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Abstract: The global plastic production total has risen to more than 400 million tons per
year; this number is mainly driven by industrial appliances. In the EU, where the annual
production is about 30 million tons, only 32% of plastic waste is recycled. Therefore, a
need for a robust and efficient waste management strategy has emerged. This study will
introduce a novel logistic regression-based decision-making framework that focuses on the
environment and the economy while also considering energy intensity and logistics. These
factors reflect the use of Life Cycle Assessment (LCA) in this study, which is an approach
that determines the selection of waste management strategies across different European
countries. This study introduces a model with 94% sensitivity and 97% overall accuracy
in order to compare pyrolysis and plastic waste recycling management methods. One of
the main findings is the fact that pyrolysis demonstrated a maximum conversion efficiency
of 88%; in comparison, the conversion efficiency for recycling was approximately 58%.
Pyrolysis also generates by-products, such as syngas and pyrolytic oil, which are valuable.
To conclude, this study is a tool for policymakers and industry leaders, so that they can make
sustainable waste management decisions with data-driven and evidence-based reasoning.

Keywords: pyrolysis; recycling; logistic regression; circular economy

1. Introduction
1.1. Background of Study

Plastic appliances are used in almost every industrial sector, so their waste man-
agement is a necessity. When plastics reach the end of their life cycles, they become a
problem. The reason for this is that they resist natural degradation [1]. As the annual plastic
production globally is currently 400 million tons, the prediction (bearing in mind that no
intervention occurs) for 2050 is more than 800 million tons [1]. European industries produce
more than 30 million tons of plastic waste each year, and only 32% of that is recycled, while
the rest is incinerated, landfilled, or improperly disposed of [1,2].

Non-recycled plastic waste is abandoned everywhere, making it an environmental
threat. When a large amount of waste starts degrading, microplastics emerge and are found
everywhere, ranging from the oceans to food and human organs, which raises concern
over the toxicological impact that they can have [3]. The energy demands for the plastic
production and the waste management industries lead to the emission of greenhouse gasses,
accounting for 3.8% of the total emissions [4].
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1.1.1. Challenges in Plastic Waste Recycling

Recycling is thought to be the main solution, which is not the case. The reason for
this is that recycling faces economic and technical challenges that decrease its efficiency.
Some of these problems are contamination during collection and the degradation of plastic
through multiple recycling cycles [5,6].

Plastic waste needs to be sorted by type, which is a complex procedure. For example,
food packaging is made of multilayered plastic; in order to detect this type of waste,
advanced technologies, such as optical sorting systems and chemical markers for proper
segregation, are required [7]. These technologies are either expensive or not available,
which is why much of the waste is misclassified or lost. Additionally, even if some of
these technologies exist, they are not accessible in many regions that lack centralized
facilities with a sufficient processing capacity, which means that less waste is recycled
successfully [8].

Another problem down the line is consumer behavior. A lack of environmental
awareness reduces the quality and quantity of recycled materials due to people improperly
categorizing waste before it ends up in the trash [9]. Finally, when the end product is
successfully recycled, some of its mechanical properties are weakened or even lost, making
it inappropriate for industrial use [10]. Throughout this whole procedure, emissions are
released that are potentially toxic and pose a threat to human health and the ecosystem [11].

1.1.2. The Need for a Comprehensive Framework

From the above introduction, it is clear that waste management is a multi-variant
problem. Life Cycle Assessment (LCA) is a framework that can measure a product’s
environmental footprint throughout its life cycle, from the day that the material is extracted
to its disposal [12]. LCA can analyze the usage of each resource and the actual emissions
and waste generated, making it an excellent sustainability measure [13,14].

Both recycling and pyrolysis are perceived as the dominant waste management solu-
tions. By using LCA, every aspect of each procedure is considered, including its pollution
potential [15]. Specifically, LCA allows for the evaluation of interconnected processes, such
as upstream and downstream effects, making it an essential tool for analyzing complex
waste management systems [13]. This framework is very useful, especially in Europe,
where the circular economy and efficiency are key policies [16].

Pyrolysis by-products, such as syngas and pyrolytic oil, can be used for energy pro-
duction, but its large-scale adoption can lead to immense capital costs [16]. On the other
hand, recycling has a higher cost, but benefits from established infrastructure and strong
regulatory support in many European countries [17]. Extended Producer Responsibility
(EPR), which is a summation of the subsidies and campaigns that keep the public opinion
aware, plays a critical role in increasing the recycling rates [14].

