
Introduction

Incinerating waste as a means of waste disposal 
is very popular not only in Slovakia but throughout 
the world. If you ask why, we arrive at the definitive 
answer: “Because it is the easiest way.” Burning and 
transforming bulky elements into ash that can be washed 
away in water is very simple. The whole operation 
requires only a box of matches. But Nero’s method of 
solving problems may, in the long term, be inefficient 
and especially dangerous for the environment.

We are permanently deprived of the valuable source 
of raw materials. Not being restrictive laws, decrees and 
regulations on the conditions under which the waste 

incineration can be realized in practice, so we should 
regions full of smoke and smog. The European Union 
aims as soon as possible to increase the proportion 
of recycling of waste as a source of secondary raw 
materials, and waste disposal solutions for incineration 
were only non-recyclable waste that are suitable as a 
source of heat and energy. 

Recycled plastic composes no hurtful emissions 
while it is manufactured or while it is being used by 
the consumer. Plastic spills no toxic chemicals into the 
water or soil and recycling diminishes pollution. While 
recycling plastic, it helps to create eco-friendly products 
and prevents tons of waste from entering our landfills 
[1-5].

Since the use of plastics is increasing, the new 
method being considering is recycling. One of the 
methods is that some of the plastics get mixed in the 
other materials for recycling; the recycled plastic then 
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becomes valuable. Whole plastic material can be used as 
a binder in the recycling of permeable pavements, which 
has also been an improvement [1-5]. 

What is the actual economic dependence and 
relationship between total recycling and total 
combustion? What is more profitable?

Of all this shows the question:
- How will the production of gases, ash, and slag 

from waste incineration?
The aim of this case study is to discuss the use 

of computer simulation, logistics, and principles of 
mathematical statistics for the management of total waste 
separation and waste secondary evaluation processes 
in the context of environmental protection. No less 
important is the combination of these three approaches 
within one cohesive methodological framework to 
achieve the most efficient waste incineration process 
within the region of interest, and thus to ensure in 
practice the long-term sustainable development of the 
environment.

Theoretical Base  

Logistics, Simulation, and Statistics as Good 
Performance of Streamlining

Currently it is not possible to effectively manage 
material flows nor waste flows without the use and 
application of principles, methods, and systems of 
logistics. Logistics is a common word nowadays, since 
it is an essential component in supply chains and also 
in the competition of economic operators [6]. Waste 
processing and disposal and the streamlined processing 
flows performance can be provided by the means of 
reverse logistics [7-9]. Reverse logistics stands for all 
operations related to the collection, remanufacturing, 
reuse, and recycling of products and materials in the 
end-of-life phase [10]. It is the process of planning, 
implementing, and controlling the efficient and cost-
efficient flow of raw materials, in-process inventory, 
finished goods, and related information from the point 
of consumption to the point of origin for the purpose of 
recovering value or proper disposal [11, 12]. Despite the 
public appeal and acceptance of recycling, the reverse 
logistics channels used in recycling have received 
minimal attention. However, the reverse channels’ 
membership and capabilities have a significant impact 
on the efficiency of processing recyclable material for 
remanufacture into recycled products [13]. The main 
objective of logistic activities within waste management 
on site concerning the disposal processes is their 
effective and especially efficient design with respect to 
ecological, economic, social, and technological goals 
[14-16]. The importance of reverse logistics increases 
along with the world’s population expansion [17-21], 
which causes a proportional increase in the amount  
of generated waste that needs to be processed. 
According to Fleischmann et al. [22], the management 
of return flows induced by the various forms of 

the reuse of products and materials in industrial  
production processes has received growing attention. 
Logistics and supply chain management are areas 
of critical importance for the successful energetic 
utilization of waste biomass [23-25]. Logistics can 
be an indispensable part of integrated environmental 
management programs because of its cross-
functional nature. Logistics provides an overview of 
environmentally responsible logistics activities and their 
implications for corporate management. Also examines 
logistics functions in the context of the corporate value 
chain and identifies various environmental decision 
points [26-27].

