determined the
quality of cow manure pellets (kinetic durability, bulk density and particle density), as well
as flue gas composition during their combustion.

Animal litter combustion is favorable not only due to its energy potential but the
possibility of nutrient recycling. If the chemical composition of ash is within the European
Union (EU) standards, it can be applied in agriculture as a component of fertilizes. The EU
allowed the marketing of fertilizer products of various origins, including ash from biomass
combustion, within the scope of solid inorganic macronutrient fertilizers. The recirculation
of ash into the soil is claimed to be the most sustainable disposal method according to the
circular economy idea [23]. Ash from the combustion of animal-origin biomass may be
a valuable by-product since it contains residual phosphorus (P) and potassium (K), which
are excellent plant nutrients and could be processed into fertilizer [24]. The use of ashes for
soil conditioning can be a part of the soil remediation process since it is expected to enhance
the growth of phytoremediation plants. Such action may be beneficial to avoid further
land degradation and promote land restoration hence these issues are important in terms
of Sustainable Development Goals (SDGs) [25,26]. The studies of biomass ashes in terms
of fertilizer usefulness and environmental safety were conducted mainly for plant-origin
biomass [27,28], and only limited studies for animal-origin biomass can be found in the
literature. The majority of these studies relate to poultry litter ashes from combustion and
gasification processes, while cow manure ash has been less studied.

Ash from poultry litter combustion is germ-free and easy to transport [29]. It contains
phosphorus and potassium that shows good bioavailability during field and pot tests and
can be directly applied into a field as a P source [30], applied in the form of hydrated ash or
P can be recovered by extraction/elution [31,32]. However, poultry litter ash may contain
heavy metals and metalloids, such as Fe, Mn, As, Zn, Cu, I, Se and Co, which are used in
the breeding process to prevent deficits and defects, improve mass gain and elevate egg
production [33]. Faridullah et al. [34] presented increased concentrations of metals (Cu, Mn,
Zn, Pb and Ni) with increasing combustion temperature and higher amounts of chicken
litter ash than duck litter ash. Fiameni et al. [35] proposed a strategy for phosphorous and
silica recovery from rice husk poultry litter ash. The proposed method aims to maximize the
P extraction using hydrochloric acid and minimize the possible contamination by leachable
heavy metals, such as zinc.

The elemental composition of ash, including metals, is crucial when considering its po-
tential fertilizing application since it is highly dependent on local law regulations. In the EU,
the limits of Zn, Hg, Cu, Cr, Cd, Ni, Pb and As for organic and mineral fertilizers and soil im-
provement materials have been regulated by the recent EU Fertilising Products Regulation (EU)
2019/1009, which was approved on 5 June 2019. When the requirements of the Regulation are
fulfilled, the ash is no longer considered as waste within the principles of Directive 2008/98/EC,
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and it can be used as a component for fertilizing products. The products containing or consisting
of such recovered ash are allowed to access the European market.

Apart from the use as a fertilizer, the chemical composition of biomass ash should be
well recognized before the combustion process since it may cause severe problems in the
furnace. Especially animal-origin biomass, whose composition differs significantly from
coal and plant-origin biomass, is likely to cause critical combustion-related issues, and
this fact determines its usability in the power sector [29,36]. The determination of the vital
ash properties includes the characteristic ash fusion temperatures (AFT), chlorine content
and the presence of alkalis. The AFTs for animal-origin biomass ashes are usually lower
than for coal ashes. Vankat et al. determined the ash-softening temperature of animal
manure to 1110-1170 °C and the flow point to 1140-1230 °C [37]. Animal feces ash is
usually characterized by a relatively high chlorine content, which can exceed 10% [38].
Fahimi et al. investigated poultry litter ash that was calcium, phosphorous, potassium and
sulfur-rich (>29 g/kg) [39]. The ash with high chlorine and alkali metal (K, Na) contents
can lead to numerous undesirable issues, such as high-temperature corrosion, slagging,
fouling, the formation of deposits on heating surfaces of the boiler and bed agglomeration
in CFB boilers [40,41].

The presence of Clin the ash deposits is vital, especially for high-temperature corrosion,
since it leads to the development of low-melting mixtures containing metal chlorides. It
favors the mobility of alkali compounds, which may form inorganic mixtures with silica and
lower the fluid temperatures from around 1700 °C to around 750 °C. Therefore, chlorine-
induced corrosion occurs in a combustion chamber according to the multi-step active
oxidation model as it is the most widespread principle of high-temperature corrosion [42].

Many various indicators for classifying a fuel in terms of ash behavior are in use [43-47].
Such methods allow prediction of ash agglomeration, slagging, fouling or corrosion po-
tential. They are based mainly on ash composition, ash fusion temperatures and fuel
analysis. They were originally established for coal ashes. Nevertheless, their applicability
for biomass ashes is under investigation. Garcia-Maraver et al. [43] classified 104 various
biomass types by 10 commonly used slagging indices. For most cases, the coefficients
show mixed results when applied to plant-origin biomass: the same fuel was categorized
to have low, medium, high or extremely high slagging risk, depending on the index used
for classification. However, among 104 various biomass fuels included in this research,
only two animal-origin biomasses were investigated: chicken litter and meat-bone meal.
Differently from other biomass types, for chicken litter, the categorization seems to be
accurate: it was categorized as highly or extremely highly problematic by 7 out of 10 in-
dices. This may suggest that these indices may be applicable to the animal-origin biomass
due to its specific composition, different from plant-origin biomass. Lachman et al. [46]
presented a compendium of slagging and fouling indices and their applicability to biomass
fuels. Nevertheless, not enough attention was paid to animal-origin feedstock. These facts
indicated the big knowledge gap when it comes to animal-origin biomass combustion
problems. Hence, the presented paper covers a novel and unique research field. The
problem of animal-origin biomass ash behavior prediction is still very poorly recognized
and existing studies need to be supplemented.

The presented research aims to determine the ash properties of chicken litter and
cow manure in terms of ash-related issues and potential use of ashes as an inorganic
macronutrient fertilizer. Four types of cow manure and five types of chicken litter were
investigated. The material was collected from different breeding styles: industrial farming
and free-range to understand how the breeding system affects the feedstock and ash
properties. According to the authors’” best knowledge, there are no studies where the
influence of the breeding system on fuel properties and ash composition is investigated.
The ashes were examined by eleven so-called “slagging indices” to evaluate their potential
for slagging, fouling and bed agglomeration. The possible application of such indices was
determined for the investigated ashes since there is very limited data referring to animal-
origin biomass ash behavior prediction. Further, the possible use of ashes for fertilizing
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purposes was assessed together with the potential risk associated with their introduction
into the environment. The ash composition was evaluated against the criteria in the current
EU Fertilising Products Regulation (EU) 2019/1009, taking into account the limits of heavy
metals: Zn, Hg, Cu, Cr, As, Cd, Ni and Pb in inorganic macronutrient fertilizers. The limits
of other elements, such as Sb, Se, Sn, V, Mo and Co, were determined as well and compared
with their average concentrations in European and North American soils. The presented
research can improve the technologies of animal-origin biomass energy conversion.

