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INTRODUCTION

Power generation effects essentially influence 
all the environmental components, both directly 
and indirectly. Besides gas emissions, a serious 
environmental problem is posed by solid power-
generation waste, or the combustion by-products, 
originating from both coal combustion and co-
firing of hard coal, biomass, and alternative fuels. 
The combustion by-products are characterised by 
a considerable instability of physical and chemi-
cal properties which generally depend on the types 
of fuels, boilers, combustion parameters, and the 
method of flue gas desulphurisation [Ahmaruzza-
man 2010, Grammelis et al. 2006]. The by-prod-
ucts of the combustion of coal, biomass, and of 

the co-firing of coal, biomass, and/or alternative 
fuels, in the form of fly ash and bottom ash, as 
well as flue gas desulphurisation products (being 
very often components of fly ash and bottom ash), 
cause serious environmental problems when un-
processed and stored on heaps. The waste storage 
locations can become the sources of pollutant mi-
grations to the environment. From the viewpoint 
of the retardation of natural soil resources’ deple-
tion, it is important to recover reasonably and ef-
fectively the minerals from the waste generated 
by fuel combustion, in the intention to protect the 
earth surface, which is a non-renewable resource, 
and limit environmental pollution [Kostecka and 
Koc-Jurczyk 2010, Kostecka 2013]. The by-prod-
ucts of coal combustion and co-firing are used in 
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ABSTRACT
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gineering assumptions. The following physical and chemical properties of the ana-
lysed waste were determined: particle size distribution, pH, chemical composition, 
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of the tested waste into soil. However, due to a considerable changeability of the waste 
composition and structure that presented a risk of the introduction of undesired pol-
lutants into soil, including heavy metals, such use would be possible upon previous 
regular evaluation of the waste’s physical, chemical, and eco-toxic properties.
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building and cement industries, road construc-
tion, mining, and agriculture [Ahmaruzzaman 
2010, Pomykała et al. 2015, Kępys et al. 2014, 
Śliwka et al. 2013, Yao et al. 2015]. The fly ash 
and bottom ash generated by hard coal combus-
tion and brown coal combustion in particular, 
can positively influence the physical and chemi-
cal properties of soil, owing to their high content 
of macro- and micro-elements, in the forms that 
are easily accessible to plants, as well as the low 
content of heavy metals [Rosik-Dulewska 2015, 
Pomykała and Mazurkiewicz 2015].

Biomass combustion by-products are not as 
often recycled as the hard or brown coal combus-
tion ones [Uliasz-Bocheńczyk et al. 2015]. That 
is mainly due to a different chemical and phase 
composition of the former [Gawlicki et al. 2014]. 
Since waste storage constitutes a final solution in 
waste management, extensive research has been 
conducted on the directions and possibilities of us-
ing the biomass combustion by-products [Kępys 
and Pomykała 2014, Stankowski et al. 2014, Ball 
et al. 2009, Antonkiewicz 2009, Poluszyńska 
2013, James et al. 2012]. Owing to their high nu-
tritious element content, the biomass combustion 
by-products can constitute a valuable source of 
elements that should return to the bio-geochem-
ical circulation, e.g. in the form of additives im-
proving soil properties. A high SiO2 content, es-
pecially in the case of bottom ash, can positively 
influence heavy soil structure. The combustion 
by-products can possibly be applied in deacidi-
fication of soil, owing to the products’ strong al-
kaline nature, additionally limiting bioavailabil-
ity of heavy metals to plants on polluted lands. 
Such a use of ashes, especially those originating 
from the biomass combustion, on the lands from 
which biomass was obtained, is recommended by 
the specialists [www.spalaniebiomasy.pl]. The 
results of the authors’ own experimental studies, 
concerning the use of biomass combustion ashes 
in the environment, indicate a positive influence 
of that type of waste on soil properties (improv-
ing soil structure and ensuring deacidification 
properties), as well as the plant growth, owing 
to the their indispensable nutritious component 
content [Śliwka et al. 2017, Antonkiewicz 2009, 
Poluszyńska 2013, Czech et al. 2013, Bielińska et 
al. 2009, Ciećko et al. 2009].