On the logistics side, pyrolysis centralized facilities can lead to increased transporta-
tional emissions and costs when recycling is dependent on decentralized networks that
reduce them [12]. With that being said, recycling has better energy-intensive sorting and
cleaning processes, which may circumvent some environmental benefits [15].

The Green Deal and the circular economy action plans are policies that aim to reduce
emissions and improve resource efficiency [17]. Recycling is almost fully aligned with these
goals because it supports material circularity, while reducing the need for new materials.
Pyrolysis, though not favored between the two, is seen as a solution for managing plastics
that are difficult to recycle, are contaminated, or are multilayered [13].
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1.2. The State of the Art

Pyrolysis as a plastic waste management solution

Data-driven sources claim that pyrolysis can achieve a high waste conversion efficiency
that fluctuates between 70 and 90%. These fluctuations are dependent on the conditions
of the process and the composition of the waste. This study emphasizes pyrolysis’ ability
to convert mixed plastic waste into by-products of high value (syngas, pyrolytic oil and
char) [15]. These by-products are then further refined into fuels or used in the industry,
making it a promising technology for energy recovery.

Despite the above, there are challenges and limits as to how efficient pyrolysis is. The
first concern is about the variability in output quality, because of the diversity of plastic
waste. Environmentally, pyrolysis emits greenhouse gasses (GHGs), such as Nox (Nitrogen
Oxides) and Sox (Sulfur Oxides) [9,10]. Also, there is a lack of economic and logistic
constraints, which play a key role in large-scale adoption [10]. Additionally, pyrolysis
facilities have high initial investment costs, while production costs are paid for by fuel
production; the expense of building a pyrolysis site is significantly higher than that of a
recycling facility [16]. A centralized pyrolysis facility is responsible for the transportation
of the produced by-products; this adds to the logistic costs and emissions to and from the
site [12]. These emissions may be decreased using carbon capture technologies or clean
energy sources, making it a viable addition to recycling [14].

Recycling: Challenges and Advancements

Traditional recycling is the process of sorting, cleaning, and reprocessing plastic waste
that has already been used. This method is known as mechanical recycling. It has small
energy requirements and well-established infrastructure [9]. However, its downsides are
contamination, material degradation, and limited loops. Studies have highlighted that
every recycling cycle gradually erodes a product’s mechanical properties; this results in the
end product being less durable [10,11].

To overcome these challenges, chemical recycling can be of help. In this procedure,
plastics are broken down to the molecular level, which allows the production of virgin-
quality polymers. This type of recycling faces scalability issues, because chemical recycling
requires significant amounts of energy. To produce that kind of energy, the need for
sophisticated but not yet widely available infrastructure arises [11].

Countries that have a strong and well-developed waste management system are able
to achieve higher recycling rates. On the other hand, countries with inadequate sorting and
collection facilities are struggling to achieve a high recycling efficiency [8]. EPR policies
and landfill bans are quite promising, yet their effectiveness varies significantly between
different regions [11]. In conclusion, the procedure of recycling alone is not capable
of handling the growing production rates of plastic waste, especially for multilayered
packaging and contaminated plastics [13].

The Need for a Hybrid Approach

As can be seen, both methods are bound to their limitations, so the need for a hybrid
approach between the two arises. Mechanical recycling should be a priority for clean, homo-
geneous plastic streams, and, at the same time, pyrolysis can be used for non-recyclable and
contaminated plastics [12]. The bridging role between the two is performed by chemical
recycling, which has the potential for higher-quality material recovery and, at the same
time, can significantly reduce the reliance on virgin plastic production [10,18].
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1.3. Research Gaps and Objectives
This study explores the following objectives:

1.  Identify key drivers: the determination of the critical environmental (e.g., CO,
emissions, energy output), economic (e.g., operational costs, revenue potential),
and logistical (e.g., transportation emissions, processing times) factors influencing
scenario selection.

2. Quantify trade-offs: the comparison of the environmental and economic trade-
offs between pyrolysis and recycling to highlight the strengths and weaknesses of
each approach.

