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ABSTRACT  17 

The concept of the circular economy has gained wide interest in industry as a powerful 18 

strategy to reduce impacts while remaining economically competitive. Here we explore the 19 

benefits of this approach in the chemical industry, quantifying explicitly the economic and 20 

environmental benefits of ethylene recovery from polyethylene plastics using process 21 

modeling coupled with Life Cycle Assessment (LCA). Our results show that the recovered 22 

ethylene represents a win-win alternative, offering a highly competitive cost of 0.386 €/kg vs 23 

0.835 €/ kg with the standard naphtha-based route. Furthermore, substantial reductions of as 24 

much as 87%, 89% and 164% could also be attained (compared to the naphtha-based 25 

ethylene) in impacts on human health, ecosystem quality and resources scarcity, respectively. 26 

Overall, this work aims to promote the adoption of circular economy strategies in the 27 

chemical sector, while highlighting the role of process modeling, LCA and systems thinking 28 

in quantifying the associated benefits to build strong cases for policymaking. 29 

  30 
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INTRODUCTION 31 

In recent years, the circular economy concept has gained wide interest in industry and 32 

academia1,2. In the chemical sector, the use as feedstock of waste, with focus on plastics, as 33 

well as captured CO2, among others, is receiving increasing attention as it offers the 34 

opportunity to lower impacts by reducing raw materials cost. In the chemical sector, the use 35 

as feedstock of waste, with focus on plastics, as well as captured CO2, among others, is 36 

receiving increasing attention as it offers the opportunity to lower impacts by reducing raw 37 

materials cost. Despite past and ongoing efforts, the Technology Readiness Level (TRL) of 38 

these processes is still low3. Research efforts should, therefore, focus on quantifying their 39 

economic and environmental benefits to build strong cases to promote their adoption by 40 

industry. Here, we focus on providing one such analysis highly relevant for the chemical 41 

sector, where large amounts of plastics are at present being disposed without any further 42 

revalorization.  43 

Plastics represent the main product of the chemical industry on a mass basis. The annual 44 

production of plastic materials, which amounted 60 million tons in 2016 in Europe, is 45 

expected to increase in the short and mid-term4. Given their versatility, polyolefins are the 46 

most used plastics. Among them, polyethylene (PE) is at present the most widely demanded, 47 

representing 30% of the total production when considering all its varieties: high, medium, 48 

low and linear low-density polyethylene4. Currently, the main use of PE is packaging in the 49 

form of films, bottles or bags, which are very often single-use and, therefore, result in 50 

thousands of tons of plastic waste. According to statistics on waste management in Europe, 51 

during 2015 72% of plastic packaging was not recovered at all, 40% of which was sent to 52 

landfills while the other 32% was mismanaged3. This percentage of inadequately managed 53 

plastic causes severe environmental problems, being the deterioration of marine ecosystems 54 
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and microplastics contamination some of the most critical ones5–7. Recent studies have shown 55 

that the problems related to plastic-waste accumulation are worsening dramatically, and that 56 

the main polymers responsible for this accumulation are by far PE and polypropylene (PP), 57 

the two most common polyolefins8.  58 

The recycling of PE and PP is not an easy task, as they degrade during melting. As a result, 59 

they can mostly be reused for lower-value applications, such as carpets, clothing or building 60 

materials, while their use to produce new packaging items remains challenging. Another end-61 

of-life alternative for these plastics is energy valorization by means of incineration. However, 62 

this strategy has also drawbacks, as valuable materials are lost in the form of CO2, which 63 

raises concerns about its benefits9. Hence, upcycling polymers into quality plastics again is 64 

sought as the way forward10. The treatment of waste polymers calls for adequate technologies 65 

that, in the case of PE, are at a very early development stage and show low Technology 66 

Readiness Levels (TRLs).  67 

Different reviews on chemical technologies that would enable the transformation of PE 68 

into reusable monomer point towards pyrolysis as a promising alternative11,12. Dong et al.13 69 

analyzed the environmental performance of pyrolysis, gasification and incineration for the 70 

energy valorization of municipal solid waste, stating that pyrolysis and gasification are 71 

attractive alternatives worth researching. Furthermore, Fox and Stacey14 compared recently 72 

PE pyrolysis and gasification, finding that while pyrolysis is environmentally friendlier, 73 

gasification leads to higher revenues. Demetrious and Crossin15 evaluated landfill, 74 

incineration and gasification-pyrolysis as end-of-life alternatives for plastic waste, 75 

concluding  that landfill is the most suitable option to reduce the environmental impact. These 76 

studies consider pyrolysis as a waste-to-energy technology, so environmental credits were 77 

only given to electricity generation. Benavides et al. 16 and Faraca et al. 17 both address the 78 
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the production of fuel oil via pyrolysis of plastic waste. To our knowledge, despite its 79 

potential to upcycle the building blocks of plastics, no previous work provided a detailed 80 

environmental and economic assessment of the use of pyrolysis to recover valuable 81 

chemicals.  82 

At low temperatures, pyrolysis leads to oils and waxes, while at higher temperatures, the 83 

monomer is obtained in larger quantities. Several experimental studies, as those by Onwudili 84 

et al.18 and Mastral et al.19, revealed that PE conversion into olefins and other petrochemicals 85 