Tan et al. [28] studied the optimal processing network 
for municipal solid waste management in Iskandar, 
Malaysia. In this paper, a mathematical programming 
model included integration of four principal consuming 
technologies that has been presented to facilitate the 
optimal processing of the network. According to the 
authors Chang and Chang [29], an operational program 
in a solid waste management system should be based 
not only on the cost-saving principle but also the energy 
and material recovery requirements. However, the rising 
prices of raw materials and the concerns of energy 
conservation have resulted in an increasing interest in 
the recovery of materials from the waste streams prior 
to the incineration facilities. One of the recent issues 
in the operational program of solid waste incinerators 
is how to handle the impacts due to different waste 
streams generated with differing heating values and 
recyclables content in order to meet the goals of energy 
recovery, material recycling, and throughput level. Their 
arguments prove by mathematical modelling reviewing 
the system of waste treatment. Many authors in different 
parts of the world face similar challenges to the 
effective treatment of waste with the help of modelling 
and simulation [30-36]. Data resulting from modelling 
and simulation is necessary to analyse and verify their 
veracity and relevance.

The next possibility for impacts of waste total 
recycling solution is the application of mathematical 
modelling [37-39]. Gaussian least squares method is 
one of the basic methods for data processing. So-called 
theoretical regression, the relationship of one value to 
another, or the dependence of one variable (dependent) 
to another variable (independent), can be obtained from 
the currently measured, observed data, values pairs xi, 
yi, arranged for V{xi, yi}n. Regression analysis is a very 
popular, effective, and applicable tool for identifying 
dependencies between the examined variables. The 
advantage of this method is its versatility, considering 
it makes it possible to calculate the most appropriate 
parameter values [40, 41].

Design of the Waste Total Separation Computer 
Simulation Model 

To build a comprehensive simulation model of total 
separation process waste within a particular region in 
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Slovakia is necessary in order to prepare and carry out 
a thorough analysis of the operation of the proposed 
system, the company for total separation and also 
follow the parameters of individual processes for the 
assessment of separated waste.

From the system to analyse the activity of the 
processing undertaking under the following findings:

 – Every year, in the company imported 83000 tons of 
waste, which passes several levels of processing.

 – The first treatment is focused on the separation 
of plastics, electrical components and wood from 
imported waste. 

 – The second phase takes place in the processing of 
waste incineration and just after the burn. 

Fig. 1. Production of recycled plastics granules, papers, digestate manor, and biogas from the separated waste in a one-year period.

Fig. 2. Production of recycled glass, textile, metals, wood, rubber, and dangerous waste from the separated waste in one-year period.

Fig. 3. Production of recycled electro, inorganic, and non- recyclable waste from the separated waste, and steam and energy from the 
incineration of non-recyclable waste in a one-year period.
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 – The third concerns the processing of the resulting 
charred mass and focus is on outstanding amounts of 
metals in the resulting burn.
Of the total amount of municipal waste is directly 

separable 10% plastics. Department for plastic 
processing is used for treatment of plastic packaging 
and plastic waste through re-granulation in the form of 
plastic granules, which will serve as starting material for 
the production of new plastic products. Sift clean plastic 
scrap sequentially through the stack of plastic waste 
shredder for plastic, plastic cleaner, plastic drying, and 
granulation of plastics department to output the finished 
granulate. In general, per ton of the plastic granulate 
should be 1.2 tons of waste plastics thus saving 2.5 tons 
of oil, which would be needed for production. Recycling 
old plastic can save up to 97% less energy than the 
production of plastics from petroleum.

Most of the available energy of biogas generated in 
biogas plants is contained in the component methane 
(CH4). Methane contained in biogas is typically between 
45-72% and varies even in a relatively steady state of 
technology. Biogas further comprises carbon dioxide 
(CO2), silicon (Si), nitrogen (N2), a small amount of 
sulfur (S), and other impurities. The presence of CO2 in 
biogas is beneficial because CO2 acts as an anti-knock. 

Recycling old paper, you can save up to 75% of the 
electricity used compared to primary production of 
paper, which means that the processing of one ton of old 
paper will save 500-600 kWh of electricity. One ton of 
old waste paper can replace up to 2.5 m2 of extracted 
timber. Recycling paper reduces water consumption 
compared to primary production up by 58%. To recycle 
1 ton of paper can save up to 40 m3 of water.

Environmental Assessment Based on Logistics, 
Statistics, and Simulation

After setting the simulation model, follows its use 
for the study of total separation and recycling activities. 
The advantage of the computer simulations approach is 
the fact that it enables us to examine the conditions that 
would not be possible in reality, considering the safety 
of company workers as well as designing systems. The 
simulation mimics the actual operation of the system for 
a period of one year, which is 8760 hours. The input of 
one element in the system represents the arrival of one 
ton of waste into the separation and recycling process.  