3. Predictive scenario selection: the development of a predictive model using logistic re-
gression to estimate whether to choose pyrolysis or recycling under different conditions.

4. Inform policy and practice: the provision of evidence-based recommendations for
policymakers and industry leaders to optimize plastic waste management strategies
in line with sustainability goals.

Previous studies have tried to focus on individual aspects (emissions, energy recovery,
etc.), leaving the combination of these techniques aside [5,19]. This study complies with
sustainability’s global agenda and with the Sustainable Development Goals (SDGs). This
study supports Target 12, fostering effective resource use and waste management. It
also supports Target 13 by taking into account the carbon footprint of a plastic waste
management system [20]. Additionally, this study incorporates practical implications in
Europe, where regulatory pressures and the public’s expectations about sustainability
matter. This comprises key guidance for policymakers to aid in deciding which low
emission technologies to subsidize and in which areas of infrastructure to invest, in order to
achieve maximum energy capture. Lastly, this study makes a comparative analysis between
pyrolysis and recycling, in order to compare the tradeoffs in these approaches.

2. Results

2.1. Data Analysis
2.1.1. Analysis Approach

The study utilizes a logistic regression model to determine the most efficient waste
management scenario. The probability of selecting the preferred scenario was based on
the following four different factors: environmental, economic, energy, and logistical. The
validation of the data was carried out using several statistical tests. The analysis also
included both quantitative results and visualizations to further emphasize the promising
outcomes of pyrolysis in energy recovery, revenue generation, and operational efficiency
as well.

2.1.2. Data Preprocessing

Handling missing values: in order to achieve a complete dataset, missing values of
energy consumption and CO, emissions were inputted using the mean.

Variable scaling: to make interpretation easier, operational costs and other variables
with large ranges were normalized.

Categorical encoding: The dependent variable scenario numeric was coded as follows:

1 = pyrolysis; 2 = recycling.

Table 1 presents the summary metrics of the key variables of the study. The results
show that, on a general basis, pyrolysis has a higher waste conversion efficiency and energy
recovery potential than recycling.
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Table 1. Variable metrics (N = 40).

Variable Scenario Numeric Mean Std. Deviation
1 329.990 12.6737

CO; emissions, kg/ton ’ 279 864 14.0369
1 9.504 0.627

CH,4 emissions, kg/ton 2 7.560 0.433
N 1 4.577 0.312

NOx emissions, kg/ton ’ 5.597 0.328
N 1 3.688 0.388

SOx emissions, kg/ton 5 2.619 0.337
B 1 1.458 0.117

VOC emissions, kg/ton 5 1.908 0.122
1 473551 19.383

Energy consumption, kWh/ton ’ 430.557 16.487
1 311.858 12.528

Energy output, kWh/ton 2 0.000 0.000
Transportation emissions, 1 48.845 2257
kgCO,/km 2 117.300 5.133
1 384.656 12.941

Operational costs/ton 5 481.422 13.520
1 275.404 16.251

Revenue from outputs/ton 5 0.000 0.000
1 83.081 2213

Contaminated handling efficiency ’ 37.726 2.197
Average processing time 1 3.122 0201
hours/ton 2 4.100 0221
' N 1 88.438 1.338

Waste conversion efficiency 5 58.340 1.588

2.2. Model Fit

As a first indication, the chi-squared value was calculated using a likelihood-ratio test,
simply by comparing two different models: a null model and a full model. The calculated
value (x? = 110.904, p < 0.001) indicates that the predictions can explain a significant portion
of the variance in the dependent variable.

To gain deeper insight into the model’s performance, the Nagelkerke R? value was
used to estimate the proportion of variance explained by this model. The results showed
that R? = 1000, signifying a perfect fit of the data. However, despite the results of the
test, because the pseudo R? cannot directly translate to the traditional R? linear regression
values, no valid conclusions can be drawn using this test alone.

On top of this, the Hosmer-Lemeshow goodness-of-fit test was used to evalu-
ate the alignment between predicted probabilities and observed data. As a result,
the p-value > 0.05, showing that the model’s predictions are an appropriate fit for the data.