may reach 100% conversion at around 750 °C. However, even in this case, ethylene yields 86 

are still low (only 30% recovery), given that at this temperature more complex products are 87 

still dominant. Other studies reported similar results20–22, with a maximum ethylene recovery 88 

of 48% found at 1000 °C by Kannan et al.23. Furthermore, to the best of the authors’ 89 

knowledge, the highest scale at which experimental studies have been carried out is a 30 kg/h 90 

pilot plant24. Preliminary results generated at the lab scale as such cannot be directly used to 91 

envisage and assess the economic and environmental impact of new technologies and their 92 

integration into existing supply chains. To close materials loops in the chemical industry 93 

through circular economy strategies, the role of this technology needs to be projected, scaled 94 

and integrated.  95 

Some attempts to model the pyrolysis of PE include the development of kinetic models25 96 

and process simulations26. However, a further technical, economic and environmental 97 

analysis is still required to assess the implications of industrializing this process. In order to 98 

provide a deeper assessment in terms of both economic and environmental criteria, this 99 

contribution assesses emerging technology for recovering ethylene from PE (via pyrolysis) 100 

following the principles of the circular economy. The analysis compares the PE pyrolysis 101 

against both, the business as usual (BAU) process for the production of ethylene, and two 102 
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conventional end-of-life alternatives for the treatment of waste PE. Overall, our contribution 103 

highlights the significant potential benefits that this technology can bring to the chemical 104 

industry, encouraging similar studies to promote the adoption of circular economy principles.  105 

The rest of the paper is organized as follows. We first present a detailed description of the 106 

process designed to recover ethylene from polyethylene pyrolysis. Next, we describe the 107 

economic and environmental methods applied in the assessment. The results and discussion 108 

section analyses the performance of the process, comparing with the conventional ethylene 109 

production and waste PE end-of-life processes. Finally, the conclusions of the contribution 110 

are drawn. 111 

MATERIALS AND METHODS 112 

Our analysis is carried out by combining a palette of tools, namely process modeling, life 113 

cycle assessment (LCA) and economic evaluation as summarized in Figure 1.  First, we 114 

simulate the process of waste PE pyrolysis in Aspen Plus at an industrial scale. This process 115 

model provides mass and energy flows and the sizes of the equipment units, which are then 116 

used in the economic and environmental calculations, the latter done in SimaPro using 117 

Ecoinvent v3.4 as database. We compared unitary costs and environmental impacts of 118 

ethylene obtained via waste PE pyrolysis and naphtha cracking.  Finally, we compared the 119 

environmental impact of treating 1 kg of waste PE through pyrolysis, landfilling and 120 

incineration. 121 
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 122 

Figure 1. Methodology applied in the assessment. 123 

PROCESS DESCRIPTION 124 

Figure 2 depicts the process flowsheet for ethylene production from PE pyrolysis. The 125 

process was simulated in Aspen Plus v10 using the POLYNRTL fluid package to model the 126 

thermodynamic properties of the components and their mixtures. This method implements 127 

the Van Krevelen’s group contribution method to estimate the properties of the polymer27. 128 

The method is suitable for both the modelling of the polymer pyrolysis and the subsequent 129 

separation of the resulting hydrocarbons.  130 

The process starts by feeding 450 tons per day of purified waste PE (18,900 kg/h). This 131 

amount is equivalent to the PE waste generated daily by eight million people, which is the 132 

population of a big city such as London, or an average European region such as Catalonia in 133 

Spain.  134 

The feed of PE enters a furnace operating at 1000°C and 1 bar, where the pyrolysis takes 135 

place. The furnace requires a total heat of 27.8 MW, which is provided by a mixture of 136 

hydrocarbons coming from one of the streams of the process, thereby avoiding the 137 

consumption of natural gas. The distribution of the products follows Eq. 1, which represents 138 
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a global reaction whose stoichiometric coefficients were adjusted according to the data 139 

reported by Kannan et al.23: 140 

PE →  4.62 C2H4 + 1.17C3H6 + 0.07C3H4 + 0.09C4H8 + 0.59C4H6
+ 0.45C6H6 + 1.66CH4 

(1) 

The gas leaving the reactor is sent to the evaporator of a steam Rankine cycle to generate 141 

electricity from the heat generated during the pyrolysis. The gas stream is cooled down to 60 142 

°C in the evaporator. After the evaporator, the reactor outlet stream enters a series of three 143 

compressors before being sent to the distillation train. After each compression stage, the gas 144 

is cooled down to reduce the temperature and the energy consumption of the next 145 

compression stage. The gas stream enters the distillation train at 30 bar and 40°C.  146 

The first column recovers 99% of methane from the hydrocarbons mixture with a purity of 147 

99.5 wt%. This column has 25 trays and operates with a reflux ratio of 15.4. The bottoms of 148 

column T1 enter T2 after reducing the pressure to 25 bar in valve V1. In this column, 99.9% 149 

of ethylene is recovered at the top of the column with a purity of 99.5 wt%. The high recovery 150 

of ethylene aims to increase the purity of propylene to polymer-grade in the next separation. 151 