2. Materials and Methods
The following types of animal-origin biomass were considered in this study:

Cow manure from free-range farming CD1_FR, CD2_FR

Cow manure from industrial farming CD3_IF, CD4_IF

Chicken litter from free-range farming CL1_FR

Chicken litter from industrial farming CL2_IF, CL3_IF, CL4_IF, CL5_IF

CD1_FR, CD2_FR and CL1_FR samples were collected from middle-size free-range
animal farms located in Southern Poland.

CD3_IF and CL2_IF were collected from large industrial farms located in Southern Poland.

CD4_IF was investigated by the authors and research partners in previous research [36]
and originated from a large industrial farm located in Eastern Poland.

CL3_IF, CL4_IF and CL5_IF samples were collected from a large poultry farm located
in Ukraine by the Ukrainian research partner. They were collected within a time of one
year to ensure seasonal diversity.

2.1. Feedstock and Ash Analysis

The biomass samples were chopped in a laboratory knife mill and stored at an ambient
temperature. A small batch of feedstock was placed into a ceramic crucible, heated up to
550 °C and incinerated in a constant temperature zone in an electric muffle furnace. As
a result, chemically stable ash with a minimal amount of unburned carbon (UBC) was
obtained for further analysis.

Proximate and ultimate (elemental) analysis of biomass samples was conducted.
For the ash, the oxide ash composition and ash fusion temperatures (AFT) were deter-
mined since they are the most common procedures for ash characterization in terms of
combustion-related issues. To assess the potential risk associated with its introduction into
the environment, the Zn, Hg, Cu, Cr, As, Co, Ni, Pb, Sb, Se, Sn, V, Mo and Cd concentrations
were determined.

Feedstock analysis was conducted according to European standards for solid fuels:
ash content PN-EN ISO 18122:2016-01, moisture content PN-EN ISO 18134-2:2017-03,
Lower Calorific Value (LHV) and Higher Calorific Value (HHV) PN-EN ISO 18125:2017-07.
A portion of fuel was incinerated at a constant volume in a calorimeter calibrated by the
combustion of benzoic acid. C, Hand N contents were determined by Infrared (IR) analyzer
according to PN-EN ISO 16948:2015-07, Cl and S contents by the Ion Chromatography (IC)
method according to PN-EN ISO 16994:2016-10.

The ash composition was determined by Inductively Coupled Plasma-Optical Emis-
sion Spectroscopy (ICP-OES). Metal and metalloid concentrations were determined accord-
ing to PN-EN ISO 16968:2015-07 and PN-EN ISO 11885:2009. The ash fusion temperatures
were determined by the microscope-photographic method according to standard CEN/TS
15370-1:2007. The procedure covers the identification and recording of initial deformation
temperature (IDT), softening temperature (ST), hemisphere temperature (HT) and flow
temperature (FT). The specific, characteristic shapes of the ash cylinders were recorded
by a digital system. The procedure assumes a maximum temperature of 1500 °C and
both oxidizing and reducing conditions. The only exceptions are samples CL3_IF-CL5_IF,
which were collected and tested by the Ukrainian research partner. For these samples, the
complete AFT investigation is not available, and only IDT and ST temperatures in oxidizing



Energies 2022, 15, 1274

50f 15

conditions are reported. For the same reason, the chlorine content and SEM analysis of
these samples are not available.

The scanning electron microscope (SEM) analysis of ash samples was performed to
investigate their morphology. The Zeiss Supra 35 microscope with the Trident XM4 series
(EDX) X-ray spectrometer was used. The electron high tension (EHT) voltage was set to
10 kV. The pictures were taken with two types of magnification for each sample: 1000 x
and 250/500%, depending on the sample morphology.

2.2. Ash Deposition, Slagging and Fouling Prediction

The ash behavior indices used in this study are presented below, together with the
evaluation of their values. An index can display low, moderate, high or extremely high
slagging hazards [43,48-50].

The base-to-acid ratio:

B/A — Fe203+Ca0+MgO+NayO+Ky0+P20s
Si0,+Al,03+TiO,
0.5-1.0 moderate
1.0-1.75 high

B/A may be used in a simplified form:

Fe; O3 4+ CaO + MgO
B/ASimpl. = 2= Si0, g 2)

The Bed Agglomeration Index (BAI):

Fe, O,
BAI = Nazg)erIzzO (3)
<0.15 high

Babcock Index Rs (B/ A ratio enhanced with sulfur content in fuel):

Rs = B/A-S4
<0.6 low
0.6-2.0 moderate 4)
2.0-2.6 high
>2.6 extremely high

Fouling index Fu (B/ A ratio enhanced with the alkali metals):

Fu = B/A-(NayO + K;O)
<0.6 low 5)
0.6—40 moderate
>40 high

Slag Viscosity Index Sr:

Sr — 5i0,-100%
— SiOy+FeyO3+CaO+MgO

>72 low (6)
65-72 moderate
<65 high
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Fuel alkalinity index piy:

_ 1
Halk = TRV AT (Na,0+K,0)
0.17-0.34 moderate )

>0.34 high

Ash Fusibility Index (AFI):
_ 4IT+HT
AFI = g

>1342 low
1232-1342 moderate (8)
1052-1232 high
<1050extremely high

The indices are supplemented by the silica content in the ash SiO; (<20 low,
20-25 moderate, >25 high), the chlorine content in the fuel Cl (<0.2 low, 0.2-0.3 mod-
erate, 0.3-0.5 high) and AFTs in oxidation conditions: initial deformation temperature
IDT (>1100 °C low, 900-1100 °C moderate, <900 °C high) and softening temperature ST
(>1390 °C low, 1250-1390 °C moderate, <1250 °C high).

3. Results and Discussion
3.1. Feedstock and Ash Characteristics

Proximate analysis, elemental (ultimate) analysis and heating values of the feedstock
samples are presented in Table 1. The ash content of cow manure from free-range (CD1_FR,
CD2_FR) was found to be higher than that of cow manure from industrial farming (CD3_IF,
CD4_IF): 21.4% and 22.06% vs. 16.99% and 13.86%. Similarly, the ash content of free-range
chicken litter (CL1_FR) is significantly higher than that of industrial farming chicken litter
(CL2_IF-CL5_IF): 30.10% vs. 7.10-17.09%. This is reflected in low calorific values of free-
range chicken litter. Nevertheless, the HHV of all samples, regardless of the breeding
system, is within the range provided in the literature for poultry waste [51]. The moisture
content of industrial farming chicken litter is visibly higher than for other samples. The
chlorine content in free-range cow manure (0.086-0.33%) is lower than in industrial farming
(0.54-1.02%). The chlorine content in free-range chicken litter (0.11%) is greatly below the
content of the industrial-farming samples (0.66-0.99%). The chlorine content of free-range
animal waste investigated in this study is comparable to the chlorine content of plant-origin
biomass, while for industrial breeding, it can be considered as undesirably high. The
presented analysis shows a big impact of farming style on the feedstock properties.

The chemical composition of ashes and their AFTs are summarized in Table 2. The
elemental composition of ash is a feature of the specific biomass type, but the contents
of ash-forming elements can be various even within a certain fuel type [52]. Therefore,
the analyzed ashes show different quantitative chemical compositions and the farming
style influenced the composition of ashes as strong as animal species. All the samples
contain silica, calcium and phosphorus, but for free-range samples, the content of silica is
significantly higher than for industrial farming. The massive difference in SiO, content can
be observed for both cow manure (59.63-75.60% for free-range and 18.3-33.60% for indus-
trial) and chicken litter (57.11% for free-range and 3.66-13.26% for industrial). The high
concentration of silica in free-range animal-manure ash can be caused by contamination
with sand and soil since animals can freely access the outdoor environment and consume
grass directly from the ground.
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Table 1. Proximate and elemental (ultimate) analysis of feedstock samples (a.r—as received, d.b.—dry basis).

