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Abstract

Municipal waste, including sewage sludge and biomass can be a source of energy in commercial energy
generation and heating. The possibility of using municipal sewage sludge in heat installations in the power
industry as a composite of alternative fuels is limited by type, homogeneity and fuel properties. The article
presents the possibility of using waste—code 19 08 05 stabilized municipal sewage sludge as an admixture
to hard coal and lignite as well as to biomass in the form of straw and wood. Energy recovery generated
from alternative fuel composites will be conducted in boilers. The properties of the fuels and emissions of
pollutants into the environment are presented.
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1. Introduction

The search for new energy sources is driven by
the continued increase in demand for fossil fuels to
generate heat and electricity [1–4]. Waste—code 19
08 05 stabilized municipal sewage sludge—presents
an environmental problem [5]. This stems from the
increase in sediment generation resulting from the
expansion of waste water systems as well as the
construction and expansion of wastewater treatment
plants. Known waste water treatment methods do
not fully solve the problem of the recovery or dis-
posal of municipal sewage sludge [6–8]. The choice
of disposal technology of this type of waste is tightly
regulated [9–15]. Methods known from the litera-
ture [1, 16–21] have not developed a way of combus-
tion or co-combustion of municipal sewage sludge in
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dust boiler burners. In the present work, [22] a test
has been conducted, based on managing stabilized
municipal sewage sludge by thermal disposal in the
D10 process [10] by co-combustion with hard coal
and lignite as well as with biomass in the form of ce-
real straw and wood chips. The research was aimed
at the possibility of using alternative fuel composites
containing sewage sludge as fuel for energy boilers
equipped with dust burners. The use of hard coal
and lignite, biofuels such as straw and wood chips as
used in the tests, their extraction and acquisition are
all dependent on the economic situation [1, 23].

2. Research methodology

The research sought to determine the thermal
properties and the measure the emissions of dust and
gaseous substances emitted to the atmosphere and
pollutants to the ground (waste slag and ash) aris-
ing during and after the process of co-combustion of
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composites of alternative fuels containing municipal
sewage sludge as a fuel to power boilers equipped
with dust burners. The following flammable mix-
tures were selected for testing:

• waste—code 19 08 05 stabilized municipal
sewage sludge with hard coal,

• waste—code 19 08 05 stabilized municipal
sewage sludge with lignite,

• waste—code 19 08 05 stabilized municipal
sewage sludge with wood chips,

• waste—code 19 08 05 stabilized municipal
sewage sludge with cereal straw.

Measurements and tests were carried out in accor-
dance with the relevant regulations [24–28]. The
scope of the study included the following:

• testing the physical and chemical properties of
the fuels: hard coal, lignite and biomass, i.e.,
cereal straw, wood chips and waste—code 19
08 05 stabilized municipal sewage sludge used
at the time of the tests [5];

• emission of gaseous and dust pollutants emitted
to air during the combustion of flammable mix-
tures, analysis of the concentrations of dust and
gases in the outflow gases;

• thermal measurements, i.e., the heat produced
by the combustion of flammable mixtures, heat
load calculation;

• determining the energy efficiency of the boiler
during the combustion of flammable mixtures;

• testing slag and ash to determine the content of
flammable parts and trace elements obtained af-
ter the combustion of flammable mixtures.

The tests and measurements were carried out on
a test post, which was equipped with a 5 kW labo-
ratory water boiler. The boiler was equipped with
a mechanical fuel feeder, which was directly con-
nected with a dust burner. The test post was equipped
with measuring and control apparatus for continuous
and periodic measurement:

• of the temperature of the water supplying the
boiler,

• of the temperature of the water coming back
from the boiler,

• of water pressure in the boiler,

• of the flow of water through the boiler,

• of exhaust gas composition, i.e., O2, CO2, CO,
NO2, SO2,

• of the aassociated organic carbon content,

• of the hydrogen fluoride and hydrogen chloride
content,

• of the concentration of dust in exhaust gas,

• of polluting substances emitted to the ground in
order to determine the applicability of the prod-
ucts of combustion in the form of slag and ash
into a group of types of land which could be uti-
lized [29].