In the following evaluation, the model’s accuracy was assessed using the classification
accuracy metric. The results were obtained by comparing predicted values to actual values
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in the dataset. The test successfully predicted pyrolysis and recycling scenarios with
sensitivities of 94% and 98%, while achieving an excellent overall accuracy of 97%. As a
next step, to improve the model’s stability and interpretability, variance inflation factor
(VIF) values and Pearson correlation coefficients were used to identify multicollinearity
within the independent variables. As a result, all the values with a factor (VIF > 10) were
either excluded or combined.

As a final step to increase the model’s performance, a 10-fold cross-validation tech-
nique was used, showing a stable performance across folds, thereby indicating once more
the model’s reliability.

The coefficients derived from the model are presented in Table 2 and provide key
insights about the preferable waste management scenario by showing the influence of
independent variables.

Table 2. Logistic regression coefficients and statistical metrics for scenario selection.

Unstandardized Standardized
Comparison Group Coefficients Coefficients t Sig.

B Std. Error Beta
(Constant) 2.100 0.097 2<1.566 <0.001
CO; emissions, kg/ton —0.001 0.000 —0.050 —3.098 0.003
CHy emissions, kg/ton 0.000 0.004 0.001 0.114 0.910
NOx emissions, kg/ton 0.008 0.006 0.009 1.286 0.203
SOx emissions, kg/ton —0.006 0.005 —0.007 —1.037 0.304
VOC emissions, kg/ton —0.0005 0.019 —0.002 —0.239 0.812
Energy consumption, kWh/ton _213% x 0.000 —0.002 —0.216 0.830
Energy output, kWh/ton —0.001 0.000 —0.311 —4.930 <0.001
Transportation emissions, kgCO, /km 0.002 0.000 0.155 4.553 <0.001
Operational costs/ton 0.000 0.000 0.032 1.753 0.084
Revenue from outputs/ton 0.000 0.000 —0.123 —2.238 0.029
Contaminated handling efficiency —0.004 0.001 —0.165 —4.273 <0.001
Average processing time, hours/ton 0.028 0.013 0.029 2.196 0.032
Waste conversion efficiency —0.004 0.002 —0.134 —2.628 0.011

The unstandardized coefficient (B) represents the change in the log-odds for a one-unit
increase in the corresponding variable for the preferable waste management scenario. In
this work, the coefficient for CO, emissions (kg/ton) is B = —0.001 (p = 0.003), indicating
that recycling is the preferable option, due to the higher amount of greenhouse gasses
produced by pyrolysis. On the other hand, pyrolysis shows great energy recovery potential
compared to recycling, with coefficient values of (B = 0.002, p < 0.001).

In order to obtain comparable results, the variables were normalized with the use of
standardized coefficients (Beta). Among different factors, energy output (Beta = 0.311) and
transportation emissions (KgCO,/ton) (Beta = 0.155, p < 0.001) seem to play a critical role.

For the further validation of the data, t-statistics and significance levels (Sig.) were
used. Predictors like waste conversion efficiency (p = 0.0110), the average processing time
(p = 0.032), and operational costs (B = -0.005, p = 0.029) highlight the influence of logistical
and economic factors in favor of pyrolysis.
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In conclusion, the logistic regression model that was used showed that economic,
environmental, energy, and logistical factors are the contributing causes that influence
waste management decisions. Both methods indicate advantages and disadvantages,
with pyrolysis being favorable in terms of energy recovery, waste convention efficiency,
transportation costs, and cost advantages in large-scale applications, while, on the other
hand, recycling has a lower production rate of CO, emissions and better material circularity,
making it favorable for clean and homogeneous plastic waste streams.

2.3. Logistic Regression Results

The logistic regression revealed significant prediction evidence for selecting pyrolysis,
as summarized in Table 3.

Table 3. Summary of logistic regression results.

Predictor B (Coefficient) Exp(B) ( Odds p-Value Interpretation
Ratio)
- The CO, emissions generated by pyrolysis

Elioiteor;:)lssbns —0.001 0.999 0.003 impact negatively on it, although advanced

& carbon capture methods can help.
Trapsportatlon 0.002 1.002 <0.001 The transportation }oglstlcs favor
emissions centralized pyrolysis infrastructure.
Energy output 0.002 1.002 <0.001 The high energy output shows pyrolysis
(kWh/ton) energy efficiency.
Operational costs B It is demonstrated that pyrolysis has
(EUR) 0.005 0-995 0.029 advantages in large-scale applications.
Waste conversion 0.015 1015 0.011 Pyrolysis benefits contaminated or mixed

efficiency

waste feedstock.