. . Cow Manure Chicken Litter
Parameter  Basis  Unit - f b r (D2 PR CD3_IF CD4 IF[36] CLLFR CL2IF CL3IF CI4AIF  CL5IF
Moisture a.r. wt% 11.4 8.4 11.1 15.5 12.10 11.1 26.7 219 38.8
Ash d.b. wt% 21.4 22.06 16.99 13.86 30.10 17.09 9.31 10.70 7.10
d.b. M]/kg 17.26 16.93 17.91 19.04 12.22 17.22 15.60 16.90 16.60
HHY ar M]/kg 15.49 15.5 15.92 16.09 10.97 15.31 11.40 13.20 10.20
d.b. MJ/kg 15.78 15.86 16.72 17.84 11.32 16.02 15.20 15.80 16.10
LHV a.r. M]/kg 13.98 14.32 14.59 14.69 10.08 13.97 10.60 11.86 8.38
Cl d.b. wt% 0.086 0.33 1.02 0.54 0.11 0.99 0.96 0.66 0.82
C d.b. wt% 41.94 38.93 44.07 45.26 31.19 41.85 39.10 40.3 37.7
H d.b. wt% 5.38 4.89 5.45 5.53 3.91 5.5 5.10 5.40 5.20
N d.b. wt% 2.59 1.61 2.5 2.79 2.90 4.89 4.70 4.80 4.70
S d.b. wt% 0.34 0.32 0.47 0.32 0.50 0.97 0.73 0.75 0.31
Table 2. Ash analysis (dry basis) and ash fusion temperatures.
Cow Manure Chicken Litter
Parameter Unit
CD1_FR CD2_FR CD3_IF CD4_IF [36] CL1_FR CL2_IF CL3_IF CL4_IF CL5_IF
SO3 wt% 0.88 1.18 4.45 2.63 1.02 9.68 0.94 1.01 0.82
KO wt% 3.19 8.64 18.6 5.56 2.61 25.20 13.04 20.01 16.54
SiO; wt% 59.63 75.60 33.60 18.30 57.11 3.66 10.30 7.13 13.26
Fe, O3 wt% 1.52 1.11 1.24 1.06 1.94 0.92 4.10 4.11 1.84
Al,O3 wt% 4.28 2.65 1.95 1.31 4.15 0.48 1.66 1.11 2.81
Mn30y4 wit% 0.18 0.12 0.16 0.51 0.13 0.63 1.75 1.92 1.86
TiO, wt% 0.21 0.24 0.15 0.09 0.23 0.04 0.63 0.51 0.43
CaO wt% 11.85 211 13.6 30.60 13.55 18.3 34.07 28.18 26.61
MgO wt% 2.72 1.56 5.55 8.14 2.15 7.45 6.73 6.48 5.72
P,0s5 wt% 8.21 4.09 10.8 17.50 7.81 21.00 19.23 22.49 23.74
Na,O wt% 3.57 0.73 2.66 3.20 3.21 3.87 6.80 6.26 5.74
BaO wt% 0.02 0.04 0.05 0.03 0.02 0.03 0.15 0.17 0.14
SrO wt% 0.02 0.02 0.03 0.04 0.02 0.05 0.34 0.39 0.31
Cl wt% 0.65 7.56 6.55 2.57 0.90 5.67 - - -
Ash Fusion Temperatures in reducing/oxidizing atmosphere
def:)r;lrgziion °C 910/1020 1270/1260 1140/1130 1160/1230 1060/1140  1330/1400 -/1357 -/1254  -/1303

temperature (IDT)

softening

temperature (ST)

°C 1150/1240 1310/1290 1170/1170 1210/1270 1170/1210  1380/1470 -/1500  -/1500  -/1439

hemisphere

temperature (HT)

°C 1370/1340  1460/1420 1200/1200 1320/1300 1300/1330  1430/>1500 - - -

flow

temperature (FT)

°C 1410/1370  >1500/>1500 1310/1310 1430/1440 1320/1360  1490/>1500 - - -

Silica together with alkalis favors the formation of low-melting eutectics [45,53]. This
is reflected in high AFTs for CL2_IF-CL5_IF samples that are low in silica. Lower AFTs
of other samples are likely to be a result of a high silica-to-alumina (S/A) ratio. Liu et al.
showed that the AFTs decrease with the increasing S/ A ratio [54], and the S/ A ratios of
CD1_FR-CL1_FR samples are significantly higher than for other ones.

On the other hand, CL2_IF-CL5_IF ashes are characterized by higher concentrations
of alkaline compounds, such as Ca (up to 34.07%) and K (up to 25.20%), which are mainly
responsible for slagging and fouling. Contrarily, CD2_FR is characterized by the lowest
concentration of calcium, 2.11%, and CL1_FR is characterized by the lowest concentration
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of potassium, 2.61%. The alumina content differs significantly as well and is higher for
free-range samples than for industrial ones.

The analysis found that some samples contain chlorine at extremely high levels, up to
7.56% (CD2_FR), which may result in an active oxidation process and lead to severe corrosion
damage in the furnace. On the other hand, the chlorine content in CD1_FR was only 0.65%.

The ash characteristics of both cow manure and chicken litter cannot be considered
advantageous and demonstrate their high potential for ash deposition, slagging, fouling
and high-temperature corrosion. If these problems appear, they can be minimized by
using aluminosilicate fuel additives, such as halloysite, kaolin or bentonite. Their positive
influence on plant-origin biomass and coal combustion has already been studied and
successfully proven [55-57].

3.2. Ash Morphology

The SEM pictures of the analyzed ashes are shown in Figure 1. They are presented at
the magnitude of 1000 x (left column) and 250/500x (right column) for optimal morphology
characterization. Numerous fibrous structures can be observed in the majority of the
investigated ashes (Figure la,c,g,i). Most probably, they come from remaining straw
bedding or plants consumed by the animals. The only exception is the CD3_IF sample,
whose structure is much finer, without fibrous particles (Figure le,f). In all free-range ashes,
particles of SiO, are present (Figure 1b,d,h). They are likely to be sand particles, as sand
can be unintentionally consumed by the animals together with grass, plants, etc., in the
outdoor environment. This fact can explain the high silica content in all free-range ashes.

EHT =10.00 kv
WD = 32.7 mm

Signal A = SE2 100 um EHT =10.00 kV' Signal A = SE2
Mag= 1.00KX — WD = 15.2mm Mag= 250X

EHT =10.00 kv
WD = 32.9 mm

(b)

e £ + 1% ’v 2 S
Signal A= SE2 100 um EHT =10.00 kV Signal A = SE2
Mag = 1.00 KX — WD =329 mm Mag= 250X

(c) (d)

Figure 1. Cont.