Nevertheless, due to the physical and chemi-
cal properties and considerable instability of such 
properties, related to the types of fired biomass 
and the characteristics of the combustion process, 

combustion by-products can pose hazard to the 
environment because they can release pollutants 
[Lima et al. 2008, Berra et al. 2015, Cuenca et al. 
2013], including heavy metals [Kopcewicz and 
Lewak 2007, Kabata-Pendias and Pendias 1999].

Our preliminary vegetation experiments 
were intended to evaluate potential options of 
the use of the biomass combustion by-products 
in the environment to improve soil properties 
on degraded and reclaimed lands, as well as on 
engineering structures.

The purpose of the study was to analyse the 
physical, chemical, and phytotoxic properties of 
waste originating from the biomass combustion, 
in respect of possible waste management meth-
ods intended for waste introduction to the envi-
ronment, e.g. to improve soil properties, or as a 
source of mineral components for plants, or level-
ling and reclamation of degraded lands.

MATERIALS AND METHODS

The experimental material consisted in fly 
ash (PL) and bottom ash (PD), generated by the 
combustion of forest and agricultural biomass in 
a fluidised-bed boiler, operated in an industrial in-
stallation. In the vegetation experiments, we used 
three samples of fly ash (PL1, PL2, and PL3) and 
bottom ash (PD1, PD2, PD3) each, collected from 
the same installation, with observation of identi-
cal combustion conditions (it was the same type 
of biomass every time ), in the following months: 
March, May, and June of 2016.

An Analysette 22 Fritsch laser analyser 
was applied in particle composition analysis 
of the waste samples.

To establish chemical determinations, the 
studied samples were dissolved with HNO3/HCl 
(3:1), using a microwave mineraliser. The chemi-
cal analysis of ashes was carried out by the meth-
ods of inductively coupled plasma – atomic emis-
sion spectroscopy (ICP-AES) and inductively 
coupled plasma – mass spectrometry (ICP-MS).

The determination of the natural concentra-
tions of radioactive elements: 40K, 226Ra, and 232Th 
in ashes was carried out with the use of gamma-
ray scintillation and semiconductor spectrometry.

The resistance of chemical impurities was 
tested in accordance with Polish Standard PN-EN 
12457–2. Waste samples were mixed with dis-
tilled water, in the proportion of 1:10. The mixture 
was shaken in a plastic bottle during 24 hrs., fol-



Journal of Ecological Engineering  Vol. 18(5), 2017

218

lowed by filtration through an 0.45 µm filter. The 
value of pH and the impurity content was deter-
mined in the water extract, using the inductively 
coupled plasma – optical emission spectrometry 
(ICP-OES) and ICP-MS methods. The chloride 
content was determined by means of titration.

To determine the influence of the tested ma-
terials: bottom ash (PD) and fly ash (PL) on seed 
germination and plant growth and condition, pre-
liminary vegetation experiments were conducted. 
The vegetation experiments were implemented 
and conducted in the Laboratory of the Depart-
ment of Environmental Engineering and Mineral 
Raw Material Processing, Faculty of Mining and 
Geoengineering, AGH University of Science and 
Technology. The plant species applied in the pot 
experiments were the white mustard seed (Sina-
pis alba) and red fescue (Festuca rubra). The for-
mer (Sinapis alba) is recommended as a test spe-
cies and applied in phytotests for the evaluation 
of substance toxicity against plants [Traczewska 
2011, Śliwka et al. 2013, Baran et al. 2013]. The 
red fescue (Festuca rubra) is the species applied 
in biological land reclamation because the plant 
prefers alkaline soil [Góral 2001, Góral and Rola 
2001, Dyguś et al. 2012].