2.4. Visualizations and Insights

The following visualizations highlight pyrolysis” advantages:

CO, Emissions Over Time: pyrolysis produces higher CO, emissions, but this has been
declining over recent years as efficiency and carbon capture technologies have improved.

In Figure 1, every point represents a data instance in the dataset. The lines signify the
fit of the logistic function that has been used. Some of the predictors that have been used
are energy consumption, CO, emissions, and operational costs, among others.

In Figure 2, the energy recovery vs. energy consumption (in kWh/ton) is presented
for the pyrolysis scenario, and the reasons why a logistic regression model was chosen for
these correlations are explained. This scatter plot captures the peak energy metrics of the
data and provides insights into the trends and variations in energy performance within the
pyrolysis process in the EU context.

Figure 3 presents the further environmental and economic benefits of the pyrolysis
method. The data show that conversion rates are as high as 88% (Figure 4); this complies
with European policies like the EU Circular Economy Action Plan.
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While recycling is related to lower CO; emissions, pyrolysis shows a promising
future for emission reduction by applying carbon capture technologies and renewable
energy integration.

Transportation emissions positively influence the preference for pyrolysis, given
centralized infrastructure and mass processing.

Economic Factors:

Pyrolysis benefits from lower operational costs in large-scale facilities, and, at the same
time, it shows high revenue potential from fuel and chemical by-products.

Energy Metrics:
Pyrolysis offers high energy recovery efficiency compared to recycling.
Logistical Strengths:

Pyrolysis’s advantage in processing contaminated and mixed waste streams highlights
its operational efficiency compared to recycling.

The model’s high accuracy underscores its reliability in predicting pyrolysis as the
preferred option, as follows:

Overall accuracy = 97%;
Sensitivity (pyrolysis detection) = 94%;
Specificity (recycling detection) = 98%.
The high classification accuracy reinforces pyrolysis’s advantages in scenarios involv-
ing mixed waste, high energy demands, and operational cost considerations.

3. Materials and Methods
3.1. Data Sources

This study utilized secondary data collected from European databases and academic
sources. The key data sources included the following:

e  Reports from Plastics Europe on waste production, recycling rates, and energy recovery.

e  European Commission datasets related to emissions and waste management efficiency.

e  Published empirical studies providing metrics for pyrolysis and recycling from the
years 2020-2023 to ensure relevance to current waste management practices and
technologies [21,22].

3.2. Methodology
3.2.1. Data Interpretation

In this study, the trade-offs of pyrolysis and recycling are analyzed by comparing
the energy and environmental impacts of these waste management techniques. Firstly,
regarding energy consumption, measured in kwh/ton, it is observed that the two methods
have highest energy requirements at different stages of their processes; on the one hand,
recycling needs more energy when it comes to the pre-treatment stage, such as, for example,
for the sorting and cleaning of plastic waste [13]. On the other hand, pyrolysis uses large
amounts of energy during processing, due to the use of thermal decomposition. However,
the possibility of a net recovery of the lost energy, resulting from the production of fuels such
as syngas and pyrolytic oil, has the potential to offset the energy cost of this process [16].

As far as the energy production sector is concerned, it can be said that, due to the
ability of pyrolysis to recover the energy incorporated in plastic waste, it can be considered
a highly viable option for energy-intensive industries, since 70-90% of the material entering
the industry ends up being converted into energy products that can be reused [16]. On
the other hand, recycling, which cannot convert the respective materials into energy but
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focuses instead on their recovery, can contribute to resource conservation in the sense of
delaying direct energy production.

Considering the issue of greenhouse gas emissions, measured in kg CO,/ton, once
again the use of thermal decomposition during pyrolysis is found to produce higher carbon
dioxide emissions, especially when using fossil fuels as the main energy source [13].

In the context of the pollution potential of the two methods, namely the produc-
tion of sulfur oxide (SOx) and nitrogen oxide (NOx), as well as the release of volatile
organic compounds (VOCs), it is found that pyrolysis produces significant amounts of
the first two types of pollutants, which in turn can lead to the formation of smog and
acidification [13,16]. Recycling, on the other hand, is more closely linked to the release of
VOCs during processing [15].