Energies 2022, 15, 1274 9 of 15

20 pm EHT =10.00 kv Signal A = SE2 100 pm EHT = 10.00 kV Signal A = SE2
|_| WD =328mm Mag= 1.00KX |—| WD = 32.9 mm Mag= 500X

(e) ()

10 pm EHT =10.00 kv Signal A = SE2 100 pm EHT =10.00 kV Signal A = SE2
H WD =326mm Mag= 1.00KX WD =151 mm Mag= 500X

20 pm EHT =10.00 kv Signal A = SE2 100 pm EHT = 10.00 kV Signal A = SE2
WD =330 mm Mag= 1.00KX F—— wo-330mm Mag= 500X

) G

Figure 1. SEM pictures of ash samples. (a) CD1_FR; (b) CD1_FR; (c) CD2_FR; (d) CD2_FR; (e) CD3_IF;
(f) CD3_IF; (g) CL1_FR; (h) CL1_FR; (i) CL2_IF; (j) CL2_IF.

3.3. Ash Deposition Tendencies

Ash deposition is one of the most unfavorable issues connected to solid biomass fuels.
According to the deposition indices, the particular fuel can be evaluated as low, moderately,
highly or extremely hazardous [48-50]. The results of classification for all the samples are
presented in Table 3.
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Table 3. Deposition hazard evaluation according to 11 prediction indices (d.b.—dry basis).

Index Unit CD1_FR CD2_FR CD3_IF CD4_IF[36] CL1.FR CL2IF CL3_IF CL4_IF CL5_IF
1 SiO, % 59.63 75.6 33.6 18.3 57.11 3.66 10.3 7.13 13.26
2 Cl %db.  0.086 0.33 1.02 0.54 0.11 0.99 0.96 0.66 0.82
3 B/A - 0.48 0.23 1.47 3.35 0.50 18.36 6.67 10.00 4.86
4 BAI - 0.22 0.12 0.06 0.12 0.33 0.03 0.21 0.16 0.08
5 Rs - 0.16 0.07 0.69 1.07 0.25 17.81 4.87 7.50 1,51
6 Fu - 3.27 2.18 31.23 29.37 2.94 533.69  132.32  262.79  108.28
7 Sr - 78.75 94.05 62.23 31.50 76.40 12.07 18.66 1553  27.96
8 Halk kg/GJ 0.44 0.31 0.17 0.46 0.50 0.13 0.36 0.23 0.39

Initial
9 deformation °C 1020 1260 1130 1230 1140 1400 1357 1254 1303
temperature IT

10 ten?ggzrt‘;ﬂg ST °C 1240 1290 1170 1270 1210 1470 1500 1500 1439
11 AFI °C 1084 1292 1144 1244 1178 1420 1086 1003 1042

Though the melting point of silica is 1700 °C, its combination with alkali, K and Na
favors the formation of low-melting eutectics [45]. Thus, the index based on the SiO,
content displays a high tendency of ash deposition for most free-range ashes that are rich
in silica and low for most industrial farming ashes that are low in silica.

Chlorine is a key compound in ash fusibility since its presence leads to the forming
of inorganic mixtures with Si and reducing their fluid temperatures to about 750 °C. The
molten mixtures of alkali chlorides can merge, form larger droplets and thus initiate the
formation of slag. Moreover, alkali vapors that contain chlorine are prone to condensation
more than non-chlorinated volatile alkalis [58]. The free-range cow manure and chicken
litter examined in this study contain chlorine at a relatively low level, comparable to plant-
origin biomass. These two samples are classified as having low deposition risk. Contrarily,
very high Cl content in other samples resulted in their classification as extremely dangerous.

For the B/ A ratio, the results obtained in this study and in studies of Garcia-Maraver et al.
concerning biomass fuels [43] disagree with the results presented in other studies, where
a decrease in the B/A ratio is followed by an increase of HT and FT and results in the
reduction of the slagging tendencies [59]. All industrial farming chicken litter samples,
whose AFTs are high, are categorized as having high slagging risks. The CD1_FR sample,
whose AFTs were determined to be lower than other samples, was classified to have a low
slagging tendency.

When the B/A index is supplemented with the sulfur content, as stands in the Rs
index, the results transform. Sulfur is expected to form sulfates during the combustion of
fuels where alkalis are present; however, not when they are bound as silicates [60]. In this
case, samples with lower 5iO, contents are more prone to deposit formation.

Alkalis play a key role in the formation of deposits, especially with a low presence of
chlorine [60]. For this reason, the B/ A index can be complemented with the sum of Na,O
and K;O, resulting in the Fu index. In this case, industrial-farming chicken litter samples
are classified to have high deposition risk, while free-range ones and cow manure to be
moderately risky.

According to the BAI index, samples show mixed results. The clear influence of the
farming style on the Fe,O3 content in the tested samples is not observed.

The Sr index assumes that silica is one of the least responsible components of de-
posit formation. Hence, when applying this index to silica-rich free-range ashes, they are
classified as low risk, while all industrial farming ashes are classified as highly dangerous.

The indices that are based on ATFs (IT, ST and AFI) classified industrial-farming
chicken litter ashes as less risky than cow manure ashes. Especially the CL2_IF sample,
whose AFTs can be considered as very high, is classified to have low deposition risk.
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3.4. Metals and Metalloids Concentration

EU legislation on heavy metal concentrations regulates the agricultural applications of
inorganic macronutrient fertilizers. The concentrations of selected elements in the analyzed
samples, together with their regulation limits, are presented in Table 4. For phosphorus
concentration, an assumption was made that all phosphorous in the ashes is in the form of
P,0s5 [9]. The recalculation was made with the following conversion factor according to EU
Regulation 2019/1009:

phosphorus (P) = phosphorus pentoxide (P,Os) x 0.436

Table 4. Concentration of selected elements in ash samples (dry basis) confronted with current UE limits.

Unit CD1.FR CD2FR CD3IF CL1FR CL2IF CL3IF CL4IF CL5IF Egoligfl‘sl(;’gﬁl‘m
P,0s W% 8.21 4.09 10.8 7.81 21.00 19.23 2249 23.74

P2 W% 3.58 1.78 471 341 9.16 8.38 9.81 1035

Zn mg/kg 980 493 938 846 2787 3400 2700 2700 1500 3

Hg mg/kg  <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 1

Cu mg/kg 138 35 129 109 612 232 321 280 600 3

Cr mg/kg 2 178 52 24 36 73 65 44 24

As mg/kg 8.86 1.78 1.38 9.99 <1.0 <1.0 <1.0 <1.0 40

cd mg/kg 435 223 243 <0.05 293 0.19 0.13 0.17 35
Cdrecale “I‘)gz/olég 52.98 54.52 2250 <0.64 13.95 0.99 0.58 0.72 60°

Ni mg/kg 18.1 14.1 26 16.0 418 99.0 75.0 58.0 100

Pb mg/kg  40.00 16.40 18.80 49.30 5.24 426 237 339 120

! The EU Fertilising Products Regulation 2019/1009 of heavy metals concentration in inorganic macronutrient
fertilizers. 2 An assumption was made that all P in the ashes is in the form of P,Os. The conversion factor was used
according to EU Regulation 2019/1009: phosphorus (P) = phosphorus pentoxide (P,O0s) x 0.436. 3 These limit
values shall not apply where copper (Cu) or zinc (Zn) has been intentionally added to an inorganic macronutrient
fertilizer for the purpose of correcting a soil micronutrient deficiency. 4 The limit value is 2 mg/kg dry matter is
for Cr (VI) while in this table the total Cr concentrations are given. > Where an inorganic macronutrient fertilizer
has a total phosphorus content of less than 5% P,Os: 3 mg/kg dry matter. ® Where an inorganic macronutrient
fertilizer has a total phosphorus content of 5% P,05: 60 mg/kg P,0s.