Results of simulation show that by total separation 
and waste recycling in the frame of concrete region it 
is possible to produce during one year (Figs 1-3) appro-
ximately 9,000 tons of plastic granulates, 39,000 m3 
of fertilizer by the way of digestate, approximately 
3.9 million m3 of biogas, 7,700 tons of recycling 
paper,  possibility to recycle 2,400 tons of multilayer 
packages, 8,000 tons of glass, 3,000 tons of old 
textile, approximately 3,500 tons of iron, 1,500 tons of  
non-ferrous metals, to produce around 2,700 wooden 
pellets, 1,200 tons of gum granulate, to process  
around 800 tons of dangerous waste, to process around 

2,400 tons of electro waste, approximately 2,100 tons 
of gravel and 940 tons of sand and to liquidate around 
3,200 tons of non-recyclable waste. No recyclable  
waste is liquidated by combustion. By combustion of 
3,200 tons of non-recyclable waste there is released 
energy approximately 29,000 GJ, around 9,500 tons 
of water vapour, and 8 tons emissions, where only  
0.2 milligrams present dioxin. 

From the previous research results that Slovakia 
belongs among EU states that recycle waste the least. 
Waste end at dumps and partially they are combusted in 
incinerators. Data used in the simulation model are from 
research of the incinerator near Košice. Pressure and 
demands of the European Union require the system in 
Slovakia to be more consequent and more orientated to 
the recycling and secondary evaluation of waste. Due to 
the mentioned the research had a goal to suggest system 
for total separation and waste recycling. To suggest such 
system and its verification can be done preferably by 
simulation. 

From the view of material and energetic evaluation of 
waste it is necessary to follow the volume of elaborated 
and recycled waste, for example by using time series 
analysis, the goal of which is mostly the construction of 
a correspondent model. Analysis of the model enables 
us mainly to understand the mechanism of data rising, 
according to which it is possible to find out, for example, 
seasonal behaviour of imported waste volume. Seasonal 
influences are caused by direct or indirect reasons. The 
seasonal element has its origin in four seasons’ rotation. 

Waste supply

Pearson correlation coefficient Theoretical modes

Plastics granules 0,091 y = 0,0488x + 427,83

Biogas 0,468 y = 67,177x - 98184

Digestate 0,807 y = 1,5752x - 7041

Paper -0,014 y = -0,0044x + 674,97

Glass -0,003 y = -0,0017x + 683,36

Textile 0,005 y = 0,0017x + 259,31

Iron 0,069 y = 0,0214x + 149,93

Nonferrous material -0,205 y = -0,0471x + 440,62

Wood pellets 0,083 y = 0,0278x + 44,737

Rubber granules -0,214 y = -0,0409x + 374,66

Dangerous waste -0,038 y = -0,0066x + 112,23

Electronic dust -0,137 y = -0,0135x + 111,15

Gravel -0,098 y = -0,0271x + 366,62

Sand 0,083 y = 0,0165x - 32,723

No recyclable -0,067 y = -0,0206x + 406,35

Table 1. Pearson correlation coefficients and the theoretical 
expression. 
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Understanding the model enables us to predict future 
development of the system. 

The relationship among volumes of imported waste 
{xi} and volume of separated materials {yi} express 
theoretical models (Table 1).

Their importance is given also by Pearson coefficient 
of correlation for individual separated elements. 
Resulting values of correlation coefficients (Table 1) 
prove that among several analysed items there is very 
strong linear dependence – with growth of imported 

waste also values of produced digestate volume is 
directly and proportionally growing. Among some items 
there is only a slight dependence, for example biogas, 
partially also non-ferrous waste and rubber and among 
some there is weak dependence, for example glass, 
textile, etc. 

Interesting facts results from the analysis of 
simulation results by the application of time series 
analysis (Figs 4-5). The volume of produced biogas 
and digestate is changing in accord with quality of 
input biomass, which is proven also by big dispersion 

Fig. 4. Analysis of seasonal element of separated wastes I. 
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of produced biogas and small dispersion of digestate 
production for fertilizers. Certain biomass as an input 
material for biogas production is more qualitative at the 
same volume than others, which means from a given 
volume there is produced more or less biogas, while the 
volume of digestate for fertilizers is dosed equally. Due 
to the mentioned production of biogas being uneven with 
considerable dispersions, which exists also in practice, 
and production of fertilizer digestate is steady as for 
the volume, since the volume of digestate production 
depends only on the volume of biomass dosage. 