The column has 20 trays and operates with a reflux ratio of 2.3. The pressure of the bottoms 152 

stream leaving T2 is reduced to 10 bar and then fed to T3, which recovers 99% of propylene 153 

at the top with a purity of 99.5 wt%. The column has 30 stages and operates with a reflux 154 

ratio of 4.2. The final column T4 operates at atmospheric pressure and recovers 99% of 155 

benzene at the bottoms with a mass purity of 99.5 wt%. T4 has 12 stages and operates with 156 

a reflux ratio of 0.2. A mixture of propylene, propyne, 1-butene, 1,3-butadiene, and benzene 157 

is obtained at the top of the column. Some of these products have market value; however, the 158 

separation process is complex and the revenues would probably fail to offset the costs of the 159 
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separation. Instead, this stream is used to satisfy the entire fuel demand of the pyrolysis 160 

furnace. The design specifications and operating conditions are summarized in Table 3.  161 

Heat integration was carried out using Aspen Energy Analyzer v10, which suggests to use 162 

the heat generated by compressors K1 to K3 to heat the reboilers of columns T1 and T2. The 163 

cooling requirements in the condensers of the four columns cannot be met with cooling water. 164 

To satisfy this service, a two-stage refrigeration cycle reported by Luyben28 was 165 

implemented, as depicted in Figure 2. The first stage of the cycle uses a flowrate of 92.7 ton/h 166 

of propylene in a closed loop. In this stage, compressor K2 operates at 21 bar and discharges 167 

the gas at 112 °C. Propylene is then condensed at 50 °C and depressurized to 3 bar in valve 168 

V4, reaching -26°C. At this point, the stream is used to reduce the temperature of the fluid in 169 

the second stage of the cycle, and the condensers of columns T2 (-19°C), T4 (-9°C), and T3 170 

(19°C), respectively. The second stage of the refrigeration cycle uses 32.3 ton/h of ethylene 171 

in a closed loop, which is pressurized to 25 bar in K3, cooled down to 50°C in C3 and then 172 

cooled down further with the propylene of the first stage to -21°C in C4. After reducing the 173 

pressure to 1 bar in V5, ethylene reaches -104 °C, which is enough to satisfy the required 174 

temperature of -94°C in the condenser of T1. The refrigerants of both sections have a lifetime 175 

of eight years. 176 
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 177 

Figure 2. Flowsheet for the PE pyrolysis with heat recovery. 178 

ECONOMIC ASSESSMENT 179 

The economic performance was quantified using the total annualized cost per kg of 180 

ethylene (TAC/kg of C2H4). The TAC is calculated as the sum of the fixed costs of operation 181 

(FC), variable costs (VC), and annual capital charge (ACC) following the procedure reported 182 

by Towler and Sinnott29: 183 



11 
 

𝑇𝑇𝑇𝑇𝑇𝑇 = 𝐹𝐹𝑇𝑇 + 𝑉𝑉𝑇𝑇 + 𝑇𝑇𝑇𝑇𝑇𝑇 (2) 

The annual fixed operating costs (FC) include labor, maintenance, land, taxes and 184 

insurance costs, as well as general plants overheads, all of which are calculated as a function 185 

of the capital investment and production capacity. The variable operating costs (VC) include 186 

the cost of raw materials and utilities consumption minus the revenues from byproducts. 187 

Capital costs were calculated using the correlations reported by Towler and Sinnott29 188 

considering the corresponding installation factors. The plant is located in Europe, meaning 189 

that a regional factor of 1.1 was considered in the capital costs estimation. Capital costs were 190 

annualized considering 330 operational days per year, and a 10 years linear depreciation 191 

scheme with a fixed interest rate of 15%. All the costs were extrapolated to 2019 using the 192 

Chemical Engineering Process Cost Index (CEPCI). In addition, costs retrieved in USD were 193 

converted to Euros (€) using a factor of 1.13 USD/€. The costs of raw materials, utilities, and 194 

products used in the analysis are reported in Table 2. 195 

ENVIRONMENTAL ASSESSMENT 196 

The environmental performance was quantified applying life cycle assessment (LCA) in 197 

accordance to the ISO 14040:2006 standards30.  198 

The goal of the LCA is twofold. First, to assess the environmental impact of the ethylene 199 

produced via pyrolysis of PE, comparing it against the naphtha-based business as usual 200 

(BAU) process in Europe. For the sake of comparability with the business as usual for the 201 

production of ethylene, we escalate the results from the process simulation to a functional 202 

unit of 1 kg of ethylene produced, to which all the calculations will be referred. Second, our 203 

analysis compares the environmental impact of processing 1 kg of waste PE against two 204 

conventional end-of-life stages of PE: incineration and landfill. For the latter case, the 205 

functional unit was set as the treatment of 1 kg of waste PE. In the first case, we applied a 206 
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cradle-to-gate scope, considering the burdens embodied in raw materials and energy inputs, 207 

while disregarding the end-of-life phase of the monomer according to the flowsheet presented 208 

in Figure 2. In the second case, we considered the process of pyrolysis as an end-of-life 209 

alternative for the treatment of PE waste and compare it with its landfill and incineration. 210 