Phosphorus is the desired element, and therefore, it is important to evaluate its
concentration in ashes from various sources and breeding systems. From Table 4 it is
evident that industrial farming chicken litter ashes have greatly more phosphorus than
other samples.

Mercury and copper contents in all samples are greatly below the limits of the EU
regulations. They are the most volatile of the heavy metals hence even if present in the
biomass, they volatilize during the combustion process, which is the reason for their very
low concentrations in the ashes.

For cadmium concentration in fertilizers, the EU regulation has two different lim-
its depending on the P,Os5 concentration in the investigated material. When the P05
concentration is below 5 wt%, the limit is 3 mg Cd per kg dry matter. When the P,Os
concentration is above 5 wt%, the limit is 60 mg per kg P,Os. Evaluating the Cd levels
in the ashes against the EU limit needs an assumption that all phosphorus in the ashes
is bound in the form of P,Os. With the following assumption, the concentration of Cd is
recalculated in Table 4 (Cdrecale expressed in mg per kg P,Os), which indicates that the
ashes have Cd concentrations below the EU limit.

Arsenic and lead concentrations are below the limits, and none of the samples is over
the limit of nickel concentration as well; however, the CL3_IF sample is close to the limit.

The concentrations of zinc in industrial farming chicken litter ashes are beyond the limits
of UE regulations, reaching 3400 mg/kg. For cow manure and free-range chicken litter ashes,
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the limit is not exceeded. A possible explanation of the high Zn content is its addition as a food
supplement. Zinc is used in industrial poultry breeding to improve reproduction, increase
mass gain and boost egg production. High Zn content is, in general, an issue of animal-origin
biomass. Nordin et al. [9] determined the Zn concentration in ash from the combustion of
a mixture of horse manure and sewage sludge to 1400 mg/kg. Zhang et al. reported the Zn
concentration in unprocessed chicken manure reaching up to 1063.32 mg/kg [61].

The elevated Cr concentration of chromium in all samples is likely to be a result of
unregulated Cr limits in animal feed. Chromium concentration in chicken manure was
reported to range up to 2402.95 mg/kg for a flock size of 2000-20,000 birds [61]. However,
due to significant phosphorus concentrations, ashes with exceeded chromium levels can be
used in a smaller amount as an additive for fertilizing products.

The limits of other metals and metalloids, such as Sb, Se, Sn, V, Mo and Co, in fertilizers
are not controlled under EU regulations. In Table 5, the concentration of these elements in ash
samples (dry basis) are presented together with their average concentrations in European or
North American soils to assess the potential risk of their introduction into the environment.

Table 5. Concentration of selected elements in ash samples (dry basis) together with their concentra-
tions in European/North American soils.

Unit CD1.FR CD2FR CD3.IF CL1LFR CL2IF CL3IF CL4IF CL5_IF Concentration in

European/USA Soils
V. mg/kg <005 29.7 15.1 34 134 88 49 36 median 60 [62]
0.02-31.1
Sb  mg/kg  <5.00 <5.00 <5.00 <5.00 <5.00 <5.00 <5.00 <5.00 medion 060 [63]
Se  mg/kg  <5.00 <5.00 <5.00 <5.00 <5.00 <5.00 <5.00 <5.00 up to 600 [64]
<2-106
Sn mg/kg  <5.00 <5.00 <5.00 <5.00 <5.00 <5.00 <5.00 <5.00 medion 301631
Mo  mg/k 5.59 10.90 11.80 6.25 46.50 43.00 31.00 40.00 <0.1-17.2
8/ %8 : : : : : : ‘ : median 0.62 [63]
Co mg/kg 607 297 457 7.61 3.66 31.00 10.70 7.03 0.1-7.0 [65]

The knowledge of vanadium behavior in soils is poor compared with other heavy
metals, such as Cu, Pb and Zn. However, the median value of total vanadium concentration
in European surface soils is 60 mg/kg, with maximum values up to 500 mg/kg. Most
toxicity-based limits for unacceptable risks range from 90 to 500 mg/kg for those EU
members that have established limitations for vanadium concentration in soils [62]. Thus,
the content of vanadium in the tested ashes can be considered harmless.

The content of antimony, tin and molybdenum in the European surface soils was found
to be in the ranges <0.02-31.1, <2-106 and <0.1-17.2 mg/kg, respectively [63]. Selenium
was found in soils with concentrations up to 600 mg/kg [64]. The normal range of cobalt
concentration in agricultural soils are 0.1-7.0 mg/kg [65]. Among these elements, only
molybdenum is present in the investigated ashes in amounts exceeding the typical values
of soil. However, molybdenum is a micronutrient necessary for the proper development
of plants. Its deficit leads to the appearance of light flaws on the leaves, the death of buds
and difficulty in the formation of leaf blades, and hence it was under investigation as
a component of fertilizers [66]. On this basis, it can be concluded that the tested ashes do
not pose a threat to the environment in terms of examined metal and metalloid contents.

4. Conclusions

It was found that the properties of animal-origin biomass strongly depend on the
farming style, not only on the animal species. Whether it is cow manure or chicken litter,
the free-range raw materials showed different fuel and ash characteristics than industrial
farming ones.

Free-range materials are characterized by higher ash contents. The great difference
can be observed in chlorine concentration: Free-range samples of both cow manure and
chicken litter contain chlorine at lower levels, comparable to plant-origin biomass, while
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industrial farming samples are chlorine-rich (up to 1.02% of Cl). Free-range samples are
characterized by the predominant content of silica in the ash, up to 75.6% in cow manure
and 57.11% in chicken litter. The high concentration of silica in free-range ashes is caused
by the presence of sand particles that were found in all free-range samples by SEM analysis.

The samples were classified by 11 “slagging indices”. Similar to plant-origin biomass,
the coefficients display mixed results when applied to animal-origin biomass. The ash
fusion temperatures of industrial farming chicken litter can be considered very high since
these samples were classified to have low deposition risk by indices that are based on AFTs
(IT, ST and AFI). On the other hand, based on chlorine concentration, all industrial ashes
were classified as highly risky.

The content of phosphorous, metals and metalloids was determined in ash samples to
assess their potential for agricultural application together with the risk of their introduction
into the environment. Ashes from industrial chicken litter contain more phosphorus than
other ones. The concentrations of Hg, Cu, As, Ni, Cd and Pb in all samples are below the
limits established in the EU Fertilising Products Regulation of heavy metals concentration
in inorganic macronutrient fertilizers. The concentrations of Cr in all samples and Zn
in industrial farming chicken litter are beyond the limits of UE Regulation. A possible
explanation is an intentional addition of Zn into the poultry feed as a food supplement.
Cr can be present in the feed as well; however, its concentration in animals’ food is not
regulated in the EU. Such ashes can be processed as an additive to mineral fertilizers in
small amounts, taking into account their elevated Zn and Cr concentration.