The boiler had a feeder for flammable mixtures,
a PID controller to control the work of the boiler as
regards the heating water temperature in the system.
At the time of the tests, control of the combustion
process of flammable mixtures and heat generation
was based primarily on the maintenance of thermo-
dynamic parameters through air supply to the com-
bustion and analysis of the composition of the ex-
haust gas leaving the combustion chamber for a spec-
ified boiler load. Fig. 1 shows the layout of the mea-
suring and control system of the test post.

2.1. Flammable mixtures used in testing

The composition of flammable mixtures was de-
termined on the basis of the obtained research into
the energy properties of the fuels, biomass and waste:

• hard coal—fine coal MII,

• lignite—fine brown coal II,

• wood chips (biomass),

• cereal straw (biomass),
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Figure 1: The post for testing the water boiler during the combustion of flammable mixtures

Table 1: Properties of the fuels used for thermal and environmental tests

NumberSpecification
Fuel

hard
coal

lig-
nite

cereal
straw

wood
chips

waste—code 19 08 05 stabilized
municipal sewage sludge

1 calorific
value, kJ/kg

22033 8133 13218 7585 12846

2 sulfur
content, %

1.02 0.47 0.39 0.02 0.93

3 ash content,
%

7.21 11.07 6.55 1.21 28.48

4 moisture
content, %

20.22 52.16 19.86 50.82 14.04

5 chlorine
content, %

0.095 0.046 0.254 0.00 0.075
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• waste—code 19 08 05—stabilized municipal
sewage sludge (biomass) after drying and sta-
bilizing.

Properties of used fuels, biomass and stabilized
municipal sewage sludge as ingredients of flammable
mixtures for thermal and environmental testing are
presented in Table 1.

Features of the fuel, biomass and stabilized mu-
nicipal sewage sludge used in the test:

• hard coal had the highest calorific value
(22,033 kJ/kg), and wood chips the lowest
(7,585 kJ/kg),

• hard coal had the highest sulfur content
(1.02%), and wood chips the lowest (0.02%),

• lignite had the highest ash content (11.1%), and
wood chips the lowest (1.21%),

• lignite had the highest moisture content
(52.2%), and cereal straw the lowest (19.9%),

• cereal straw had the highest chlorine content
(0.254%), and wood chips the lowest (0.00%).

Waste—code 19 08 05—stabilized municipal sewage
sludge had the calorific value of 12,846 kJ/kg, which
was higher than the limit set out in the Regulation of
the Minister of Economy [14]. For this reason, the
waste should not be stored at a dumping site.

The composition of flammable mixtures was de-
termined after the established criteria:

• the average calorific value should be a minimum
8.0 MJ/kg,

• sulfur content should be 0.6%,

• ash content should be 15%,

• chlorine content should be 5%,

• moisture content should be 20%.

The criteria were established on the basis of the
coals currently used for power generation and heat-
ing, mostly lignite in dust boilers.

Table 2 presents the results obtained from testing
the fuels, biomass and stabilized municipal sewage

Table 2: The composition of the flammable mixtures for ther-
mal and environmental tests

Mix-
ture

Fuel Waste—code 19 08 05
stabilized municipal

sewage sludge

No
I

hard
coal—80%
of the mass

20% of the mass

No
II

lignite—
20% of the

mass

80% of the mass

No
II

cereal
straw—50%
of the mass

50% of the mass

No
IV

wood
chips—15%
of the mass

85% of the mass

sludge compositions of flammable mixtures, and Ta-
ble 3 presents the properties of flammable mixtures
used for thermal and environmental tests.

Flammable mixtures: No I, II, III and IV meet the
established criteria.

The best energy properties are obtained by
flammable mixture No I—waste—19 08 05 stabi-
lized municipal sewage sludge with hard coal. The
mixture has a high calorific value (20,094 kJ/kg), low
ash content of 12.50%, but a high sulfur content of
0.9%.

The worst energy properties are obtained by
flammable mixture No II—waste—code 19 08 05
stabilized municipal sewage sludge with lignite. It
has a very low calorific value (8,112 kJ/kg), low ash
content of 13.55% and sulfur of 0.43% and a high
moisture content of 46.71%. The properties of mix-
ture No II are comparable to the lignite burned in
BOT power plants.