The plant is located in Europe and the analysis considers environmental credits associated 211 

with byproducts for avoiding their production via conventional routes (avoided burden 212 

approach). 213 

 214 

BAU
Naphtha Ethylene

Emissions

Utilities

Pyrolysis
Waste PE Ethylene

Emissions

Utilities

+ by-products
Pyrolysis

Waste PE Ethylene

Emissions

Utilities

+ by-products

Landfill
Waste PE

Emissions

Utilities

Incineration
Waste PE Heat

Emissions

Utilities

+ by-products

 215 

Figure 3. Diagram of the processes considered in the two parts of the assessment. 216 

The inventory within the boundaries of the system, i.e., foreground system, was obtained 217 

from the material and energy balances of the process simulation. The entries beyond these 218 

boundaries, i.e., background system, were retrieved from the Ecoinvent database v3.431, 219 

1. Ethylene production comparison 

2. End-of-life for PE waste comparison  
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accessed via SimaPro32. When available, datasets for the European electricity mix were 220 

gathered (“RER” or “Europe without Switzerland” geographical location shortcut in 221 

Ecoinvent). In the case of manufacture processes, market datasets were selected to consider 222 

production mixes from different conventional processes. Table 1 presents the entries 223 

considered in the assessment. 224 

The feed of waste PE is assigned the cost and impact of sorting, given that after common 225 

industrial or urban use, waste PE may be mixed with other plastic, metallic or organic 226 

materials. The impact of cooling water is calculated as the electricity required to pump the 227 

water that satisfies the heat demand. As for the fuel, given that we make use of a process 228 

stream, the only impact considered is related to the direct emissions of CO2 during the 229 

combustion. In previous work, CO2 emissions were found to be the most critical emissions 230 

in this combustion step, as other emissions are low due to the efficient combustion processes 231 

considered33. The environmental flows associated to the equipment units were estimated 232 

from the corresponding steel requirements for the construction of distillation columns, heat 233 

exchangers and industrial furnace. The impact of the equipment was amortized using a 234 

lifetime of 25 years. 235 

Table 1. Costs and environmental entries for the inputs in the process. 236 

Concept Cost (€/unit) Process taken from Ecoinvent v3.4+ 
Products 
Methane (kg) 0.334 * Market for natural gas, high pressure, Europe without 

Switzerland. 
Ethylene (kg) 1.075 **Ethylene production, average, Europe without 

Switzerland. 
Propylene (kg) 0.875 *Production of propylene, RER 
Benzene (kg) 
 

0.994 *Production of benzene, RER 
*Products considered as avoided products in the LCA assessment. 
** Process for the BAU production method of ethylene 
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Raw materials 
Polyethylene (kg) 
 

0.315 Treatment of waste polyethylene, for recycling, 
unsorted, sorting, RER 

Utilities 
Electricity (kWh) 0.110 Market group for electricity, high voltage, RER 
Cooling water (kW) 4.38·10-3 Market group for electricity, high voltage, RER.  

Cooling duty is replaced by the electricity required to 
pump water within the cooling cycle (9.5 kWh/MWh of 
cooling water). 

Low pressure steam 
(1,000 kg) 

7.820 Market for heat, from steam, in chemical industry, RER 

Fuel (kW) 
 
 

- No cost or impact considered as stream from top of T4 
is used as fuel, avoiding the consumption of any 
additional fuel. 

Equipment 
Steel (kg) 
 

- Steel production, converter, chromium steel 18/8, RER. 
Compressors and turbines are not considered. Amount 
calculated considering 25 years of lifetime. 

Furnace (1 piece) 
 
 

- Industrial furnace, natural gas, RER. Amount calculated 
considering 25 years of lifetime. 

Polyethylene end-life treatment 
Municipal 
incineration (kg) 
 

- Treatment of waste polyethylene, municipal incineration 
Europe without Switzerland 

Landfill (kg) - Treatment of waste polyethylene, sanitary landfill 
Europe without Switzerland 
 

Heat (MJ)  
(credit for 
incineration)  

 Market for heat, district or industrial, natural gas, Europe 
without Switzerland 

+The entry name is related to the technology used to produce the functional unit and the 237 
geographic location. For instance, “Market group for electricity, high voltage, RER” is a 238 
market dataset which collects all activities that produce high voltage electricity in Europe 239 
(abbreviated as RER).   240 
 241 

When comparing the different end-of-life processes of waste polyethylene, the burdens of 242 

the use and collection stages are neglected. This is due to lack of information and potential 243 

high variability of the results according to the different waste management policies. 244 

However, this level of detail is not required for comparative LCAs, where identical processes 245 

and life-cycle stages can be excluded, given that only differences between the compared 246 

systems are relevant for discriminating between them in environmental terms34. In the 247 
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analysis, landfilling PE waste does not produce any valuable product, so no credits are 248 

assigned to this end-of-life alternative. As for incineration, credits are assigned for the heat 249 

produced to reflect the burden avoided by replacing the conventional heat generation process. 250 

We consider high-pressure steam generated by burning LDPE waste with a heating value of 251 