Author Contributions: Conceptualization, .M. methodology, I.M.; validation, I.M. and S.K.; formal
analysis, LM. and S.K.; investigation, .M.; resources, .M. and S.C.; writing—original draft prepara-
tion, LM. and S.K.; writing—review and editing, .M. and S.K.; visualization, I.M.; supervision, S.K.;
project administration, S.K. and S.C.; funding acquisition, S.K. All authors have read and agreed to
the published version of the manuscript.

Funding: The research was carried out as part of the project “Process optimisation and valorisation
of combustion by-products in the transition to a circular economy (UPS-Plus)” (www.ccf.polsl.pl,
accessed on 1 January 2022), grant number POIR.04.04.00-00-31B4/17-00 financed by the TEAM-
TECH Core Facility by Foundation for Polish Science.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The data is available on request from the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1.  Szymajda, A.; Laska, G.; Joka, M. Assessment of Cow Dung Pellets as a Renewable Solid Fuel in Direct Combustion Technologies.
Energies 2021, 14, 1192. [CrossRef]

2. Marin-Batista, ].D.; Villamil, ].A.; Qaramaleki, S.V.; Coronella, C.J.; Mohedano, A.F,; Rubia, M.A. de la Energy Valorization of Cow
Manure by Hydrothermal Carbonization and Anaerobic Digestion. Renew. Energy 2020, 160, 623-632. [CrossRef]

3.  Atimtay, A.; Yurdakul, S. Combustion and Co-Combustion Characteristics of Torrefied Poultry Litter with Lignite. Renew. Energy
2020, 148, 1292-1301. [CrossRef]

4. Bhatnagar, N.; Ryan, D.; Murphy, R.; Enright, A.-M. Trace Element Supplementation and Enzyme Addition to Enhance Biogas
Production by Anaerobic Digestion of Chicken Litter. Energies 2020, 13, 3477. [CrossRef]

5. Williams, A.G.; Leinonen, I.; Kyriazakis, I. Environmental Benefits of Using Turkey Litter as a Fuel Instead of a Fertiliser. J. Clean.
Prod. 2016, 113, 167-175. [CrossRef]

6. Pan-in, S.; Sukasem, N. Methane Production Potential from Anaerobic Co-Digestions of Different Animal Dungs and Sweet Corn
Residuals. Energy Procedia 2017, 138, 943-948. [CrossRef]

7. Theofanous, E.; Kythreotou, N.; Panayiotou, G.; Florides, G.; Vyrides, L. Energy Production from Piggery Waste Using Anaerobic

Digestion: Current Status and Potential in Cyprus. Renew. Energy 2014, 71, 263-270. [CrossRef]


www.ccf.polsl.pl
http://doi.org/10.3390/en14041192
http://doi.org/10.1016/j.renene.2020.07.003
http://doi.org/10.1016/j.renene.2019.10.068
http://doi.org/10.3390/en13133477
http://doi.org/10.1016/j.jclepro.2015.11.044
http://doi.org/10.1016/j.egypro.2017.10.062
http://doi.org/10.1016/j.renene.2014.05.003

Energies 2022, 15, 1274 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Orlando, M.-Q.; Borja, V.-M. Pretreatment of Animal Manure Biomass to Improve Biogas Production: A Review. Energies 2020,
13, 3573. [CrossRef]

Nordin, A.; Strandberg, A.; Elbashir, S.; Amand, L.-E.; Skoglund, N.; Pettersson, A. Co-Combustion of Municipal Sewage Sludge
and Biomass in a Grate Fired Boiler for Phosphorus Recovery in Bottom Ash. Energies 2020, 13, 1708. [CrossRef]

Wang, H.; Xu, J.; Sheng, L.; Liu, X.; Zong, M.; Yao, D. Anaerobic Digestion Technology for Methane Production Using Deer
Manure Under Different Experimental Conditions. Energies 2019, 12, 1819. [CrossRef]

Stepien, P,; Swiechowski, K.; Hnat, M.; Kugler, S.; Stegenta-Dabrowska, S.; Koziel, J.A.; Manczarski, P.; Bialowiec, A. Waste to
Carbon: Biocoal from Elephant Dung as New Cooking Fuel. Energies 2019, 12, 4344. [CrossRef]

Dobrzarnski, Z. The Relationship between Modern Poultry Production Systems and the Protection of Natural and Productive
Environment. First Agricultural Portal. 2002. Available online: http:/ /www.ppr.pl/artykul-ppr-2924.php?_resourcePK=2924
(accessed on 1 May 2021). (In Polish).

Dalolio, ES.; da Silva, J.N.; de Oliveira, A.C.C.; Tin6co, I.D.EE,; Barbosa, R.C.; de Oliveira Resende, M.; Albino, L.E.T.; Coelho, S.T.
Poultry Litter as Biomass Energy: A Review and Future Perspectives. Renew. Sustain. Energy Rev. 2017, 76, 941-949. [CrossRef]
The Agency for Restructuring and Modernization of Agriculture (Poland). Available online: https://www.arimr.gov.pl/
fileadmin /pliki/kontrole/2018/Zal_06.pdf (accessed on 1 May 2021).

Vandecasteele, B.; Reubens, B.; Willekens, K.; de Neve, S. Composting for Increasing the Fertilizer Value of Chicken Manure:
Effects of Feedstock on P Availability. Waste Biomass Valorization 2014, 5, 491-503. [CrossRef]

Szogi, A.A.; Vanotti, M.B. Prospects for Phosphorus Recovery from Poultry Litter. Bioresour. Technol. 2009, 100, 5461-5465.
[CrossRef] [PubMed]

Keesstra, S.; Sannigrahi, S.; Lopez-Vicente, M.; Pulido, M.; Novara, A.; Visser, S.; Kalantari, Z. The Role of Soils in Regulation and
Provision of Blue and Green Water. Philos. Trans. R. Soc. B Biol. Sci. 2021, 376, 1-8. [CrossRef]

Billen, P,; Costa, J.; van der Aa, L.; van Caneghem, J.; Vandecasteele, C. Electricity from Poultry Manure: A Cleaner Alternative to
Direct Land Application. J. Clean. Prod. 2015, 96, 467-475. [CrossRef]

Tariczuk, M.; Junga, R.; Kolasa-Wiecek, A.; Niemiec, P. Assessment of the Energy Potential of Chicken Manure in Poland. Energies
2019, 12, 1244. [CrossRef]

Olugbade, T.O.; Ojo, O.T. Binderless Briquetting Technology for Lignite Briquettes: A Review. Energy Ecol. Environ. 2021, 6,
69-79. [CrossRef]

Olugbade, T.; Ojo, O.; Mohammed, T. Influence of Binders on Combustion Properties of Biomass Briquettes: A Recent Review.
BioEnergy Res. 2019, 12, 241-259. [CrossRef]

Olugbade, T.O.; Ojo, O.T. Biomass Torrefaction for the Production of High-Grade Solid Biofuels: A Review. BioEnergy Res. 2020,
13, 999-1015. [CrossRef]

Dré6zdz, D.; Wystalska, K.; Malifiska, K.; Grosser, A.; Grobelak, A.; Kacprzak, M. Management of Poultry Manure in Poland
—Current State and Future Perspectives. J. Environ. Manag. 2020, 264, 110327. [CrossRef]