The test plants were grown on universal sub-
strate (pH 5.5–6.5), made of peat on the basis of 
coprolite (biohumus), produced by the Eisenia 
fetida, mixed with the waste being tested. The fol-
lowing waste and universal substrate mixes were 
used: 1:9 and 3:7 by volume (in three repetitions 
for each of the tested waste sample). 10 test seeds 
were planted in each pot, with the same volume 
and cross-section each. The seeds were selected 
in such a way that they had the same size and 
represented the same condition. To compare the 
influence of the tested waste on the development 
of the test plants, control specimens on universal 
substrate were prepared. All the control specimens 
were prepared in three repetitions. The plants 
were grown in laboratory conditions, with the as-
surance of identical parameters of growth for all 
the experimental specimens (access of light, tem-
perature, and equal watering). Seed germination 
and plant growth observations were conducted 
during 7 days for the Sinapis alba and 14 days 
for the Festuca rubra. After 3 days of cultivation, 
germination was evaluated for the Sinapis alba, 
and the same was done for the Festuca rubra af-
ter 7 days. After 7 and 14 days, respectively, the 
shoots and roots of test plants were measured to 
determine the influence of waste on plant devel-

opment. The observations of morphologic chang-
es of the test plants were conducted in parallel.

The nonparametric Mann-Whitney U tests
were applied in the statistical evaluation 
of the results obtained, with the use of the 
Statistica software.

RESULTS

Fly ash and bottom ash, generated by bio-
mass combustion in a fluidised-bed boiler, used 
in our experiments, were characterised by di-
verse granulometric and chemical compositions 
that essentially influenced the test plant growth 
and development. Important differences in seed 
germination and plant growth were observed 
not only between the specimens grown with the 
addition of the different types of waste (bottom 
ash and fly ash), but also between the specimens 
grown with the addition of the same type of waste 
(PL or PD), collected from the same installation 
that differed only by the month of waste sample 
collection. The variation in physical and chemi-
cal properties of waste depends on the differen-
tiation of biomass (but always the same kind of 
biomass was combusted).

Physical and chemical properties of 
fly ash (PL)

In the fly ash (PL) subjected to tests, the pro-
portions of grain fractions were as follows (av-
erage proportions in the samples from three dif-
ferent sample collections): contents of sand frac-
tion (PL1: 56.24%; PL2: 52.37%; PL3: 51.33% 
and contents of dust fraction in samples (PL1: 
43.76%; PL2: 47.63%; PL3: 48.77%. The water 
extract reaction of all the samples being tested, 
from 3 sampling collections, indicated strong al-
kaline properties (pH > 12.8). Depending on the 
sample, the water extract was classified either as 
hydroxy water, or sulphate-hydroxy-potassium 
water. The tested fly ashes contained SiO2 (rang-
ing from 16 to 29.1%, for 3 different collections: 
PL1: 21.7%; PL2: 29.1%; PL3: 16.1%). Besides, 
those were characterised by high content of nu-
trients: Ca up to 153.3 g·kg-1 d.m. (PL1: 153.3 
g·kg-1 d.m.; PL2: 135.30 g·kg-1 d.m.; PL3: 141.15 
g·kg-1 d.m.), K up to 163.20 g·kg-1 d.m. (PL1: 
163.20 g·kg-1 d.m.; PL2: 126.88 g·kg-1 d.m.; PL3: 
138.65 g·kg-1 d.m.), P up to 51.21 g·kg-1 d.m. 
(PL1: 51.21 g·kg-1 d.m.; PL2: 36.52 g·kg-1 d.m.; 
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PL3: 39.04 g·kg-1 d.m.), and Mg up to 45.58 g·kg-

