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ABSTRACT 
Pyrolysis process is the thermochemical decomposition of organic 

compounds such as High-density polyethylene (HDPE) plastic. The main 

product of HDPE pyrolysis is usually diesel, but there are some other waste 

products formed (e.g. carbon black). Pyrolysis reactions are essentially 

decomposition reactions performed at elevated temperatures in the 

absence of oxygen. There is a variety of complex reactions taking place 

during pyrolysis, but in this paper, the focus is on the three main reactions of 

HDPE pyrolysis, namely: 𝛽𝛽−scission, hydrogen abstraction and chain fission. 

Of these, 𝛽𝛽−scission is known to be the most dominant reaction in HDPE 

pyrolysis reactions. In this work, the reaction equations and reaction 

constants were defined and solved in MATLAB® using the in-built ordinary 

differential equation (ODE) solver. The solution represents the rate of the 

reaction and the product yield.  
 

 
1. INTRODUCTION  
A good source of the raw materials for pyrolysis is industrial waste. Examples of industrial 
waste that can be treated in this way include tyres and the HDPE cages used in the fish farm 
industry. In Norway alone, the total available mass of disposed tyres is around 60000 tons 
per annum [1]. Unfortunately, there is no established best practice dealing with how waste 
plastic should be treated. Unfortunately, a great deal of HDPE plastic waste is ground to 
small pellets and disposed of in landfills. However, efforts are being made to recycle plastic 
wastes on commercial level [2].  

Pyrolysis is one option that is currently being investigated as a replacement for simply 
storing HDPE plastic wastes or sending to landfill. The HDPE pyrolysis process is basically 
breaking down the molecules that make up the HDPE and can be split into three simple 
steps as shown in Figure 1. 
 

 
Figure 1: the basics of the pyrolysis process 

 
The pyrolysis process shown in simplified form above contains a number of important 

steps. As Figure 1 suggests, the plastic must first be processed into small pellets, preferably  
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5 mm. This is to ensure as high thermal convection as possible [3]. The pellets are then 
heated in a chamber to around 400°C – 500°C to begin the pyrolysis process using an 
external source of fuel. Once this temperature is reached, the gasses that are being produced 
by the pyrolysis reaction form the primary fuel for the external burners and the process is 
now more or less self-sustainable. The atmosphere inside the chamber is normally inert to 
prevent unwanted reactions taking place. During pyrolysis, explosions and fires are an 
obvious risk because the chamber contains flammable oils and gasses. To limit the risk of 
explosions and fire, nitrogen (N2) is pumped into the reaction chamber prior to heating. 

As the pyrolysis process progresses, oil will flow from the chamber to storage. The time to 
ensure complete conversion of the plastic will vary depending on the molecular structure of 
the plastic, but for 5 mm pellets HDPE, the time is reported to be around 2 hours [4]. 

In addition to the conventional process of pyrolysis, researchers have considered other 
ways of treating plastic wastes. Huang et al. [5] investigated the potential of using microwaves 
to initiate a pyrolysis process. Their results show higher gas and solid yield, but lower oil yield 
[5]. Although the way a microwave pyrolysis process works is in principle the same as a 
conventional process: heat is supplied the system and pyrolysis starts, the difference is that 
the heat is generated by microwave radiation instead of the combustion of a fuel.  

 
2. HIGH DENSITY POLYETHYLENE (HDPE) 
High Density Polyethylene (HDPE) is a polymer of ethylene containing many C2H4 groups 
in a chain as shown in Figure 2. In a single HDPE chain, the number of C2H4 groups may 
vary from few hundreds to a few millions. 

 

 
(a) 

 

 
(b) 
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Figure 2: (a) the chemical formula of polyethylene, (b) illustrates a space fill model 
of the HPDE. (c) illustrates a potential branching structure of polyethylene. 