The chlorine content in flammable mixtures No I,
II, III and IV is very low, which will require main-
tenance of the combustion process to ensure that the
temperature of the exhaust gases is above 850°C for
at least 2 seconds [30, 31].
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Table 3: Properties of the flammable mixtures for thermal and environmental testing

Number Specification
Flammable mixture

No I No II No III No IV

1 calorific value, kJ/kg 20,094 8,112 13,315 8,070
2 sulfur content, % 0.90 0.62 0.43 0.08
3 ash content, % 12.50 14.74 13.55 3.20
4 moisture content, % 21.02 46.71 25.64 47.67
5 chlorine content, % 0.070 0.049 0.018 0.024

2.2. Determining the energy efficiency of the boiler
during the combustion of flammable mixtures

Boiler energy efficiency [32] at the time of the
combustion of flammable mixtures was determined
by the definition for the tested combustible mixture,
taking into account the supplied energy flow as the
chemical energy contained in the mixture:

η =
QN

QZ
(1)

where: QN—flow of the energy brought out, kW;
QZ—flow of supplied energy, kW.

Boiler efficiency determined by the formula (1)
refers to a specific point of the boiler heat load (at
the time of measurement). Stream energy brought
out from the water boiler:

QN =
·

m (h2 − h1) (2)

where: QN—determined thermal useful power,
kW;

·
m—hot-water mass flow, kg/s; h2—enthalpy of

water at the average temperature of outflow, t2, kJ/kg;
h1—enthalpy of water at the average temperature on
inflow, t2, kJ/kg.

The stream of energy supplied to the boiler:

QZ =
·

m
[(

H(N) + hF
)
/ (1 − lu) + J(N)A

]
(3)

where: QZ—flow of supplied energy, kW;
·

m—
flow of fuel mass, kg/s; H(N)—the calorific value
of fuel at reference temperature, tr, kJ/kg; hF—
fuel enthalpy: hF = cF (tF − tr), kJ/kg; cF—proper
heat capacity of fuel, kJ/kg/K; tF—fuel tempera-
ture, ◦C; tr—reference temperature, ◦C; lu—non-
burnt fuel flow mass to flow of supplied fuel mass
ratio: lu = mFu/mFo; J(N)A—enthalpy of combustion

air: J(N)A = µACpA (tA − tr), kJ/kg; CpA—proper heat
capacity of air, kJ/kg/K; µA—air mass to fuel mass
ratio; tA—air temperature at the border of the balance
cover, ◦C .

2.3. Study of solid products—slag and ash obtained
after the combustion of flammable mixtures

The chemical composition of the solid waste ob-
tained after the combustion of flammable mixtures—
slag and ash—was tested for trace elements [33].
The concentrations of heavy metals in the samples
were compared to the soil and land standards con-
tained in the Regulation of the Minister of the En-
vironment [24] with regard to (current and planned
land development) groups of types of land where
they can be stored.

3. The results of the tests and measurements from
co-combustion of flammable mixtures

3.1. Combustion of flammable mixture No I

A study of the combustion of flammable mixture
No I—stabilized municipal sewage sludge with hard
coal was carried out for a heat load laboratory boiler
of 85 ± 5%. Thermal-emission tests were aimed at
determining the energy efficiency of the boiler and
the emission values occurring during the combustion
of flammable mixture No I. The thermal-emission
test results for flammable mixture No I are presented
in Table 4. At the time of the thermal-emission test,
the Table 7 contains which values were obtained.

values:
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Table 4: Thermal-emission test results obtained during combustion of flammable mixtures

Mix-
ture

Wa-
ter

tem-
pera-
ture,
◦C

Wa-
ter

En-
ergy

Water
pres-
sure

Fuel Coef-
ficient

of

BoilerBoiler content of
com-

bustible

No Sup-
ply

Return flow,
kg/h

gener-
ated,
kW

in the
boiler,

bar

con-
sumed,

kg/h

air
excess

λ

load,
%

effi-
ciency

,%

parts in ash
and slag,

%

I 46.70 65.45 21.51 0.5 0.1 0.15 1.38 86 79.65 42.09
II 43.70 61.48 43.06 1.01 0.1 0.45 1.33 80 62.22 42.09
III 45.12 63.12 14.56 0.33 0.1 0.16 1.25 83 61.8 10.33
IV 45.12 63.12 14.56 0.33 0.1 0.16 1.25 83 61.8 10.33