1 d.m. (PL1: 45.58 g·kg-1 d.m.; PL2: 4,15g·kg-1 
d.m.; PL3: 39.04 g·kg-1 d.m.). It was also found 
a very high content of sulphates (SO3) in those 
fly ashes, ranging from 13.6 to 17.1% (distri-
bution among the samples; PL1: 17.1%; PL2: 
13.6%; PL3: 15.2%), as well as the presence of 
toxic heavy metals: Cd up to 17.89 mg·kg-1 d.m. 
(PL1: 17.89 mg·kg-1 d.m.; PL2: 12.28 mg·kg-1 
d.m.; PL3: 13.37 mg·kg-1 d.m.) and Pb up to 
257.90 mg·kg-1 d.m. (PL1: 257.90 mg·kg-1 d.m.; 
PL2: 197.02 mg·kg-1 d.m.; PL3: 197.95 mg·kg-1 
d.m.). The water extract contained a big quanti-
ty of sulphates (SO4

2-): PL1: 6,980.00 mg·dm-3; 
PL2: 7,710.00 mg·dm-3; PL3: 8,480.00 mg·dm-3, 
and chlorides (Cl-): PL1: 1,416.00 mg·dm-3; PL2: 
102.10 mg·dm-3; PL3: 1,094.00 mg·dg-3. The wa-
ter extract also contained e.g. the following ions: 
K+ up to 10,320 mg·dm-3, Na+ up to 108 mg·dm-3, 
and Ca2+ up to 630.80 mg·dm-3.

Physical and chemical properties of bottom 
ash (PD)

The bottom ash (PD) was dominated by sand 
fraction (PD1: 94.9%; PD2: 97.2%; PD3: 96.0%), 
with the dust fraction proportion (PD1: 0.4%; 
PD2: 0.2%; PD3: 1.1%). The water extract reac-
tion ranged from pH=9.98 to pH=11.69, depend-
ing on individual samples. The water extract was 
classified either as sulphate-hydroxy-potassium 
water or potassium-calcium-sulphate-hydroxy 
water (depending on the sample).

The bottom ash generated by biomass com-
bustion was characterised by a high SiO2 content 
(>75%). We should mention especially the high 
content of mineral components that are indispens-
able for plants, e.g.: K up to 16.19 g·kg-1 d.m. 
(PD1: 15.25 g·kg-1 d.m.; PD2: 14.14 g·kg-1 d.m.; 
PD3: 16.19 g·kg-1 d.m.), Ca up to 32.92 g·kg-1 
d.m. (PD1: 32.92 g·kg-1 d.m.; PD2: 20.28 g·kg-

1 d.m.; PD3: 25.62 g·kg-1 d.m.), Mg up to 8.65 
g·kg-1 d.m. (PD1: 8.65 g·kg-1 d.m.; PD2: 6.24 
g·kg-1 d.m.; PD3: 6.70 g·kg-1 d.m.), P up to 11.75 
g·kg-1 d.m. (PD1: 11.75 g·kg-1 d.m.; PD2: 5.13 
g·kg-1 d.m.; PD3: 4.43 g·kg-1 d.m.), and Mn up 
to 1.25 g·kg-1 d.m. (PD1: 0.96 g·kg-1 d.m.; PD2: 
0.59 g·kg-1 d.m.; PD3: 1.25 g·kg-1 d.m.). Bot-
tom ash also contained small quantities of heavy 
metals such as Pb, Cd, and Hg. Sulphates (SO4

2-

) concentration ranged from 214.90 to 509.90 
mg·dm-3 (PD1: 214.90 mg·dm-3; PD2: 236.90 
mg·dm-3; PD3: 509.90 mg·dm-3), while chlorides 

from 6.8 to 44.1 mg·dm-3 (PD1: 22.00 mg·dmg-3; 
PD2: 6.80 mg·dm-3 d.m.; PD3: 44.10 mg·dm-3) in 
the water extract.

Evaluation of the influence of waste on seed 
germination

Our experiments with test plants revealed the 
existence of different reactions of particular plant 
species to fly ash or bottom ash addition to soil 
substrate in the majority of cases.