42.83 MJ/ kg35 in a boiler with 60% efficiency36. 252 

RESULTS AND DISCUSSION 253 

ECONOMIC ASSESSMENT 254 

The net flows per kg of ethylene produced by the process are reported in Table 2, while the 255 

sizing parameters of the equipment units are reported in Table 3. Equipment sizing was 256 

carried out in ‘Aspen Plus v10’ and ‘Aspen Energy Analyzer v10’, while capital costs were 257 

calculated as described in section 2.2. While the ultimate aim of the simulation is to 258 

characterize a functional unit of 1 kg of ethylene, simulating such a small amount would 259 

inevitably lead to less accurate results ignoring the effect of economies of scales. To 260 

overcome this and obtain more accurate values for yields and utilities consumption, we 261 

performed simulations considering an inlet of waste PE of 18900 kg/h before normalizing 262 

them for a functional unit of 1 kg of ethylene. The breakdown of the capital costs is shown 263 

in Figure 4.  264 

Table 2. Net flows of the process per kg of C2H4 produced (no allocation considered). 265 

Concept Amount per kg/h 
of C2H4 

Products 
Methane (kg/h) 0.204 
Propylene (kg/h) 0.378 
Benzene (kg/h) 
 

0.287 

Raw materials  
Polyethylene (kg/h) 2.17 
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Utilities 
Net electricity consumption (kW) 0.454 
Electricity main process (kW) 0.231 
Electricity refrigeration cycle (kW) 0.839 
Electricity generated Rankine cycle (kW) 0.615 
Cooling water (kW) 2.447 
Low pressure steam (kW) 0.222 
Fuel (kW) 3.201 
Water (kg/h) (steam Rankine cycle) 2.69·10-5 
Ethylene (kg/h) (refrigeration cycle) 1.64·10-4 
Propylene (kg/h) (refrigeration cycle) 5.80·10-5 
  
Equipment 
Steel (kg/h) 
 

9.63·10-5 

Direct emissions (fuel combustion) 
CO2 (kg/h) 0.986 

The treatment of waste PE is a highly energy-intensive process due to the fuel, cooling 266 

water and electricity requirements in Table 2. A total of 2.17 kg of PE are required to produce 267 

1 kg of ethylene, 0.2 kg of methane, 0.4 kg of propylene, and 0.3 kg of benzene. A great 268 

advantage of the process is the reduction of electricity consumption by 60% through the 269 

incorporation of a steam Rankine cycle, which allows the generation of 5.3 MW of electricity 270 

(efficiency of 36%). Similarly, the process avoids the use of natural gas or any other fuel in 271 

the furnace by using the top of T4 as fuel, which mainly contains C3’s and C4’s. This 272 

strategy, however, increases the CO2 emissions with respect to natural gas by 31.7%, 273 

resulting in direct emissions of 0.986 kg of CO2 per kg of ethylene produced. Heat integration 274 

also allowed a reduction of heating and cooling demand by 66% and 36%, respectively.  275 

Table 3. Equipment operating conditions, sizing and installation cost of the process. 276 

Equipment Sizing parameter Installed Cost (€) 
Main process 
Furnace (F1) 27.8 MW 

Temperature: 1000°C 
Pressure: 1 bar 

3.55·106 
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Compressor K1 797 kW 1.80·106 
Compressor K2 743 kW 1.74·106 
Compressor K3 769 kW 1.44·106 
Column T1 25 stages 

Diameter: 1.676 m 
Mass shell: 5,304 kg 
Pressure: 30 bar 
Reflux ratio: 15.4 

5.77·105 

Column T2 20 stages 
Diameter: 1.372 m 
Mass shell: 3,543 kg 
Pressure: 25 bar 
Reflux ratio: 2.3 

4.31·105 

Column T3 30 stages 
Diameter: 0.914 m 
Mass shell: 2,329 kg 
Pressure: 25 bar 
Reflux ratio: 4.2 

3.25·105 

Column T4 12 stages 
Diameter: 0.762 m 
Mass shell: 885 kg 
Pressure: 1 bar 
Reflux ratio: 0.2 

1.85·105 

Heat Exchanger 
Network  

C5 (2.45 MW, 1,511 m2) 
C6 (1.65 MW, 1,599 m2) 
C7 (0.78 MW, 219 m2) 
C8 (0.38 MW, 169 m2) 
H1 (0.71 MW, 31 m2) 
H2 (0.02 MW, 4 m2) 
H3 (1.20 MW, 119 m2) 
HX1 (0.99 MW, 314 m2) 
HX2 (0.61 MW, 76 m2) 
HX3 (0.53MW, 76 m2) 
HX4 (1.58 MW, 179 m2) 

3.89·104 

4.12·104 

5.69·103 

4.15·103 

1.11·103 

3.69·103 

2.78·103 

8.09·103 

2.01·103 

2.01·103 

4.15·103 
Total main process 
 

1.47·107 

 
Rankine cycle 
Turbine T1 5,352 kW 5.09·106 
Pump P1 84 kW 1.25·105 
Condenser C1 315 m2 (9.7 MW) 

U=1,500 W/m2C 
3.10·105 

Evaporator E1 103 m2 (14.9 MW) 
U=1,500 W/m2C 

1.59·105 

Total Rankine Cycle 
 

5.69·106 

 
Refrigeration cycle 
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Compressor K2 4,537 kW 4.75·106 
Compressor K3 2,761 kW 3.49·106 
Condenser C2 224 m2 (10.5 MW) 

