
Introduction

Plastics are widely used in all branches of the economy
and in households. Owing to their diversity and unique
chemical and physical properties as well as easy ways to
modify them using special additives, they are universal
material. Unfortunately, such a diversity makes their reuse
complicated [1-4]. The basic sources of polymer waste are
municipal waste, unused post-production waste, recycling
of cars,t etc. It is estimated the hat share of plastics in total
mass of  municipal waste is in the range 7 to 14%. It is also
estimated that approximately 800,000 mg of plastic wastes
are created in Poland each year. According to GUS data in
2011 in Poland, 1,606,700 mg of plastic waste was identi-
fied in the stream of municipal wastes [4-7]. 

The “big five” of plastics, the most widely represented
in the market, are polyethylene (PE), polypropylene (PP),
polyvinyl chloride (PVC), polystyrene (PS), and polyethyl-
ene terephthalate (PET) [7-9]. Most of the recycling tech-
nologies use a uniform polymer. Fractions of the plastic
waste that are not suitable for recycling is usually stored in
municipal landfills. However, energetic potential of the
plastics makes it possible to use them in thermal processes,

like gasification, pyrolysis, or combustion [9-11]. Co-com-
bustion in a cement kiln could be used as one of the meth-
ods to utilize polluted and mixed polymer waste. In cement
kilns ideal conditions for co-combustion of fuels from
wastes could be found. The following factors have a great
impact on this fact [10-12]: High temperature (1,400ºC),
large length of the furnace, the long time fuels stay in the
furnace, and alcaic environment. Owing to the parameters
listed, thermal degradation of wastes in cement furnaces is
considered to be a method that is safe for the natural envi-
ronment. Due to lack of stability of the content of wastes,
manufacturers of cement who use them as fuels in the
process of co-firing determined their own standards con-
cerning fueling properties. In the Polish cement industry the
following criteria are binding [12]: heating value (Wd) more
than 14 MJ/ kg, chlorine concentration (Cl) below 0.5%,
sulfur concentration (S) below 2.0%, content of total PCBs
(polychlorinated biphenyls) and PCTs (polychlorinated ter-
phenyls) to 50 ppm, heavy metal concentrations below
2,500 ppm, content of chromium and mercury to 100 ppm,
(including mercury content to 10 ppm), and water content
to 10%. In the case of solid waste obtained as fuel, apart
from the parameters listed above, cement plants also con-
sider such factors as temperature of ignition, moisture con-
tent, fly ash content, grain size distribution, etc. [12].
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Fuel properties for plastics should be carefully exam-
ined due to the potentuially high environmental impact of
its combustion [13, 14]. On the other hand in some cases it
could be as a source of high environmental relief [15-17].

Method

Characteristic of Tested Wastes 

In order to test the suitability of polymer waste for
power production, four types of polymer waste were exam-
ined. The following types of waste were analyzed: polyeth-
ylene, polypropylene, and two types of polyvinyl chloride
(PVC 1 – wall panels, PVC 2 – foil). These polymer wastes
were selected because they are commonly used in many
branches of the economy: construction, gardening, medi-
cine, automobile industry, and in households. Selected
wastes comprise three main groups of polymers, which par-
ticipate in the market demand in the following way: poly-
ethylene (29%), polypropylene (19%), and polyvinyl chlo-
ride (12%) [10, 11].

Testing Methodology

The purpose of the tests was to determine basic fuel
properties of polymer waste in order to to use them as a
source of energy. Scope of tests included the following
parameters [13-16]: moisture content (W), content of com-

bustible elements, content of ash (A), heat of combustion
(Wg), heating value (Wd), elementary composition (C, H, S,
N, Cl, O), and concentration of chromium (Cr). Preliminary
processing of the polymer wastes consisted of decomposi-
tion into analytical graining. All the markings were carried
out in accordance with a valid standard and each of the tests
was repeated a few times [18-21].

Results and Discussion

Energetic evaluation of the polymer wastes may supply
many properties. However, the following are considered
the most important: elemental composition, ash content
(ballast), and – first of all – moisture content and calorific
value (Table 1).

Moisture content is one of the basic parameters that
determine suitability of fuel for energetic purposes. It sig-
nificantly influences caloric value of fuel and plays an
important role in the process of combustion. Moisture con-
tent has an impact on the process of combustion as it caus-
es increases in the volume of the stream of exhaust gases.
Tested polymer wastes are characterized by low moisture
content (below 1%) which is a value inside the range of
error limit. A characteristic value for fuel is its calorific
value. It depends on the type and amount of the com-
bustible particles in the fuel and moisture content. The
higher calorific value, the more heat is obtained while burn-
ing the same amount of the solid fuel. Analyzed wastes
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Table 1. Basic fuelling properties of select polymer wastes.