From the simulation results that suggested a complex 
system of waste recycling in the frame of searched 
region is able to process yearly production of communal 
waste. From the economical view waste combustion 
per sold energy brings more than €6 million per year. 
In comparing with prices from the sale of basic raw 
materials from total waste recycling it would be possible 
to obtain €9.3 million per year (Table 2). 

The findings indicate that many of the input waste 
components can be recycled without the need for 
actual incineration. This activity is highly dependent 

Fig. 5. Analysis of seasonal element of separated wastes II.
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on intensive logistical activities and on the interest of 
other waste-processing companies to accept separated 
materials. Generally, it is possible to present the overall 
simulation model of the entire waste processing and 
total recycling waste (Fig. 6).

Results, Discussion, and Conclusions 

An essential step in waste reduction is the use 
of green materials as well as its secondary recovery, 
starting with the separation of waste. The volume of 
communal waste stored at stocks and coming back to 
the environment presents no ecologically dangerous 
material, mainly in the case of plastic waste, metals, 
various chemical materials, etc. In the case of waste 
incineration, mainly products from oil, one type of 
dangerous waste is changing to other type of dangerous 
material, which part is immediately returning during the 
process of burning to air, and other parts must be stored 
by the way of dangerous slag due to the ecology. Just due 
to the mentioned liquidation of waste by total separation 
and recycling is more convenient then incineration.

It is necessarily aware that without logistics it would 
not be possible to manage growing volumes of waste in 
any place in the world. In a given case there is either 

external or internal logistics. External logistics solves the 
allocation of collection places and companies for waste 
processing, the system and structure of waste collection, 
providing cooperation among individual elements that 
create a chain for waste processing. Internal logistics 
has a goal to provide realization of processes that 
change directly the character and characteristics of 
waste, which means waste as a secondary raw material, 
which is possible to transform to the way in which 
character of the waste is lost and becoming as basic raw 
material for further production and use. Only qualitative 
coordination of external as well as internal logistics is 
able to provide rapid, proper, and qualitative elaboration 
of produced waste.

But due to the future research following question 
remain:
 – By what way to provide financial coverage for 

building complexes for total waste recycling? 
 – Is existing legislation sufficient to provide serious 

and proper waste sorting? 
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Volume/year Price Price Total price/year

Plastics granules 9 000 t 0.70 eur/kg 700.00 eur/t 6 300 000.00 eur

Digestate manure 39 000 t 5.50 eur/t 5.50 eur/t 214 500.00 eur

Biogas 390 000 m3 0.29 eur/m3 0.29 eur/m3 113 100.00 eur

Paper 7 700 t 0.05 eur/kg 50.00 eur/t 385 000.00 eur

Multilayer materials 2 400 t Processing in workplaces plastics. paper. metals 

Glass 8 000 t  0.03 eur/kg 30.00 eur/t 240 000.00 eur

Textile 3 000 t  0.02 eur/kg 20.00 eur/t 60 000.00 eur

Iron briquettes 3 500 t  0.10 eur/kg 100.00 eur/t 350 000.00 eur

Nonferrous briquettes 1 500 t  0.70 eur/kg 700.00 eur/t 1 050 000.00 eur

Wood pellets 2 700 t  0.10 eur/kg 100.00 eur/t 270 000.00 eur

Rubber granules 1 200 t  0.05 eur/kg  50.00 eur/t 60 000.00 eur

Dangerous waste* 800 t  0.16 eur/kg 160.00 eur/t -128 000.00 eur

Electronic waste 2 400 t Processing in workplaces plastics. metals 

Gravel 2 100 t  4.00 eur/t 4.00 eur/t 8 400.00 eur

Sand 940 t  4.00 eur/t 4.00 eur/t 3 760.00 eur

No recyclable waste 3 200 t Counted as price after incineration 

Energy after incineration 29 000 GJ  14.40 eur/GJ 14.40 eur/GJ 417 600.00 eur

Gas for incineration* 339 200 m3 0.29 eur/m3 0.29 eur/m3 -98 368.00 eur

TOTAL SUM 9 344 360.00 eur

* costs of company

Table 2. Prices of raw materials produced by total recycling in a one-year period.
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