The addition of two different doses of fly ash 
to the universal substrate: 10% and 30%, caused 
complete suppression of germination of the white 
mustard seed in all the experimental specimens. 
In the case of red fescue (Festuca rubra), no seed 
germination was observed after 7 days, followed 
by a couple of them (1–2) germinating in all the 
experimental groups with the 10% content of 
fly ash in the substrate after 10 days. The addi-
tion of 30% of fly ash caused complete suppres-
sion of seed germination.

The addition of 10% of bottom ash to the 
substrate positively influenced white mustard 
seed (Sinapis alba) germination. However, a big-
ger share of waste in the substrate (30%) caused 
reduction of the number of germinated seeds, 
in comparison to that of the control group (ktr). 
Figure 1 shows the proportions of germinated 
seeds as average values for three repetitions after 
3 days since seeding.

In the case of the red fescue (Festuca rubra), 
the addition of 10% of bottom ash (PD) to the 
substrate caused faster seed germination, in com-
parison to that of the control group (ktr) (Fig. 2).

A high percentage of germinated seeds ap-
peared after 7 days. However, after 10 days of 
observation, the rate was equalised and the pro-
portions of germinated seeds were similar in all 
the experimental groups (Fig. 3).

Evaluation of the influence of the tested 
waste on the growth of shoots and roots

The proportion of fly ash contained in the sub-
strate essentially limited the growth of the Sinapis 
alba in the test groups with a 10% addition of 
waste (Fig. 4). However, a 30% share of fly ash 
completely suppressed the plant growth, in com-
parison to that of the control plant development.

It was also found that the addition of fly ash 
originating from various samples (PL1, PL2, and 
PL3) caused various reactions in plants (Fig. 5).
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The white mustard seed grown on the sub-
strate with the addition of bottom ash, originating 
from biomass combustion (PD 10%), was charac-
terised by a similar growth of the shoots (Z) and 
roots (K), in comparison to those of the control 
group plants. The addition of 30% of bottom ash 

(PD) to the universal substrate caused a reduction 
of the plant growth (Fig. 6).

The growth of the shoots and roots was dif-
ferent in the plants belonging to different ex-
perimental specimens, even when we applied the 
same type of waste (after combusting the same 

Fig. 4. The total growth of the shoots (Z) and roots 
(K) of the Sinapis alba on the 7th day of the experi-
ment on the substrates with a 10% addition of fly ash 

(averaged values for three repetitions)

Fig. 5. The total growth of the shoots (Z) and roots 
(K) of the Sinapis alba on the 7th day of the ex-
periment on the substrates with a 10% addition 
of fly ash in individual experimental specimens 

(PL1, PL2, PL3)

Fig. 6. The total growth of the shoots (Z) and roots 
(K) of the Sinapis alba on the 7th day of the experi-
ment on the substrates with a 10% and 30% addition 
of bottom ash (averaged values for three repetitions)

Fig. 1. The percentage of germinated Sinapis 
alba seeds on Day 3 of the experiment; substrate 

with bottom ash

Fig. 2. The percentage of germination (Festuca 
rubra) on the 7th day of the experiment (values for 

the three samples in three repetitions); substrate 
with bottom ash

Fig. 3. The percentage of germination (Festuca ru-
bra) on the 10th day of the experiment(values for the 

three samples in three repetitions)
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kind of biomass), collected from the same instal-
lation but in various months (bottom ash: samples 
PD1, PD2, and PD3; fly ash: samples PL1, PL2, 
and PL3), see Figs. 5, 7, and 11. 

To evaluate whether the differences of the 
shoots and roots growth in particular test groups 
were essential, the Mann-Whitney U tests were 
carried out, assuming lack of differences between 
the groups, as a zero hypothesis. The test results 
are presented in Tables 1 and 2.

The addition of fly ash to the universal sub-
strate, in the proportions of 10% and 30%, limited 
the development of plants also in the case of the 
red fescue (Fig. 8).