U=900 W/m2C 
2.42·105 

Cooler C3 107 m2 (1.15 MW) 
U=200 W/m2C 

1.62·105 

Condenser C4 997 m2 (3.9 MW) 
U=150 W/m2C 

9.18·105 

Total refrigeration cycle 9.56·106 
Total 2.99·107 

 277 

 278 

Figure 4 shows the main contributors to the capital cost of the process. The pyrolysis 279 

reactor contributes with 12%, the compressors of the main process represent 18%, and the 280 

heat exchanger network (HEN) represents 15%. The need for cryogenic temperatures, 281 

provided by the refrigeration cycle, contributes significantly to the total capital cost of the 282 

process (32%). The cost per kJ of the cycle is 0.44 €, considering both the annualized capital 283 

cost and energy consumption. Luyben28 reported a value of 0.48 € (0.54 USD) per kJ 284 

generated in the second stage of the cycle. The difference in cost comes from the additional 285 

provision of cooling utilities in the first stage of our cycle together with the use of different 286 

cost correlations and depreciation scheme. Finally, the Rankine cycle represents 19% of the 287 

capital costs with an annualized capital cost of 1.14·106 €/yr. The electricity generated by the 288 

cycle saves 4.71·106 € per year, which is four times larger than the annualized cost of the 289 

cycle, clearly offsetting the investment. 290 
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  291 

Figure 4. Capital costs breakdown. 292 

Figure 5 shows the total cost of production per kg of C2H4. Following the procedure 293 

described by Towler and Sinnott29, the revenues obtained from the byproducts are subtracted 294 

from the variable costs of production, resulting in a total cost of 0.386 €/kg of C2H4. The 295 

main contributor to the costs of production is waste PE, with a share of 64% (0.684 €/kg of 296 

C2H4), which comes from the cost of sorting the waste PE. It is worth noting that this 297 

contribution could increase if additional treatment of waste PE is required. The second largest 298 

contributor are the capital and fixed costs, with a share of 30% (0.239 and 0.084 €/kg of 299 

C2H4, respectively), while utilities represent the remaining 6% (0.062 €/kg of C2H4). The 300 

sales of byproducts represent 64% of the total costs of production, which is the same 301 

contribution as the waste PE. As a result, the TAC/kg of C2H4 is mainly given by the cost of 302 

utilities and annualized capital costs. Among the byproducts, methane contributes with 0.068 303 

€/kg of C2H4, propylene with 0.331 €/kg of C2H4, and benzene with 0.285 €/kg of C2H4. 304 

As observed from Figure 5, the TAC/kg of C2H4 can be reduced by half compared to the 305 

0.835 €/ kg of C2H4 reported by Spallina et al.37 for the BAU process. These results clearly 306 
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show a high economic potential. However, full kinetic data would be necessary to properly 307 

identify, model, and optimize the distribution of the products obtained in the reactor. 308 

Similarly, any pre-treatment process required should be discussed and integrated in the 309 

model.  310 

In a different configuration, methane could be burned to generate steam used in a Rankine 311 

cycle. Considering a boiler and steam Rankine cycle efficiencies of 75% and 30%, 312 

respectively, this configuration would generate 0.643 kW/kg of C2H4. As a result, the process 313 

would be self-sufficient in terms of electricity and would still generate a surplus of 0.189 314 

kW/kg of C2H4. This electricity surplus represents 0.021 €/kg of C2H4, which almost offsets 315 

the capital costs of the steam Rankine cycle (0.023 €/kg of C2H4). However, at the considered 316 

market conditions, it is still more profitable to sell the methane and pay for the electricity, 317 

which leads to a profit of 0.018 €/kg of C2H4, in contrast to the self-sufficient configuration, 318 

which provides no profit. 319 

Under the market assumptions considered in this assessment, the introduction of waste PE 320 

pyrolysis in the ethylene market seems feasible. However, it is not expected that this 321 

technology will fully substitute ethylene production from naphtha, and therefore, the total 322 

production cost of 0.386 €/kg of C2H4 only represents a lower bound.  323 

 324 
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 325 

Figure 5. Total cost per kg of ethylene. 326 

ENVIRONMENTAL ASSESSMENT 327 

Production of ethylene 328 

Figure 6 shows the environmental impact of 1 kg of ethylene for both, the BAU and PE 329 

pyrolysis processes. We can observe that the categories of human health and ecosystems 330 

quality behave similarly. In both cases, the emissions of CO2 from the fuel combustion (direct 331 

emissions) show the largest contribution to the impact, with shares of 47% in human health 332 

and 58% in ecosystems quality (9.15·10-7 DALYs/kg and 2.76·10-9 Species·yr/kg, 333 

respectively). The high-energy requirements of the process lead to contributions of 26% in 334 

human health and 24% in ecosystems quality (5.16·10-7 DALYs/kg and 1.16·10-9 335 

Species·yr/kg, respectively). Waste PE, the raw material carrying the impact embodied in 336 

sorting, contributes with 27% of the impact in human health and 18% in ecosystems quality 337 

(5.26·10-7 DALYs/kg and 8.70·10-10 Species·yr/kg, respectively). In the category of 338 

resources scarcity, the impact related to waste PE, utilities, emissions and equipment is 339 

negligible (0.016 USD/kg of ethylene). As mentioned in section 2.3, the byproducts are 340 

considered as avoided products, so credits are taken from their production according to the 341 

processes described in Table 1. From Figure 6, we observe that these credits almost offset 342 
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the impact of the process activities in the categories of human health and ecosystems quality. 343 