Table 5:

No Unit O2,% CO2,% SO2
∗/ NO2

∗/ CO∗/ Dust∗/ OGC∗/ HCL HF

I mg/m3 11.3 9.5 1105.7 146.3 457 30 0.15 13 p.o
kg/h 0.012 0.002 0.005 0.003 0.00000 0.00014 p.o

II mg/m3 13.0 7.8 211.8 134.8 1098.6 122 0.89 8 p.o
kg/h 0.002 0.001 0.010 0.003 0.00014 0.00008 p.o

III mg/m3 12.8 7.6 637 217 966 565 2.5 3 p.o.
kg/h 0.002 0.001 0.010 0.003 0.00000 0.00005 p.o.

IV mg/m3 16 4.7 396 297 902 233 0.26 758 p.o.
kg/h 0.003 0.002 0.006 0.016 0.00000 0.005 p.o.

∗/—with oxygen content of 10% in the exhaust gas in the contractual conditions at a temperature of 273 K
and pressure of 101.3 kPa and the boiler heat

Table 7:

Specification Re-
sult

Permissi-
ble

values
per

PN-EN
303-5

Boiler efficiency in accordance with PN-EN
303-5

81

Concentration of dust and Class

gaseous substances emitted into the air, % 3 4 5

dust, mg/m3 30 150 60 40
OGC, mg/m3 0.15 80 30 20

sulfur dioxide, mg/m3 1106 - - -
nitrogen dioxide, mg/m3 146 - - -

carbon monoxide, mg/m3 457 3000 1000 500
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Table 6:

No Energy
gener-
ated,
kW

Fuel
con-

sumed,
kg/h

Boiler
load,

%

Boiler
effi-

ciency,
%

I 0.5 0.15 86 80

II 1.01 0.45 80 62
III 0.33 0.16 83 62
IV 0.25 0.196 80 73

Thermal and emission values of the boiler ob-
tained during combustion of flammable mixture No
I were compared against the maximum permissible
emission concentrations contained in standard PN-
EN 303-5: 2012 [28]—see Table 7.

Emission values obtained during the test com-
bustion of flammable mixture No I (waste—code
19 08 05 stabilized municipal sewage sludge with
hard coal) meet class 5 (highest) emission value
requirements with regard to PN-EN 303-5: 2012
standard [28]. Solid product tests—slag and ash—
obtained from the combustion process of flammable
mixture No I were aimed at identifying factors with
a view to assessing potential use as raw materials in
the construction industry or farming. The results of
analysis of solid product—ash and slag—obtained
from the combustion process of flammable mixture
No I are provided in Table 8. Table 9 shows a com-
parison of the concentrations of trace elements ob-
tained in testing. The obtained concentrations were
compared to the soil and land standards contained
in the Regulation of the Minister of the Environ-
ment [24].

The test results presented in tables 8 and 9 for
the tested sample of the waste—slag and ash ob-
tained after the combustion of flammable mixture
No I contain values higher than the maximum per-
missible concentrations for soil and land quality stan-
dards with regard to surface land assigned to groups
A and B [24]. The sample meets the requirements of
Group C land development—industrial, mining and
transport areas, developed at a depth of 0.3...15 m
bgl. [24].

Table 8: Trace element content of the solid product—ash and
slag—obtained after the combustion of flammable mixture No I

Trace element Obtained value, mg/kg

Silver, Ag <2 <2
Arsenic As <2 <2
Barium Ba 3052 692
Cadmium Cd* 2 <2
Cobalt Co * 28 6
Chrome Cr * 153 35
Copper Cu * 113 26
Manganese, Mn 580 132
Molybdenum Mo 3 <2
Nickel Ni * 104 24
Lead Pb * 128 29
Rubidium, Rb 99 22
Antimony, Sb <2 <2
Tin, Sn 11 2
Strontium, Sr 486 110
Vanadium, V 113 26
Zinc, Zn * 404 92

/∗as per the Regulation of the Minister of the Envi-
ronment [24]

3.2. Test combustion of flammable mixture No II
Test combustion of flammable mixture No II—

stabilized municipal sewage sludge with lignite was
carried out for a heat load laboratory boiler of
85±5%. The thermal-emission tests were aimed at
determining the energy efficiency of the boiler and
the emission values occurring during the combustion
of flammable mixture No II. The thermal-emission
test results of flammable mixture No II were shown
in Table 4.