In terms of material recovery efficiency, in the case of recycling, the conversion of
plastic waste into reusable materials is highly successful (up to 70%), as long as the streams
are clean and homogeneous. However, if the waste is contaminated or mixed, this percent-
age is greatly reduced. In the case of contaminated waste, however, the pyrolysis process
does not seem to be affected; it maintains a success rate for material recovery of 88%. It is
therefore a preferable option when it comes to recyclable plastics that are more difficult to
process [13,16].

Finally, the economic costs of the two procedures also vary according to the stages
at which the costs are assessed. Thus, the pyrolysis option is characterized by a high
initial cost, which can be offset during the process by the revenue it generates, due to the
production of fuel, coal, and other by-products. In contrast, recycling may not be as costly
at the outset, since the infrastructure used for it is already in place, but the subsequent
challenges mentioned above, such as its difficulty in managing contamination in an efficient
way, increase its cost, among other things [15].

3.2.2. Hypotheses Development

Environmental Factors

Waste management is becoming more environmentally sustainable, considering green-
house gas (GHG) emissions. Pyrolysis releases more GHGs than recycling; however, it may
not be as environmentally destructive in some contexts [23,24]. However, pyrolysis has
some advantages over the management of non-recyclable plastics. Therefore, the following
hypotheses have been developed.

H1: The likelihood of choosing pyrolysis over recycling is negatively associated with higher
CO; emissions.

H2: The likelihood of choosing pyrolysis over recycling is positively associated with higher transport
emissions due to the possibility of additional logistics emerging for centralized pyrolysis facilities.

Economic Factors

Operational costs and revenue generation determine the procedure of scenario selec-
tion. Pyrolysis is also capable of generating revenue from fuel and chemical by-products,
which makes it a potentially profitable option for some waste streams [25]. On the other
hand, recycling usually results in higher operational costs, as a result of contamination
problems and a complicated sorting process [26]. Thus, the following hypotheses have
been developed:

H3: The likelihood of choosing pyrolysis over recycling is negatively associated with higher
operational costs.
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H4: Pyrolysis is more likely to be selected as the waste conversion output for a given facility when
there is a higher revenue potential associated with the outputs.

Energy Efficiency Factors

When analyzing waste management decisions, one must know that they are dependent
on energy efficiency. Pyrolysis energy recovery is preferred when converting plastics to
high-value fuels [27]. In contrast, the high energy contents of plastic makes recycling an
energy-intensive method [22]. Therefore, the following hypotheses have been developed:

H5: The likelihood of selecting pyrolysis over recycling is positively (and largely) correlated with
the higher energy output.

He6: A negative association between energy consumption during processing and the selection of
pyrolysis vs. recycling is observed.

Logistical Factors

Logistics can be improved by taking into account several factors, including the mass
of the waste, the average processing time, etc. As previously mentioned, for contaminated
waste, pyrolysis is preferred [22]. Recycling has a shorter processing time if the waste
is homogeneous and can be recycled [28]. Therefore, the following hypotheses have
been developed:

H7: The likelihood of selecting pyrolysis over recycling is positively associated with waste
conversion efficiency.

HS8: The likelihood of selecting pyrolysis over recycling will increase with longer average
processing times.

3.2.3. Conceptual Framework

In the illustrations below, a robust conceptual framework that has been developed to
address logistical, environmental, economic, and energy factors is shown.

The dependent variable is the selection of a scenario.

The binary variable is coded as follows: 1 = pyrolysis; 2 = recycling.

The factors are as follows:

Environmental factors: CO, emissions (H1) and transportation emissions (H2);

Economic factors: operational costs (H3) and revenue from outputs (H4);

Energy metrics: energy output (H5) and energy consumption (H6);

Logistical factors: waste conversion efficiency (H7) and processing time (HS8).

The independent variables are given below:

Environmental factors: CO, emissions in kg per ton and transportation emissions in
kg CO, per km;

Economic factors: operational costs in Euros per ton and revenue from outputs in
Euros per ton;

Energy metrics: energy consumption in kWh per ton and energy output in kWh per ton;

Logistical factors: waste conversion efficiency in percentage and average processing
time in hours per ton.
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Logistic Regression

The main analytical tool that this study uses is binary logistic regression. This makes
the selection between pyrolysis (1) or recycling (2) a function of the studied indepen-
dent variables. Logistic regression works well as a predictor because it is well suited
to categorical dependent variables. Our predictors include continuous variables and
percentage-based variables.