The other test species (Festuca rubra) dem-
onstrated a positive reaction to the addition of 
bottom ash (PD) to the substrate, in the propor-
tions of 10 and 30%; however, the growth of the 
plants in the specimens with a 10% of PD addi-
tion was by 35% higher in comparison to that of 
the control specimens, while in the groups with a 
30% addition of PD, the growth was comparable 
to that of the reference specimens (Fig. 10).

The reactions of the plants to the addition of 
waste, originating from various samples (collect-
ed in various months), to the substrate, were es-
sentially different between the experimental spec-
imen groups (PD1, PD2, and PD3), similarly to 
those of the Sinapis alba test plants (Figs. 11–13).

To evaluate whether the growth differences 
of the shoots of the red fescue in particular test 
groups were essential, the Mann-Whitney U tests 
were carried out, assuming lack of differences be-
tween the groups, as a zero hypothesis. The test 
results are presented in Table 3.

CONCLUSIONS

The purpose of the completed experiments 
was to determine the influence of waste on the 
test plants and the possibilities of waste use in the 
environment. Our preliminary tests demonstrated 
various kinds of the influence of specific wastes 
on the plant growth and development. The results 
of experiments indicated certain options of using 
the tested bottom ash, originating from biomass 
combustion, in the environment and a limited op-
tion of a similar use of fly ash collected from the 
specific installation.

The reactions of the plants depended on the 
share of the tested bottom ash in the substrate:
1. A 10% percentage of the bottom ash was ben-

eficial for the seed germination and test plant 
development.

2. In the case of the substrates with a 30% propor-
tion of the bottom ash, a reduction of the plant 
growth in comparison to that of control plants 
was observed. The reaction of the plants also 
depended on individual samples of wastes and 
on the differentiation of biomass (samples were 
collected at different dates, but they differed in 
properties, in each case the type of combusted 
biomass was the same).

3. The addition of the fly ash to the substrate 
caused suppression of seed germination and 
plant growth of both types of test species. 
However, that effect does not exclude a pos-
sibility of using that type of waste in soil when 
is applied a lower proportion of waste in sub-
strate (further tests are required in that case).

Fig. 7. The total growth of the shoots (Z) and 
roots (K) of the Sinapis alba on the 7th day of the 
experiment on the substrates with a 10% and 30% 
addition of bottom ash in particular experimental 

specimens

Fig. 8. The growth of the Sinapis alba on the 7th day 
of the experiment on the substrates with a 10% and 

30% addition of bottom ash in particular experimental 
specimens
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4. The observed reactions of the plants might be 
influenced by the contents of sulphates in ash, 
which is the effect of the application of corro-
sion protection substances on the surfaces of 
the heated portions of power-generation boilers 
in the power plant from which waste samples 
were collected for these experiments.

5. The high pH value of fly ash could also be 
the factor that influenced the reactions of 
the test plants.

The direction and range of using the power-
generation waste, originating from the biomass 
combustion in a fluidised-bed boiler (fly ash and 
bottom ash) are strictly dependent on the chemi-
cal properties of waste, which are highly change-
able in time, in respect of both beneficial and 

Fig. 9. The growth of the Sinapis alba on the 7th day 
of the experiment on the substrates with a 10% and 
30% addition of fly ash in particular experimental 

specimens

Table 1. The results of the Mann-Whitney U tests of the growth of the shoots (H0 – no essential differences 
between the groups, H1 – there are essential differences between the groups)

PD 1 
10%

PD 2 
10%

PD 3 
10%

PD 1 
30%

PD 2 
30%

PD 3 
30%

PL 1 
10%

PL 2 
10%

PL 3 
10%

PL 1 
30%

PL 2 
30%

PL 3 
30%

Control H0 H0 H1 H1 H1 H0 H1 H1 H1 H1 H1 H1
PD 1 10% H0 H0 H1 H1 H0 H1 H1 H1 H1 H1 H1
PD 2 10% H1 H1 H1 H1 H1 H1 H1 H1 H1 H1
PD 3 10% H0 H1 H0 H1 H1 H1 H1 H1 H1
PD 1 30% H1 H0 H1 H1 H1 H1 H1 H1
PD 2 30% H0 H1 H1 H1 H1 H1 H1
PD 3 30% H1 H1 H1 H1 H1 H1
PL 1 10% H1 H1 H1 H1 H1
PL 2 10% H0 H1 H1 H1
PL 3 10% H1 H1 H1
PL 1 30% H0 H0
PL 2 30% H0