At the time of the thermal-emission test the fol-
lowing values were obtained as in Table 5.
∗/—with oxygen content of 10% in the exhaust

gas in the contractual conditions at a temperature of
273 K and pressure of 101.3 kPa

and the boiler heat values are given in Table 6.
Thermal and emission values of the boiler ob-

tained during combustion of flammable mixture No
II were compared against the maximum permissible
emission values contained in standard PN-EN 303-5:
2012 [28], see Table 10.
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Table 9: Maximum permissible concentrations in the soil or land, compared against the results obtained from analyses of the test
sample of the solid product—ash and slag—from combustion of flammable mixture No I

Land * Value

Group A Group B Group C determined

Element Depth in m bgl for flammable

0...0.3 0...2.0 mixture No I

mg/kg s.m.

I Metals

As 20 20 60 <2
Ba 200 200 1000 692
Cd 1 4 15 <2
Co 20 20 200 6
Cr 50 150 500 35
Cu 30 150 600 26
Mo 10 10 250 <2
Ni 35 100 300 24
Pb 50 100 600 29
Sn 20 20 350 2
Zn 100 300 1000 92

Table 10:

Specification Re-
sult

Permissi-
ble

values
per

PN-EN
303-5

Boiler efficiency in accordance with PN-EN
303-5

62

Concentration of dust and Class

gaseous substances emitted into the air, % 3 4 5

dust, mg/m3 122 150 60 40
OGC, mg/m3 1 80 30 20
sulfur dioxide, mg/m3 212 - - -
nitrogen dioxide, mg/m3 135 - - -
carbon monoxide, mg/m3 1099 3000 1000 500
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Table 11: Trace element content of the solid product—ash
and slag—obtained after the combustion of flammable mixture
No II

Marking Marked value, mg/kg

Silver, Ag <2 <2
Arsenic As 36 5
Barium Ba 1311 194
Cadmium Cd* 6 <2
Cobalt Co * 72 11
Chrome Cr * 357 53
Copper Cu * 127 19
Manganese, Mn 575 85
Molybdenum Mo <2 <2
Nickel Ni * 248 37
Lead Pb * 195 29
Rubidium, Rb 67 10
Antimony, Sb <2 <2
Tin, Sn <2 <2
Strontium, Sr 887 131
Vanadium, V 83 12
Zinc, Zn * 269 40

Emission values obtained during the tests of the
combustion of flammable mixture No II (waste—
code 19 08 05 stabilized municipal sewage sludge
with lignite) meet class 3 (lowest) emission value
requirements with regard to PN-EN 303-5: 2012
standard [28]. Solid product tests—slag and ash—
obtained from the combustion process of flammable
mixture No II were aimed at the identifying factors
with a view to assessing potential use as raw materi-
als in the construction industry or farming. The re-
sults of the analyses are provided in Table 12 pro-
vides a comparison of the concentration values of
trace elements in combustion tests of flammable mix-
ture No II against the soil and land standards con-
tained in the Regulation of the Minister of the Envi-
ronment [24].

The test results presented in tables 11 and 12 for
the tested sample of the waste—slag and ash ob-
tained after the combustion of flammable mixture No
II, contain values higher than the maximum permissi-
ble concentrations for soil and land quality standards
with regard to surface land assigned to groups A and
B [24]. The tested sample meets the requirements of
Group C land development—industrial, mining and

transport areas, developed at a depth of 0.3...15 m
bgl. [24].

3.3. Test combustion of flammable mixture No III

Test combustion of flammable mixture No III—
stabilized municipal sewage sludge with cereal straw
was carried out for a heat load laboratory boiler of
85 ± 5%.
The thermal-emission tests were aimed at deter-
mining the energy efficiency of the boiler and the
emission values occurring during the combustion of
flammable mixtures No III. The thermal-emission
test results of flammable mixture No III were shown
in Table 4.

At the time of the thermal-emission study the fol-
lowing values were obtained as in Table 5 and the
boiler heat values are given in Table 6.
Thermal and emission values of the boiler obtained
during combustion of flammable mixture no III were
compared against the maximum permissible emis-
sion concentrations contained in standard PN-EN
303-5: 2012—see Table 13.