The net impact value of the process is 2.67·10-7 DALYs/kg in human health, 5.57·10-10 344 

Species·yr /kg in ecosystems quality, and -3.85·10-1 USD/kg in resources scarcity. In the case 345 

of human health, methane reduces the impact by 4.30·10-10 DALYs/kg, propylene by 346 

8.31·10-7 DALYs/kg, and benzene by 8.60·10-7 DALYs/kg. In the ecosystems quality 347 

category, methane reduces the impact by 1.03·10-12 Species·yr/kg, propylene by 2.10·10-9 348 

Species·yr/kg, and benzene by 2.13·10-9 Species·yr/kg. The impact in the resources scarcity 349 

category is reduced in 2.47·10-4 USD/kg by methane, 2.31·10-1 USD/kg by propylene, and 350 

1.70·10-1 USD/kg by benzene.  351 

As in the economic analysis, these results present a lower bound on the environmental 352 

impact of ethylene production, as it is not expected that waste PE pyrolysis fully replaces 353 

ethylene production from naphtha. In addition, the use of a different allocation method could 354 

vary the results. However, even when the full impact of the pyrolysis of PE is considered, 355 

that is, no credits are assumed, the value in all the categories is still lower than the BAU. 356 

Regardless of the allocation method used, this value would be further reduced when 357 

considering credits, clearly demonstrating the environmental benefits of the process in 358 

addition to the economic advantages discussed in the previous section. 359 
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 360 

 361 

Figure 6. Impacts of polyethylene pyrolysis with respect to producing ethylene from 362 

naphtha. 363 

Treatment of waste PE 364 

Figure 7 shows the comparison between the two most common end-of-life processes for 365 

waste PE with the pyrolysis process. The functional unit for this case is the treatment of 1 kg 366 

of waste PE. Here, credits of ethylene are also accounted for, as it is a byproduct from the 367 

process. 368 

In the category of human health, the pyrolysis of PE represents the best option with a 369 

negative impact of -0.86·10-6 DALYS/kg of waste PE. The negative value is given by the 370 

credits of byproducts. Incineration represents the second best alternative, with a net impact 371 

value of 0.64·10-6 DALYS/kg of waste PE considering credits for the heat cogenerated. 372 

Landfill has the largest impact, with a value of 0.80·10-6 DALYS/kg of waste PE. Pyrolysis 373 

also represents the best alternative in the category of ecosystems quality, with a net value of 374 

-0.23·10-8 Species·yr /kg of waste PE, followed by landfill and incineration (0.06·10-8 and 375 
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0.14·10-8 Species·yr /kg of waste PE, respectively). Finally, we can observe that the 376 

contribution to the category of resources scarcity is significantly low in all the end-of-life 377 

alternatives, given that no mineral or fossil resources are being consumed. PE pyrolysis has 378 

the lowest impact with a value of -0.45 USD/kg of waste PE, followed by incineration with 379 

-0.34 USD/kg of waste PE, and landfill with 0.02·10-1 USD/kg of waste PE. Given the 380 

revalorisation of waste PE in the pyrolysis, it is evident that the process would render the best 381 

performance for its end-of-life stage. However, it must be considered that the byproducts will 382 

still generate an impact in downstream processes and, consequently, care should be placed in 383 

their management to ensure a sustainable performance in the entire cycle. 384 

 
 

Figure. 7 Environmental impact of end-of-life alternatives for waste PE.  

With the aim to analyze the main contributors to the endpoint impacts, Figure 8 shows the 385 

result for the midpoint indicators. These include climate change (CC, in kg CO2/kg waste 386 

PE), terrestrial acidification (TA, in kg SO2/kg waste PE), water consumption (WC, in m3 of 387 

water/kg waste PE), freshwater eutrophication (FE, in kg P to fresh water/ kg waste PE), 388 

marine ecotoxicity (ME, in kg 1,4-dicholorobenzene/kg waste PE) and fossil resources 389 
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scarcity (FRE, in USD2013/kg waste PE). Climate change behaves similarly to human health 390 

in terms of drivers. This is not surprising, giving that climate change is in turn the main driver 391 

of human health, contributing 36% to the net impact on the latter category. Incineration 392 

scores the highest in CC, leading to both high environmental burdens and benefits. This 393 

process entails 3.02 kg of CO2 direct emissions, while 2.44 kg are avoided through the 394 

production of heat from the European mix, leading to net emissions of 0.574 net kg of CO2 395 

per kg of waste PE treated. Conversely, while the environmental burden of PE pyrolysis is 396 

driven by its direct emissions, a net environmental benefit of avoided 0.560 kg of CO2 is 397 

observed when giving credits to the recovered products. Main contributors to the impact on 398 

ecosystems are TA, FE and ME. Incineration and pyrolysis entail avoided SO2 emissions of 399 