The key outputs are as follows:

Odds Ratios (Exp(B)): these report the effect of every independent variable on the
likelihood of choosing pyrolysis.

Significance Levels (p-values): these report the variables that have a significant impact
on the selection of a scenario, based on the results.

3.3. Validation Steps

To determine the reliability of the logistic regression model, several steps are carried
out to assess the model’s performance on the data and the stability of the model across
different conditions.

The steps examined for this issue are as follows:

(@) The training and testing split;

(b) The classification metrics;

(¢) The Hosmer-Lemeshow goodness-of-fit test;
(d) The cross-validation method;

(e) The multicollinearity diagnostics method.

The first step is splitting the data. Specifically, 70% of the data were used for the
training of the model and 30% for the testing. As a result, the model was not purely trained
on these data, which makes it easier to generalize in other similar situations.

Regarding the classification metrics section, the model had an accuracy of 97%, a
sensitivity of 94%, and a specificity of 98%. Therefore, it can be claimed that this model
is able to choose between the pyrolysis and recycling scenarios to a very large extent and
provide a high overall prediction accuracy.

Subsequently, the model’s predictions underwent the Hosmer-Lemeshow goodness-
of-fit test and the p-value was found to be greater than 0.05, which means that this model
fits the data in a satisfactory manner; therefore, the overfitting that may be required in other
cases is not needed when using this model.

To increase the robustness of the model, cross-validation was performed; the model
was validated over several iterations, using a 10-fold cross-validation of previous results.
This procedure was carried out by dividing the dataset into ten parts, using nine of them
for training and the tenth for testing, and then repeating this process until all data had
been tested. It was therefore clear that, in every area of the results, they were consistent
and in agreement with the initial findings, thus supporting the validity of the analysis
model used.

VIF values and Pearson correlation coefficients were used to assess the possibility of
multicollinearity among the independent variables. To ensure the stability of the regression
coefficients, VIF values greater than 10 were dropped and, in some cases, combined to
enhance the explanatory power of the model.

All the above methods were used to measure the reliability of the model as a universal
predictor, and it was concluded that this is actually a very reliable model for identify-
ing waste management scenarios, considering factors such as possible environmental,
economic, energy, or logistical factors. Since the verification was divided into the above
steps, it is safe to assume that this model can be applied in real conditions and that it is
scientifically significant.
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Limitations

There are some limitations in this study regarding the generalizability and the quality
of the results derived from the data and, as a result, the hypothesis acceptability. It is
essential to mention that this study has utilized only European regional data considering
such policies and infrastructure. It may therefore be unable to be implemented in other
areas because of the specific factors used, which vary and can, in some cases, hinder
adoption. In addition, since secondary data were used, questions about their quality may
be raised concerning the reliability of the original data sources, which are not part of
this analysis. Finally, it is important to note that, since logistic regression assumes that
linearity exists between the logit of the dependent and independent variables, there are
cases wherein more complex interactions cannot be captured in a comprehensive manner.

4. Conclusions
4.1. Comparative Conclusions

After establishing the reliability of this data analysis, the following conclusions can be
extracted and summarized, with a high level of certainty.

The benefits of pyrolysis are as follows:

Energy recovery: pyrolysis provides high energy recovery rates, making it ideal for
applications requiring high energy outputs.

Economic viability: lower operational costs and higher revenue potential make pyrol-
ysis a cost-effective choice.

Logistical versatility: pyrolysis can process mixed and contaminated waste streams
with a higher efficiency than recycling.

The benefits of recycling are as follows:

CO;, emissions: recycling generates fewer emissions, aligning with carbon neutrality goals.
Decentralized infrastructure: recycling benefits from decentralized networks that
reduce logistical burdens.

4.2. Policy Recommendations

This study’s findings can be used as a springboard for specific policy recommendations
to enhance plastic waste management. Besides general policies like the European Green
Deal and the Circular Economy Action Plan, focusing on resource efficiency and carbon
neutrality can also help support these recommendations [16,17].