 
Figure 2(a) shows the chemical formula for HDPE, where 𝑛𝑛 represent the total number 

of molecules in the chain; Figure 2(b) shows a space fill model of the polyethylene and 
Figure 2(c) illustrates the branching nature of HDPE. This seemingly random structure 
results from the formation of free radicals during the production of the plastic. During the 
production of polyethylene, ethylene is subjected to high pressures and high temperatures. 
Because of these two conditions, free radicals are formed. The result of these radials is a 
positive charge at the extremities of the branch [6].  

 
2.1. Chemical breakdown of HDPE during pyrolysis 
The first thing that happens during pyrolysis is that the covalent bonds holding the ethylene 
together start to break. This only takes place when HDPE is heated or energized beyond the 
reaction activation energy. The result of this breaking is that the molecules have an unpaired 
electron, henceforth turning into free radicals. These radicals are the key to pyrolysis. They 
are attracted towards the larger chains and split them into smaller chains. The chain splitting 
is complex and may happen in different ways, however, we can simplify to three main free 
radical splitting processes: chain fission, 𝛽𝛽 −scission and hydrogen abstraction. Out of these 
three, the 𝛽𝛽 −scission reaction is the most dominant in the pyrolysis process [7].  
 
2.1.1. 𝛽𝛽 −scission 
With the initial break in the bonds, the free radicals generated can undergo the 𝛽𝛽 −scisson 
splitting process. The 𝛽𝛽 −scisson splitting process occurs at the 𝛽𝛽 −carbon in the molecule. 
The process of 𝛽𝛽 −scission results in the formation of an olefin, ethylene, and a free radical 
that has two fewer carbon atoms. This radical undergoes further 𝛽𝛽 −scission producing 
more ethylene [8]. The process can be described using Equation (1) and Figure 3. 
Additionally, we can have mid-chain scission and end chain scission, all of which have their 
own set of reaction equations.  
 

𝑅𝑅 − 𝐶𝐶𝐻𝐻2 − 𝐶𝐶𝐻𝐻2 − �̇�𝐶 − 𝐻𝐻2 → 𝑅𝑅 − �̇�𝐶 − 𝐻𝐻2 + 𝐻𝐻2𝐶𝐶 = 𝐶𝐶𝐻𝐻2                        (1) 
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Figure 3: 𝛽𝛽 −scission [9] 

 
2.1.2. Hydrogen abstraction 
Hydrogen abstraction is a chemical reaction where a hydrogen free radical is abstracted 
from the polymer [10] as shown in Equation (2) and visualized in Figure 4.  
 

�̇�𝑋 + 𝐻𝐻 − 𝑌𝑌 → 𝑋𝑋 − 𝐻𝐻 + �̇�𝑌                                            (2) 
 

 
(a) 

 

 
(b) 

 

 
(c) 

Figure 4: Hydrogen abstraction 
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In Figure 4, (a) represents the undisturbed HDPE chain, (b) illustrates an interaction of 

the undisturbed HDPE chain with a chain that has undergone 𝛽𝛽 −scission (hydrogen atom 
is missing hence carbon is acting like a free radical), and (c) shows the product after 
hydrogen abstraction has taken place.  

 
2.1.3. Chain fission 
The chain fission reaction takes place predominantly in the initial stages of pyrolysis, but 
may occur throughout the process. The fission occurs because the energy of the system is 
larger than the activating energy. When the chain breaks, a free radical is formed at the two 
extremities of the chain as illustrated below in Figure 5. 
 

 
Figure 5: Chain fission [7]. 

 
2.2. Conceptual visualisation 
Pyrolysis of HDPE can be conceptually visualised using a shrinking core model. An initial 
unreacted particle of HDPE is shown in Figure 6(a). During the pyrolysis reaction, layer by 
layer of HDPE tears off as shown in Figure 6(b). It is important to note that this stage would 
only activate when required reaction activation energy is achieved. With time the particles 
reach a stage as shown in Figure 6(c) and eventually disappear as indicated in Figure 6(d).  