Emission values obtained during the tests of the com-
bustion of flammable mixture No III (waste—code
19 08 05 stabilized municipal sewage sludge with ce-
real straw) meet class 3 (lowest) emission value re-
quirements with regard to PN-EN 303-5: 2012 stan-
dard [28].
Solid product tests—slag and ash obtained from the
combustion process of flammable mixture NO III—
were aimed at identifying factors with a view to as-
sessing potential use as raw materials in the construc-
tion industry or farming. The results of the analysis
are provided in Table 14.
Table 15 provides a comparison of the concentration
values of trace elements in the solid product—slag
and ash—obtained in combustion tests of flammable
mixture No III against the soil and land standards
contained in the Regulation of the Minister of the En-
vironment [24].
Results of tests contained in Tables 14 and 15 for
the tested sample of waste—slag and ash obtained
after the combustion of flammable mixture No III—
waste—code 19 08 05 stabilized municipal sewage
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Table 12: Maximum permissible concentrations in the soil or land, compared against the results obtained from analysis of the test
sample of the solid product—ash and slag—from combustion of flammable mixture No II

Element

Land *

Value determined for sample: flammable mixture No IIGroup
A

Group
B

Group
C

Depth in m bgl

0–0.3 0–2.0

mg/kg s.m.

I Metals

As 20 20 60 <2
Ba 200 200 1000 50
Cd 1 4 15 194
Co 20 20 200 <2
Cr 50 150 500 11
Cu 30 150 600 53
Mo 10 10 250 19
Ni 35 100 300 85
Pb 50 100 600 <2
Sn 20 20 350 37
Zn 100 300 1000 29

/∗by the Regulation of the Minister of the Environment dated 9 September 2002 on soil and ground quality
standards—Dz. U. 02.165.1358 (Journal of Laws 02.165.1358).

Table 13:

Specification Re-
sult

Permissi-
ble

values
per

PN-EN
303-5

Boiler efficiency in accordance with PN-EN
303-5

73

Concentration of dust and Class

gaseous substances emitted into the air, % 3 4 5

dust, mg/m3 233 150 60 40
OGC, mg/m3 0 80 30 20

sulfur dioxide, mg/m3 396 – – –
nitrogen dioxide, mg/m3 297 – – –

carbon monoxide, mg/m3 902 3000 1000 500
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Table 14: Trace element content of the solid product—ash
and slag—obtained after the combustion of flammable mixture
No III

Marking Marked value, mg/kg

Silver, Ag <0.02 <0.19
Arsenic, As <0.02 <0.19
Barium, Ba <0.005 <0.047
Cadmium, Cd * <0.02 <0.19
Cobalt, Co * <0.02 <0.19
Chrome, Cr * <0.02 <0.19
Copper, Cu * 0.04 0.37
Manganese, Mn <0.05 <0.47
Molybdenum,
Mo

<0.05 <0.47

Nickel, Ni * <0.02 <0.19
Lead, Pb * <0.02 <0.19
Rubidium, Rb <0.02 <0.19
Antimony, Sb <0.02 <0.19
Tin, Sn 0.03 0.28
Strontium, Sr <0.02 <0.19
Vanadium, V <0.02 <0.19
Zinc, Zn * <0.005 <0.047

sludge with cereal straw showed values lower than
the maximum permissible concentrations for soil and
land quality in relation to surface grounds assigned
to groups A, B and C [24]. The sample meets the
requirements for application in development of land:

1. Group A:
(a) land in a protected area under the regula-

tions of the Water Law,
(b) areas subject to protection under nature

protection regulations, if maintaining the
current level of land pollution does not
pose a threat to human health or the
environment—for these areas, the concen-
trations are in accordance with standards
resulting from the current state;

2. Group B: land classified as agricultural land ex-
cept land under ponds and ditches, forest land,
land with a high amount of woods and bushes,
waste land as well as built-up and urbanized
land, with the exception of industrial land, min-
ing areas and transport areas;

3. Group C: industrial, mining and transport areas;

Table 15: Maximum permissible concentrations in the soil or
land, compared against the results obtained from analysis of
the test sample of the solid product—ash and slag—from com-
bustion of flammable mixture No III

Land * Value
determined

Group
A

Group
B

Group
C

for sample:

Ele-
ment

Depth in m bgl Flammable
mixture

0–
0.3

0–
2.0

No III

mg/kg s.m.