Lynch, D.; Henihan, A.M.; Bowen, B.; Lynch, D.; McDonnell, K.; Kwapinski, W.; Leahy, ]J.J. Utilisation of Poultry Litter as
an Energy Feedstock. Biomass Bioenergy 2013, 49, 197-204. [CrossRef]

Keesstra, S.; Mol, G.; de Leeuw, J.; Ok, J.; Molenaar, C.; de Cleen, M.; Visser, S. Soil-Related Sustainable Development Goals:
Four Concepts to Make Land Degradation Neutrality and Restoration Work. Land 2018, 7, 133. [CrossRef]

Novara, A.; Pulido, M.; Rodrigo-Comino, J.; di Prima, S.; Smith, P; Gristina, L.; Gimenez-Morera, A.; Terol, E.; Salesa, D.;
Keesstra, S. Long-Term Organic Farming on a Citrus Plantation Results in Soil Organic Carbon Recovery. Cuad. Investig. Geogrifica
2019, 45, 271. [CrossRef]

Zajac, G.; Szyszlak-Bargtowicz, J.; Gotebiowski, W.; Szczepanik, M. Chemical Characteristics of Biomass Ashes. Energies 2018,
11, 2885. [CrossRef]

Jarosz-Krzemiriska, E.; Poluszyriska, J. Repurposing Fly Ash Derived from Biomass Combustion in Fluidized Bed Boilers in Large
Energy Power Plants as a Mineral Soil Amendment. Energies 2020, 13, 4805. [CrossRef]

Kelleher, B.P.; Leahy, J.J.; Henihan, A.M.; O'Dwyer, T.E,; Sutton, D.; Leahy, M.]. Advances in Poultry Litter Disposal Technology
—A Review. Bioresour. Technol. 2002, 83, 27-36. [CrossRef]

Codling, E.E.; Chaney, R.L.; Sherwell, J. Poultry Litter Ash as a Potential Phosphorus Source for Agricultural Crops. . Environ.
Qual. 2002, 31, 954-961. [CrossRef]

Sugiyama, S.; Wakisaka, K.; Imanishi, K.; Kurashina, M.; Shimoda, N.; Katoh, M.; Liu, ].-C. Recovery of Phosphate Rock Equivalents
from Incineration Ash of Chicken Manure by Elution-Precipitation Treatment. J. Chem. Eng. Jpn. 2019, 52, 778-782. [CrossRef]
Kaikake, K.; Sekito, T.; Dote, Y. Phosphate Recovery from Phosphorus-Rich Solution Obtained from Chicken Manure Incineration
Ash. Waste Manag. 2009, 29, 1084-1088. [CrossRef]

Bolan, N.S.; Szogi, A.A.; Chuasavathi, T.; Seshadri, B.; Rothrock, M.].; Panneerselvam, P. Uses and Management of Poultry Litter.
World’s Poult. Sci. ]. 2010, 66, 673-698. [CrossRef]

Faridullah, F; Irshad, M.; Yamamoto, S.; Honna, T.; Eneji, A.E. Characterization of Trace Elements in Chicken and Duck Litter
Ash. Waste Manag. 2009, 29, 265-271. [CrossRef]

Fiameni, L.; Fahimi, A.; Marchesi, C.; Sorrentino, G.P.; Zanoletti, A.; Moreira, K.; Valentim, B.; Predeanu, G.; Depero, L.E,;
Bontempi, E. Phosphorous and Silica Recovery from Rice Husk Poultry Litter Ash: A Sustainability Analysis Using a Zero-Waste
Approach. Materials 2021, 14, 6297. [CrossRef] [PubMed]


http://doi.org/10.3390/en13143573
http://doi.org/10.3390/en13071708
http://doi.org/10.3390/en12091819
http://doi.org/10.3390/en12224344
http://www.ppr.pl/artykul-ppr-2924.php?_resourcePK=2924
http://doi.org/10.1016/j.rser.2017.03.104
https://www.arimr.gov.pl/fileadmin/pliki/kontrole/2018/Zal_06.pdf
https://www.arimr.gov.pl/fileadmin/pliki/kontrole/2018/Zal_06.pdf
http://doi.org/10.1007/s12649-013-9264-5
http://doi.org/10.1016/j.biortech.2009.03.071
http://www.ncbi.nlm.nih.gov/pubmed/19394817
http://doi.org/10.1098/rstb.2020.0175
http://doi.org/10.1016/j.jclepro.2014.04.016
http://doi.org/10.3390/en12071244
http://doi.org/10.1007/s40974-020-00165-3
http://doi.org/10.1007/s12155-019-09973-w
http://doi.org/10.1007/s12155-020-10138-3
http://doi.org/10.1016/j.jenvman.2020.110327
http://doi.org/10.1016/j.biombioe.2012.12.009
http://doi.org/10.3390/land7040133
http://doi.org/10.18172/cig.3794
http://doi.org/10.3390/en11112885
http://doi.org/10.3390/en13184805
http://doi.org/10.1016/S0960-8524(01)00133-X
http://doi.org/10.2134/jeq2002.9540
http://doi.org/10.1252/jcej.19we030
http://doi.org/10.1016/j.wasman.2008.09.008
http://doi.org/10.1017/S0043933910000656
http://doi.org/10.1016/j.wasman.2008.03.009
http://doi.org/10.3390/ma14216297
http://www.ncbi.nlm.nih.gov/pubmed/34771827

Energies 2022, 15, 1274 15 of 15

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.
66.

Maj, I; Kalisz, S.; Szymajda, A.; Laska, G.; Golombek, K. The Influence of Cow Dung and Mixed Straw Ashes on Steel Corrosion.
Renew. Energy 2021, 177, 1198-1211. [CrossRef]

Vankat, A.; Krepl, V.; Kéra, J. Animal Dung as a Source of Energy in Remote Areas of Indian Himalayas. Agricult. Trop. Subtrop.
2009, 43, 140-142.

Tran, Q.T.; Maeda, M.; Oshita, K.; Takaoka, M. Phosphorus Release from Cattle Manure Ash as Soil Amendment in Laboratory-
Scale Tests. Soil Sci. Plant Nutr. 2017, 63, 369-376. [CrossRef]

Fahimi, A.; Bilo, F; Assi, A.; Dalipi, R.; Federici, S.; Guedes, A.; Valentim, B.; Olgun, H.; Ye, G.; Bialecka, B.; et al. Poultry Litter
Ash Characterisation and Recovery. Waste Manag. 2020, 111, 10-21. [CrossRef]

Vassilev, S.v.; Baxter, D.; Andersen, L.K.; Vassileva, C.G. An Overview of the Composition and Application of Biomass Ash. Fuel
2013, 105, 19-39. [CrossRef]

Diaz-Ramirez, M.; Frandsen, E]J.; Glarborg, P.; Sebastian, F; Royo, J. Partitioning of K, CI, S and P during Combustion of Poplar
and Brassica Energy Crops. Fuel 2014, 134, 209-219. [CrossRef]

Kofstad, P. High Temperature Corrosion; Elsevier: London, UK, 1988.