 

 
              (a)                                        (b)                            (c)                  (d) 
Figure 6: Conceptual visualisation of HDPE pyrolysis via shrinking core model [11].  

 
2.3. Properties of HDPE pyrolysis products (pyrolysis oil) 
The oil product produced is called pyrolysis oil and can be used as fuel for turbines and/or 
furnaces for refineries. It is, however, normal that diesel is mixed with the pyrolysis oil to 
provide more conventional fuel properties.  

The typical aromatics content of pyrolysis oil has been measured to be approximately 
40% [12]. For diesel, the aromatic content is typically under 35% [13]. Pyrolysis oil 
typically also has a higher heating value than diesel [14]. Some typical properties for 
pyrolysis oil in comparison to diesel oil are presented in Table 1. 

 
  



84 

 
Simulation of the HDPE Pyrolysis Process       

 

 
 

Table 1: Properties of pyrolysis oil and diesel oil [14]. 
Property Unit HDPE pyrolysis oil Diesel 
Heating value  MJ/kg 46.2 45.8 
Carbon  mass % 83.8 87 
Hydrogen  mass % 11.4 13 
Oxygen  mass % 2.0 N/A 
Chloride  mass % 0.03 N/A 
Density  g/cm3 at 30°C 0.8147 0.7994 
Viscosity  cP at 40°C 2.49 1.00 - 4.11 
Flashpoint °C 100 70 

 
3. METHODS 
As described above, the pyrolysis reaction consists of multiple steps before all HDPE is 
converted to the end products of oil, gas, and carbon black. In addition, before the pyrolysis 
process reaches a steady state, HDPE is also converted into several other organic substances 
called ‘waxes’. In this paper, these substances are referred to as ‘light’ and ‘heavy’ waxes. 
There are many other substances present in the mixture of reaction products, but these are 
generally in low concentrations [7].  

The waxes (light, heavy) mainly consist of aromatics, kerosene, and paraffin. Due to the 
high temperature, a small portion of these waxes may begin to break down further in to smaller 
molecules resulting in ‘carbon black’. This carbon black is mostly carbon, and contains very 
fine particles. The carbon black is highly stable and it will not react further.  

The pyrolysis reaction is a combination of multiple reactions with varying reaction 
constants [15]. The reaction constants determine the rate of each reaction and may depend on 
the concentration of reactants and products. Temperature and presence of catalyst may also 
affect its value. An overview of HDPE pyrolysis reactions is given in Figure 7. 

 

 
Figure 7: The complete conversion process of HDPE 

 
As shown in Figure 7, when the conditions are met for the pyrolysis reaction to progress, 

the dominant product is the light wax (LW) (with reaction constant = 𝑘𝑘1), oil (with reaction 
constant = 𝑘𝑘2), gas (with reaction constant = 𝑘𝑘3) and heavy wax (HW) (with reaction constant 
= 𝑘𝑘4). In addition, the free radicals break down LW to oil (with reaction constant = 𝑘𝑘5), LW 
to gas (with reaction constant = 𝑘𝑘6), HW to gas (with reaction constant = 𝑘𝑘8) and oil (with 
reaction constant = 𝑘𝑘9). It can also be seen that some of the oil goes directly to gas (with 
reaction constant = 𝑘𝑘7). The values of reaction constants ‘𝑘𝑘’ at 420°C are shown in the Table 
2 [13]. 
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Table 2: The values of the reaction constants ‘𝑘𝑘’ at 420°C [15] 
reaction constants min-1 s-1 
𝑘𝑘1 0.170 0.00284 
𝑘𝑘2 2.43x10-8 4.05x10-10 
𝑘𝑘3 0.0301 0.000502 
𝑘𝑘4 0.206 0.00344 
𝑘𝑘5 0.0146 0.000243 
𝑘𝑘6 0.0104 0.000173 
𝑘𝑘7 2.25x10-14 3.75x10-16 
𝑘𝑘8 0.0205 0.000342 
𝑘𝑘9 3.48x10-10 5.80x10-12 

 
The model that was chosen to describe the pyrolysis reactions is based upon work by [7] 

and [15]. The reaction equations are ordinary first order differential equations as shown in 
Equations (3) to (7). These equations are solved in MATLAB®. The method used to solve 
these equations is provided in reference [16]. 
 