I Metals

As 20 20 60 <0.19
Ba 200 200 1000 <0.19
Cd 1 4 15 <0.047
Co 20 20 200 <0.19
Cr 50 150 500 <0.19
Cu 30 150 600 <0.19
Mo 10 10 250 0.37
Ni 35 100 300 <0.47
Pb 50 100 600 <0.47
Sn 20 20 350 <0.19
Zn 100 300 1000 <0.19

/∗per the Regulation of the Minister of the Environ-
ment dated 9 September 2002 on soil and land qual-
ity standards—Dz. U. 02.165.1358 (Journal of Laws
02.165.1358);

developed to a depth of 0.3...15 m bgl. [24].

3.4. Test combustion of flammable mixture No IV

Test combustion of flammable mixture No IV, sta-
bilized municipal sewage sludge with wood chips
was carried out for a heat load laboratory boiler of
85 ± 5%.
The thermal-emission tests were aimed at deter-
mining the energy efficiency of the boiler and the
emission values occurring during the combustion of
flammable mixture No IV. The thermal-emission test
results of flammable mixture No IV are shown in Ta-
ble 4.
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Table 17: Trace element content of the solid product—ash
and slag—obtained after the combustion of flammable mixture
No IV

Element Flammable
mixture

No IV

Value, mg/kg

Silver, Ag <0.02 <0.19
Arsenic, As 0.12 1.16
Barium, Ba <0.005 <0.048
Cadmium, Cd * <0.19 1.84
Cobalt, Co * 0.25 2.42
Chrome, Cr * <0.02 <0.19
Copper, Cu * 0.15 1.45
Manganese,
Mn

<0.05 <0.48

Molybdenum,
Mo

<0.05 <0.48

Nickel, Ni * 0.3
Lead, Pb * <0.02 <0.19
Rubidium, Rb <0.02 <0.19
Antimony, Sb <2
Tin, Sn 0.03 0.29
Strontium, Sr <0.02 <0.19
Vanadium, V 0.12 1.16
Zinc, Zn * <0.005 <0.048

At the time of the thermal-emission study the follow-
ing values were obtained as in Table 5 and the boiler
heat values are given in Table 6.
Thermal and emission values of the boiler obtained
during combustion of flammable mixture No IV
were compared against the maximum permissible
concentrations contained in standard PN-EN 303-5:
2012 [28]—see Table 16.

Emission values obtained during the tests of the
combustion of flammable mixture No IV (waste—
code 19 08 05 stabilized municipal sewage sludge
with wood chips) meet class 3 (lowest) emission
value requirements with regard to PN-EN 303-5:
2012 standard [28].
Solid product tests—slag and ash obtained from the
combustion process of flammable mixture NO IV—
were aimed at identifying factors with a view to as-
sessing the solid product—ash and slag for potential

use as a raw material in the construction industry or
farming. The results of the analyses are provided in
Table 17.
Table 18 shows a comparison of the solid products—
ash and slag obtained in tests of concentrations
of trace elements from the combustion process
flammable mixture No IV. The obtained metal con-
centrations were compared against the soil and land
standards contained in the Regulation of the Minister
of the Environment [24].
The test results presented in Tables 17 and 18 for the
tested sample of the waste—slag and ash obtained
after the combustion of flammable mixture No IV,
contain values lower than the maximum permissi-
ble concentrations for soil and land quality standards
with regard to surface land assigned to groups A, B
and C [24]. The sample meets the requirements for
application areas of land development:

1. Group A:
(a) land in a protected area under the regula-

tions of the Water Law,
(b) areas subject to protection under nature

protection regulations, if maintaining the
current level of land pollution does not
pose a threat to human health or the
environment—for these areas, the concen-
trations are in accordance with standards
resulting from the current state;

2. Group B: land classified as agricultural land ex-
cept land under ponds and ditches, forest land,
land with a high amount of woods and bushes,
waste land as well as built-up and urbanized
land, with the exception of industrial land, min-
ing areas and transport areas;

3. Group C: industrial areas, mining areas, trans-
port areas;

developed to a depth of 0.3...15 m bgl. [24].