Extended Producer Responsibility (EPR) programs:

Germany’s Packaging Act involves the producers paying for the collection, sorting,
and recycling of packaging materials, and Germany has achieved one of the highest
recycling rates in Europe, at 67% [8]. If EPR is extended to include incentives for using
recycled content, then both recycling and pyrolysis integration can be enhanced.

Subsidies for pyrolysis technologies:

Financial incentives for implementing pyrolysis technologies can be used to mitigate
the high initial capital costs of building these facilities. Subsidies for thermal treatment
technologies such as pyrolysis have been introduced in Denmark, which has resulted
in enhanced energy recovery from non-recyclable waste [9]. It can thus be argued that
subsidies may be used to promote the application of pyrolysis for contaminated plastics
while gradually phasing out the use of landfills. Therefore, the treatment of contaminated
plastics using the pyrolysis process is feasible and can be optimized by controlling the oper-
ating conditions and quality of input materials. The detailed analysis of the yield, product
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properties, and market potential of pyrolysis by-products offers valuable information for
decision-making processes regarding the commercialization of these products, while the
careful consideration of their environmental and economic impacts is essential for assessing
the sustainability of this waste management strategy.

Carbon emission regulations:

Policies like the EU ETS (Emissions Trading System) are a form of regulation that
penalizes carbon intensive operations, forcing industries to pay for their environmental
impact. Pyrolysis plants in countries with stricter ETS caps have started to integrate
renewable energy sources and carbon capture technologies to reduce emissions, moving
towards more sustainable practices, driven by the very regulations meant to limit their
business [10]. In addition to this, the improvements made in the pyrolysis process make it
more consistent with the overall sustainability objectives.

Waste segregation policies:

It has been found that effective waste segregation policies are quite important in
improving recycling quality. For instance, Sweden has strict policies on waste manage-
ment that include segregation at the household level, accompanied by public awareness
campaigns, which have led to low levels of contamination of the recyclables streams and
therefore higher recycling efficiency [11]. Adopting similar policies across Europe could
address the challenges of contamination and sorting in recycling processes [29].

4.3. Comparison with Existing Research

This work agrees with previous research, showing promising results, by stating the
findings” environmental implications [21] and how they can be effectively applied in the
management of non-recyclable plastics [25,28]. Furthermore, this study adopts a more holis-
tic perspective by involving economic and logistical aspects together with environmental
concerns, revealing pyrolysis as a cheaper and more flexible process in terms of operation,
while at the same time showing that it can compete with recycling in the treatment of
streams.

4.3.1. Areas for Future Research

To further explore the potential of pyrolysis in waste management, several key areas
for future research can be identified, as follows:

1.  Longitudinal studies, including the evaluation of the long-term performance and the
potential for scalability of the pyrolysis plants in various regions.

2. Hybrid systems, specifically applied studies about the combination of pyrolysis and
recycling technologies to enhance waste management systems.

3. Economic modeling, including cost-benefit analyses for market dynamics and
policy changes.

4. Technological innovations, including assessing the role of present technologies and the
role of emerging technologies, like artificial intelligence-based sorting and renewable
energy, in improving pyrolysis’s efficiency [26].

4.3.2. Limitations

The study’s findings are based on data from European contexts and may not fully
represent regions with different waste compositions and policy frameworks. The study uses
secondary data, and this may have introduced biases if the source data were incomplete
or inconsistent. Future research can address these limitations by including primary data
collection and region-specific analyses.
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5. Discussion

This publication aims to compare pyrolysis and the recycling of plastic waste as waste
management strategies, taking into account environmental, economic, energy, and logistical
factors. The results show that pyrolysis can be considered applicable and complementary
to recycling, especially in cases where energy recovery or the treatment of mixed or contam-
inated plastics is needed. Although pyrolysis is more carbon-intense than recycling, recent
developments in carbon capture technology may negate this disadvantage. Furthermore,
the creation of value added by products such as syngas and pyrolytic oil has proven to be a
viable option for large waste management systems.

On the other hand, recycling scores high in reducing carbon emissions and helping to
circulate materials but, at the same time, has higher operating costs, due to contamination
and difficulties in sorting through complex waste streams. These factors, when taken into
account, seem to hinder the model’s efficiency. This research study concludes that pyrolysis
and recycling could be combined to offer a more holistic approach to the problem of plastic
waste on a global scale.
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