Properties Unit
Type of polymer waste

PE PP PVC 1 PVC 2

Moisture content % 0.13 0.09 0.03 0.01

Bulk density kg/m3 380 380 183 259

Heat of combustion MJ/kg 46.87 46.78 17.28 22.36

Gross Heating Value MJ/kg 43.37 43.33 16.54 21.80

Content of volatile elements % 94.24 98.78 83.83 96.68

Content of combustible elements % 99.30 98.78 70.20 71.74

Content of ash % 0.57 1.13 16.15 3.30

Flash point ºC 318 270 283 218

Smoking target temperature ºC 342 280 - -

Chrome ppm <11.30 <1.00 <11.30 <11.30

Carbon (C) % 88.36 87.51 36.26 38.40

Hydrogen (H) % 15.75 15.64 5.06 2.73

Sulfur (S) % 0.21 0.20 0.05 0.35

Nitrogen (N) % 0.49 0.44 1.63 0.61

Chlorine (Cl) % 0.19 0.20 0.30 0.30

Oxygen (O) % 0.00 0.00 56.67 42.74



have a high heating value. In the case of PE and PP it is
triple the minimum required by cement plants (14 MJ/kg).
Furthermore, analyzed waste of polyvinyl chloride has a
caloric value of 17-22 MJ/kg, which is close to that of fos-
sil fuels like hard coal, which has calorific value of 16.7-
32.7 MJ/kg [22]. From the ecological point of view, ash
content is an important issue, because it contains heavy
metals. Content of non-combustible mineral substance in
fuel and its content influence the quality of fuel (heat of
combustion) and its suitability for energetic purposes, and
determines exploitation parameters of the hearth. 

Tested polymer wastes contain relatively little ash. For
polyolefin (PE, PP) it amounts to 0.57-1.13%, and for PVC
1 ash content falls between 3.30-16.15%. Content of
volatile elements is one of the most characteristic features
of solid fuels, as they are composed of gas products and tar
fumes created as a result of thermal decomposition of the
solid fuel without access to air. The amount of volatile ele-
ments decreases with the increase of the level of carboniza-
tion of soil fuel [6]. Fuels with high amounts of volatile ele-
ments give a long flame during burning and require addi-
tional air supply to assure non-smoke combustion. Tested
polymer waste has a highly volatile particle content that
exceeds 90%. 

An important issue from the energetic point of view is
flash point. In order to initiate the combustion process, fuel
should be heated to the temperature at which ignition shall
start. Flash point depends on the content of volatile ele-
ments in fuel. Analyzed polymer fuel melts in temperatures
below the flash point and then decomposes, creating
volatile elements with low molecular mass. The lowest
flash point was noted for PVC 2, which amounted to 218ºC,
and the highest flash point was noted for PE, which reached
318ºC. Content of chromium in the polyethylene waste and
polyvinyl chloride waste reached 11.30 ppm, and in
polypropylene waste chromium content fell below the level
of determination. Tested polymer waste contains 10 times
less chromium than the value acceptable by cement plants. 

Analysis of elementary composition of polyethylene
and polypropylene waste showed that tested waste consist-
ed mainly of carbon, which complies with their construc-
tion, as they belong to polymer compounds characterized
by long carbon chains–C–C–C–. Performed tests show that

PE and PP have a high carbon content of approximately
89%, which confirms the possibility of effective burning.
Polyolefin waste may be initially classified for the gasifica-
tion process, during which synthetic gas is obtained (CO,
H2). The presence of other chemical elements such as
hydrogen, sulfur, nitrogen, chlorine, and oxygen is slight
and can come from additives such as plasticizers, dyes, etc.
In the wastes of polyvinyl chloride high oxygen content
was observed in approximately 42-57%. Carbon content
reached 36-38%. Content of sulfur in the polyvinyl chloride
waste does not exceed values required by cement plants.
The value obtained during tests is 6 times lower. Similarly,
chlorine content is 1,5 times lower than the level required
by cement plants and determined for the co-firing process.
Table 2 presents results of stoichiometric calculations
assuming that burning is total and complete. In flue gases
the following products are dominant: CO2, SO2, N2, O2, and
H2O. Other substances created during partial and incom-
plete burning appear in slight amounts and will not have a
significant influence on the balance of elements. The rela-
tion of excessive air was determined as λ=1.4 in order to
assure minimum 6% content of oxygen in flue gases, which
is required by law for the process of thermal transformation
of waste [23].

Conclusions

Polymer waste may qualify as solid recovered fuel that
meets the requirements of cement plants for the process of
co-combustion. Conditions of combustion in cement fur-
naces (1,400ºC, burning time of a few second) makes it
impossible to create harmful gasous products. On the basis
of obtained results we may state that examined waste had
low moisture content, which does not exceed 1.0%, poly-
mer waste contains a slight amount of ash (PVC 1) –
approximately 16%, content of chloride and sulfur in exam-
ined polymer waste does not exceed the values required by
the Polish cement industry, all the examined waste has high
heating value, which definitely exceeds the required 14 MJ/
kg, a desired parameter for solid fuels; the fraction required
by cement plants has been determined as 30 mm × 30 mm
pieces. Concerning such a criterion, polymer wastes select-
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Table 2. Content of dry and wet exhaust flue gases for λ=1.4.

Components
Dry exhaust flue gas [kmol/kmol dry flue gas] Wet exhaust flue gas [kmol/kmol wet flue gas]

PE PP PVC 1 PVC 2 PE PP PVC 1 PVC 2

CO2 0.1030 0.1030 0.1742 0.1805 0.0928 0.0927 0.1520 0.1676

SO2 0.0001 0.0001 0.0001 0.0006 0.0001 0.0001 0.0001 0.0006

N2 0.8335 0.8336 0.7674 0.7609 0.7507 0.7507 0.6697 0.7066

O2 0.0633 0.0633 0.0580 0.0577 0.0570 0.0570 0.0506 0.0536

HCl 0.0000 0.0000 0.0002 0.0002 0.0000 0.0000 0.0002 0.0002

H2O - - - - 0.0993 0.0995 0.1273 0.0714



ed from the municipal waste stream before the co-combus-
tion process should be mechanically crushed in order to
achieve the required size. 
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