4. Conclusion

• Test results obtained during the combustion of
flammable mixture No I (waste—code 19 08 05
stabilized municipal sewage sludge with hard
coal) met class 5 (highest) emission value re-
quirements with regard to the PN-EN 303-5:
2012 standard [28]. Other flammable mixtures

— 373 —



Journal of Power Technologies 93 (5) (2013) 362–377

Table 16:

Specification Re-
sult

Permissi-
ble

values
per

PN-EN
303-5

Boiler efficiency in accordance with PN-EN
303-5

73

Concentration of dust and Class

gaseous substances emitted into the air, % 3 4 5

dust, mg/m3 233 150 60 40
OGC, mg/m3 0 80 30 20

sulfur dioxide, mg/m3 396 - - -
nitrogen dioxide, mg/m3 297 - - -

carbon monoxide, mg/m3 902 3000 1000 500

Table 18: Maximum permissible concentrations in the soil or land, compared to the results obtained from analysis of the test sample
of the solid product—ash and slag—from combustion of flammable mixture No IV

Land * Value determined

Group A Group B Group C for sample:

Element Depth in m bgl Flammable mixture

0–0.3 0–2.0 No IV

mg/kg s.m.

I Metals

As 20 20 60 <0.19
Ba 200 200 1000 1.16
Cd 1 4 15 <0.048
Co 20 20 200 1.84
Cr 50 150 500 2.42
Cu 30 150 600 <0.19
Mo 10 10 250 1.45
Ni 35 100 300 <0.48
Pb 50 100 600 <0.48
Sn 20 20 350 0.3
Zn 100 300 1000 <0.19

/* per the Regulation of the Minister of the Environment dated 9 September 2002 on soil and land quality
standards—Dz. U. 02.165.1358 (Journal of Laws 02.165.1358);
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No II, III and IV, met the requirements of class 3
(lowest) emission value requirements with re-
gard to the PN-EN 303-5 standard [24]. The
limiting factor for flammable mixtures No II,
III and IV was dust emissions. The laboratory
boiler used for testing was not equipped with
a dust collector; otherwise satisfactory emission
results would have been obtained that comply
with accepted standards of emissions [13];

• Testing of the waste (ash and slag) obtained
from the combustion of flammable mixtures
qualify it for development in land areas at
a depth of 0.3–15 m bgl. [24]:

– Group A:

(a) land in a protected area under
the regulations of the Water
Law,

(b) rareas subject to protection
under nature protection
regulations, if maintaining
the current level of land
pollution does not pose
a threat to human health or
the environment—for these
areas, the concentrations are
in accordance with standards
resulting from the current
state;

– Group B: Land classified as farming land
with the exception of land under ponds and
under ditches, forests as well as land with
a high amount of trees and bushes, waste-
land as well as built-up and urbanised land
with the exception of industrial, mining
and transport areas;

– Group C: industrial, mining and trans-
port areas for flammable mixture No IV—
waste—code 19 08 05 stabilized munic-
ipal sewage sludge with wood chips and
for flammable mixture No III—waste—
code 19 08 05 stabilized municipal sewage
sludge with cereal straw. Flammable mix-
tures: No I—waste—code 19 08 05 stabi-
lized municipal sewage sludge with hard

coal and No II—waste—code 19 08 05
stabilized municipal sewage sludge with
lignite, qualify to apply to land develop-
ment in the areas of:

– Group C: industrial, mining and trans-
port areas, developed at the depth of 0.3–
15 bgl.

• Using the basic component—municipal sewage
sludge as a composite of alternative fuels will:

– save primary fuels: hard coal and lignite,

– comply with permissible emission stan-
dards of dust and gaseous substances to the
air,

– lead to the production of slag and ash that
comply with land development standards
for land types in Groups A, B, and C [24].

• Using composites of alternative fuels contain-
ing municipal sewage sludge in the power gen-
eration sector, will not require major changes
to boilers and will comply with the conditions
for thermal conversion of wastes set down in the
Regulation of the Minister of Economy [31].

References

[1] M. Czop, M. Kajda-Szcześniak, Paliwa z odpadów
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niebezpieczne oraz rodzajów instalacji i urządzeń, w
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