Garcia-Maraver, A.; Mata-Sanchez, J.; Carpio, M.; Perez-Jimenez, J.A. Critical Review of Predictive Coefficients for Biomass Ash
Deposition Tendency. . Energy Inst. 2017, 90, 214-228. [CrossRef]

Weber, R.; Poyraz, Y.; Beckmann, A.M.; Brinker, S. Combustion of Biomass in Jet Flames. Proc. Combust. Inst. 2015, 35,
2749-2758. [CrossRef]

Miles, T.R.; Miles, T.R.; Baxter, L.L.; Bryers, RW.; Jenkins, B.M.; Oden, L.L. Boiler Deposits from Firing Biomass Fuels. Biomass
Bioenergy 1996, 10, 125-138. [CrossRef]

Lachman, J.; Balas, M.; Lisy, M.; Lisa, H.; Mil¢ak, P; Elbl, P. An Overview of Slagging and Fouling Indicators and Their
Applicability to Biomass Fuels. Fuel Processing Technol. 2021, 217, 106804. [CrossRef]

Mlonka-Medrala, A.; Magdziarz, A.; Kalemba-Rec, I.; Nowak, W. The Influence of Potassium-Rich Biomass Ashes on Steel
Corrosion above 550 °C. Energy Convers. Manag. 2019, 187, 15-28. [CrossRef]

Jenkins, B.M.; Baxter, L.L.; Miles, T.R.; Miles, T.R. Combustion Properties of Biomass. Fuel Processing Technol. 1998, 54, 17-46. [CrossRef]
Vamvuka, D.; Zografos, D. Predicting the Behaviour of Ash from Agricultural Wastes during Combustion. Fuel 2004, 83,
2051-2057. [CrossRef]

McLennan, A.R; Bryant, G.W.; Bailey, C.W.; Stanmore, B.R.; Wall, T.F. Index for Iron-Based Slagging for Pulverized Coal Firing in
Oxidizing and Reducing Conditions. Energy Fuels 2000, 14, 349-354. [CrossRef]

Qian, X.; Lee, S.; Soto, A.; Chen, G. Regression Model to Predict the Higher Heating Value of Poultry Waste from Proximate
Analysis. Resources 2018, 7, 39. [CrossRef]

Xing, P.; Mason, P.E.; Chilton, S.; Lloyd, S.; Jones, ].M.; Williams, A.; Nimmo, W.; Pourkashanian, M. A Comparative Assessment
of Biomass Ash Preparation Methods Using X-ray Fluorescence and Wet Chemical Analysis. Fuel 2016, 182, 161-165. [CrossRef]
Nutalapati, D.; Gupta, R.; Moghtaderi, B.; Wall, T.F. Assessing Slagging and Fouling during Biomass Combustion: A Thermody-
namic Approach Allowing for Alkali/Ash Reactions. Fuel Processing Technol. 2007, 88, 1044-1052. [CrossRef]

Liu, B.; He, Q.; Jiang, Z.; Xu, R.; Hu, B. Relationship between Coal Ash Composition and Ash Fusion Temperatures. Fuel 2013,
105, 293-300. [CrossRef]

Sobieraj, J.; Gadek, W.; Jagodzifiska, K.; Kalisz, S. Investigations of Optimal Additive Dose for Cl-Rich Biomasses. Renew. Energy
2021, 163, 2008-2017. [CrossRef]

Kalisz, S.; Ciukaj, S.; Mroczek, K.; Tymoszuk, M.; Wejkowski, R.; Pronobis, M.; Kubiczek, H. Full-Scale Study on Halloysite
Fireside Additive in 230 t/h Pulverized Coal Utility Boiler. Energy 2015, 92, 33-39. [CrossRef]

Wejkowski, R.; Kalisz, S.; Tymoszuk, M.; Ciukaj, S.; Maj, I. Full-Scale Investigation of Dry Sorbent Injection for NOx Emission
Control and Mercury Retention. Energies 2021, 14, 7787. [CrossRef]

Yang, T.; Ma, J.; Li, R.; Kai, X,; Liu, E; Sun, Y.; Pei, L. Ash Melting Behavior during Co-Gasification of Biomass and Polyethylene.
Energy Fuels 2014, 28, 3096-3101. [CrossRef]

Munir, S. Potential Slagging and Fouling Problems Associated with Biomass-Coal Blends in Coal-Fired Boilers. J. Pak. Inst. Chem.
Eng. 2010, 38, 1-11.

Tortosa Masid, A.A.; Buhre, B.J.P; Gupta, R.P.; Wall, T.F. Characterising Ash of Biomass and Waste. Fuel Processing Technol. 2007,
88, 1071-1081. [CrossRef]

Zhang, F; Li, Y,; Yang, M.; Li, W. Content of Heavy Metals in Animal Feeds and Manures from Farms of Different Scales in
Northeast China. Int. J. Environ. Res. Public Health 2012, 9, 2658-2668. [CrossRef]

Carlon, C. Derivation Methods of Soil Screening Values in Europe. A Review and Evaluation of National Procedures towards Harmonisation;
European Commission, Joint Research Centre: Ispra, Italy, 2007.

De Vos, W.; Tarvainen, T. Geochemical Atlas of Europe. Part 2; Geological Survey of Finland: Espoo, Finland, 2006.
Fernandez-Martinez, A.; Charlet, L. Selenium Environmental Cycling and Bioavailability: A Structural Chemist Point of View.
Rev. Environ. Sci. Bio/Technol. 2009, 8, 81-110. [CrossRef]

Kabata-Pendias, A. Trace Elements in Soils and Plants, 3rd ed.; CRC Press: Warsaw, Poland, 2000; ISBN 9780429191121.

Anderson, A.J. Molybdenum as a Fertilizer; Commonwealth Scientific and Industrial Research Organization: Canberra, Australia, 1956.


http://doi.org/10.1016/j.renene.2021.06.019
http://doi.org/10.1080/00380768.2017.1355217
http://doi.org/10.1016/j.wasman.2020.05.010
http://doi.org/10.1016/j.fuel.2012.10.001
http://doi.org/10.1016/j.fuel.2014.05.056
http://doi.org/10.1016/j.joei.2016.02.002
http://doi.org/10.1016/j.proci.2014.06.033
http://doi.org/10.1016/0961-9534(95)00067-4
http://doi.org/10.1016/j.fuproc.2021.106804
http://doi.org/10.1016/j.enconman.2019.02.074
http://doi.org/10.1016/S0378-3820(97)00059-3
http://doi.org/10.1016/j.fuel.2004.04.012
http://doi.org/10.1021/ef990127d
http://doi.org/10.3390/resources7030039
http://doi.org/10.1016/j.fuel.2016.05.081
http://doi.org/10.1016/j.fuproc.2007.06.022
http://doi.org/10.1016/j.fuel.2012.06.046
http://doi.org/10.1016/j.renene.2020.10.061
http://doi.org/10.1016/j.energy.2015.03.062
http://doi.org/10.3390/en14227787
http://doi.org/10.1021/ef4020789
http://doi.org/10.1016/j.fuproc.2007.06.011
http://doi.org/10.3390/ijerph9082658
http://doi.org/10.1007/s11157-009-9145-3

	Introduction 
	Materials and Methods 
	Feedstock and Ash Analysis 
	Ash Deposition, Slagging and Fouling Prediction 

	Results and Discussion 
	Feedstock and Ash Characteristics 
	Ash Morphology 
	Ash Deposition Tendencies 
	Metals and Metalloids Concentration 

	Conclusions 
	References