 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= −𝑘𝑘1𝑃𝑃 − 𝑘𝑘2𝑃𝑃 − 𝑘𝑘3𝑃𝑃 − 𝑘𝑘4𝑃𝑃                                        (3) 
 

𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑘𝑘4𝑃𝑃 − 𝑘𝑘8𝐻𝐻𝐻𝐻 − 𝑘𝑘9𝐻𝐻𝐻𝐻                                          (4) 
 

𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑘𝑘1𝑃𝑃 − 𝑘𝑘6𝐿𝐿𝐻𝐻 − 𝑘𝑘5𝐿𝐿𝐻𝐻                                            (5) 
 

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑘𝑘2𝑃𝑃 + 𝑘𝑘5𝐿𝐿𝐻𝐻 + 𝑘𝑘9𝐻𝐻𝐻𝐻 − 𝑘𝑘7𝑂𝑂𝑂𝑂𝑂𝑂                                    (6) 
 

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑘𝑘3𝑃𝑃 + 𝑘𝑘6𝐿𝐿𝐻𝐻 + 𝑘𝑘7𝑂𝑂𝑂𝑂𝑂𝑂 + 𝑘𝑘8𝐻𝐻𝐻𝐻                                   (7) 
 

In Equations (3) to (7), 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 represents the mass rate at which HDPE is being consumed; 𝑃𝑃 
is the mass of HDPE (reactant); 𝐻𝐻𝐻𝐻 is the mass of heavy wax; 𝐿𝐿𝐻𝐻 is the mass of light wax; 
and the values of reaction constants (𝑘𝑘1, 𝑘𝑘2, 𝑘𝑘3, 𝑘𝑘4, 𝑘𝑘5, 𝑘𝑘6, and 𝑘𝑘7) are given in Table 2.  
 
4. RESULTS AND DISCUSSIONS 
The equations presented in Section 3.1 were solved in MATLAB© using the ordinary 
differential equations (ODE) 23s solver (the method of solution can be downloaded from 
reference [16]). The results are shown in Figure 8. 

The results show that HDPE is broken down relatively quickly and after about 20 minutes 
very little of the HDPE is left. The conversion of both heavy wax and light wax begins when 
the majority of the HDPE has been broken down. The production of oil and gas is rapid in 
the initial phases of the process and begins to level-off as the light and heavy wax produced 
in the early phase of the process is used-up. At approximately 2 hours, there is roughly 75% 
oil and 24% gas. The remaining 1% is carbon black. It is suggested in [1], [3] and [4] that 
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the percent yield oil should be around 70-80%. The presented results are consistent with the 
literature.  

 

 
Figure 8: Simulation of pyrolysis of HDPE 

 
The given study is only valid at 420°C and uses the assumption that no pyrolysis takes 

place prior to temperature reaching at 420°C. The temperature is also assumed constant 
throughout the duration of the pyrolysis process.  

This study uses fixed values of reaction constants, however, in reality, the reaction 
constants are temperature dependent variables. Similarly, addition of catalysts will also affect 
the values of reaction constants, e.g. aluminum titanate (AlTi) powder can increase the thermal 
convection, hence increase the pyrolysis reaction rate [17].      

 
5. CONCLUSIONS 
This paper presents a simplistic reaction model for the HDPE pyrolysis reaction. The 
reaction equations are first order differential equations, which are solved in MATLAB® 
using ode23s solver. Results are in agreement with the literature. In order to improve the 
accuracy of the model, more detailed description of reaction constants is needed. 
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