Table 2. The results of the Mann-Whitney U tests of the growth of the roots (H0 – no essential differences be-
tween the groups, H1 – there are essential differences between the groups)

PD 1 
10%

PD 2 
10%

PD 3 
10%

PD 1 
30%

PD 2 
30%

PD 3 
30%

PL 1 
10%

PL 2 
10%

PL 3 
10%

PL 1 
30%

PL 2 
30%

PL 3 
30%

Control H0 H0 H0 H0 H0 H0 H1 H1 H1 H1 H1 H1
PD 1 10% H1 H0 H0 H0 H0 H1 H1 H1 H1 H1 H1
PD 2 10% H0 H1 H1 H0 H1 H1 H1 H1 H1 H1
PD 3 10% H1 H1 H0 H1 H1 H1 H1 H1 H1
PD 1 30% H0 H0 H1 H0 H1 H1 H1 H1
PD 2 30% H1 H1 H1 H1 H1 H1 H1
PD 3 30% H1 H1 H1 H1 H1 H1
PL 1 10% H1 H1 H0 H0 H0
PL 2 10% H0 H1 H1 H1
PL 3 10% H1 H1 H1
PL 1 30% H0 H0
PL 2 30% H0
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undesired (e.g. SO3) elements affecting the plant 
growth. The instability of waste properties, es-
pecially of the chemical parameters of the tested 

waste, was confirmed by our chemical analyses 
carried out on each of the samples collected from 
the same installation but in various months. For 

Fig. 10. The total growth of the shoots of the Festuca 
rubra on the 14th day of the experiment on the sub-
strates with a 10% and 30% addition of fly ash (PL) 

and bottom ash (PD)

Fig. 11. The total growth of the Festuca rubra on the 
14th day of the experiment on the substrates with a 

10% and 30% addition of fly ash (PL) and bottom ash 
(PD) in particular experimental specimens

Fig. 12. The growth of the Festuca rubra on the 14th 
day of the experiment on the substrates with a 10% 
and 30% addition of bottom ash (PD) in particular 

experimental specimens

Fig. 13. The growth rate of the Festuca rubra on the 
14th day of the experiment on the substrates with a 
10% and 30% addition of fly ash (PL) in particular 

experimental specimens

Table 3. The results of the Mann-Whitney U tests of the growth of the roots (H0 – no essential differences be-
tween the groups, H1 – there are essential differences between the groups)

PD 1 
10%

PD 2 
10%

PD 3 
10%

PD 1 
30%

PD 2 
30%

PD 3 
30%

PL 1 
10%

PL 2 
10%

PL 3 
10%

PL 1 
30%

PL 2 
30%

PL 3 
30%

Control H0 H0 H0 H0 H0 H0 H1 H1 H1 H1 H1 H1
PD 1 10% H0 H0 H0 H0 H0 H1 H1 H1 H1 H1 H1
PD 2 10% H0 H0 H0 H0 H1 H1 H1 H1 H1 H1
PD 3 10% H0 H0 H0 H1 H1 H1 H1 H1 H1
PD 1 30% H0 H0 H1 H1 H1 H1 H1 H1
PD 2 30% H0 H1 H1 H0 H1 H1 H1
PD 3 30% H1 H1 H0 H1 H1 H1
PL 1 10% H0 H0 H0 H0 H0
PL 2 10% H0 H0 H0 H0
PL 3 10% H0 H0 H0
PL 1 30% H0 H0
PL 2 30% H0
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that reason, a thorough chemical analysis is re-
quired before waste is introduced to soil.
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