1.14·10-3 and 2.12·10-3 kg, respectively. Pyrolysis significantly underperforms the other end-400 

of-life alternatives in freshwater eutrophication due to the high electricity requirements in the 401 

separation process, while marine ecotoxicity is considerably lowered by the reutilization of 402 

materials. Together with fossil fuel utilization, water consumption is an indicator of resources 403 

depletion. In this case, pyrolysis beats the other two through savings of 0.538 l of water 404 

consumption as it avoids the extraction of oil, naphtha production and its further processing 405 

into hydrocarbons.  406 

 407 

 408 
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 409 

Figure. 8. Environmental impact of end-of-life alternatives for waste PE. 410 

We reach to the same conclusion as Demetrious and Crossin38 in terms of the low 411 

environmental impact of plastic waste landfill. However, having a process specifically 412 

designed to recover plastic monomers allows acknowledging the credits for material 413 

recovery.  These findings are aligned to those of Dong et al.39, where pyrolysis is perceived 414 

as a promising technology to manage mixed solid waste because of its high potential 415 

environmental benefits, leading to GHG net emissions of 0.15 kg CO2-eq/kg mixed solid 416 

waste. 417 



27 
 

A different treatment of waste PE entails the production of fuels. In the analysis conducted 418 

by Benavides et al.16 for the production of naphtha, waste PE pyrolysis led to net GHG 419 

emissions of 0.31 kg CO2-eq/kg of waste PE. In a different study, Faraca et al.17, who also 420 

assessed the production of fuel oil from waste polymers pyrolysis, reported emissions around 421 

0.5 kg CO2-eq/kg of waste PE. Although these works did not provide any detailed process 422 

flowsheet, the results for the pyrolysis process are in agreement with the 0.56 kg CO2-eq/kg 423 

of waste PE reported in this assessment. However, despite the similarity of the processes, the 424 

products distribution varies according to the operating conditions, which results in different 425 

net emissions of each system. In the analysis reported by Benavides et al.16, the system is 426 

given credits due to the production of diesel, naphtha, char, and fuel gas, resulting in net 427 

emissions of -0.35 kg CO2-eq/kg of waste PE. Faraca et al.17, considered crude oil and light 428 

gas as process products with net emissions of 0.40 kg CO2-eq/kg of waste PE. In this case, 429 

the byproducts considered in the analysis provide low emissions credits, resulting in positive 430 

net emissions of the overall system. As observed from Fig. 8, the recovering of ethylene 431 

results in net emissions of -0.56 kg CO2-eq/kg of waste PE.  432 

The economic analysis is omitted in the work reported by Benavides et al.16. In the case of 433 

Faraca et al.17, the total cost of the pyrolysis and pretreatment processes is offset by the 434 

revenues generated from the byproducts. In the case of ethylene recovery, a net profit of 435 

0.317 €/kg of waste PE was reported. 436 

These results put ethylene recovery forward as an alternative with lower carbon footprint 437 

and larger profit compared to the production of fuels. However, this can only be 438 

accomplished as long as the byproducts generated in the process are allocated in the market 439 

and proper downstream process management is guaranteed. An additional advantage of 440 

ethylene recovery, along with the corresponding byproducts, is that it can be used to produce 441 
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polymers or other chemicals that can be recycled, thereby helping to close the carbon loop in 442 

the chemical industry. This contrasts with the combustion of the fuels, where CO2 emissions 443 

are directly released to the environment, thereby preventing any further carbon utilization 444 

unless the CO2 is captured and recycled back. 445 

From the environmental assessment at both, the cradle-to-gate and gate-to-grave systems, 446 

we observe that the three main contributors to the negative impact are electricity, direct 447 

emissions (CO2), and the sorting of waste PE. In terms of electricity, the alternative 448 

configuration proposed in the economic analysis, where methane is burned to cogenerate 449 

electricity, would certainly avoid the impact caused by electricity consumption. However, 450 

methane combustion would generate 0.56 kg of CO2/kg of C2H4, which is more than half of 451 

the emissions already released by the process. These results reinforce that, under the 452 

assumptions and data used in our work, selling methane represents the best alternative from 453 

the cradle-to-gate perspective. In addition, it is also expected that the electricity mix will be 454 

further decarbonized, reducing the environmental impact embodied in this flow from the 455 

technosphere. As for the CO2 emissions coming from the fuel combustion in the furnace, 456 

carbon capture techniques could be deployed to reduce the impact of the process, although 457 

this would also lead to an economic penalty. Probably, the most efficient way to reduce the 458 

cost and impact of the sorting or pre-treatment of waste PE is the adoption of additional 459 

policies in the collection of the polymer after its use phase. This would reduce the cost and 460 

impact of this stage while improving the recycling ratio. An example of these policies and 461 

their results is Switzerland, country which recycles 51% of its municipal waste and 83% of 462 

PET bottles. 463 

 464 
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CONCLUSIONS 465 

This paper assessed the pyrolysis of waste PE into ethylene aiming for the deployment of 466 

technologies based on the circular economy in the plastics sector. A process flowsheet was 467 

proposed according to standard heuristics and heat recovery techniques, including heat 468 

integration and the use of a steam Rankine cycle to generate electricity. The analysis of the 469 

process, carried out in terms of economic and environmental criteria, was based on the total 470 

annualized cost and the environmental indicators of the ReCiPe 2016. The process was 471 

finally compared against the business as usual (BAU) production of ethylene as well as two 472 

traditional end-of-life alternatives for waste PE. 473 

A total of 2.17 kg of waste PE are required to produce 1 kg of ethylene, 0.2 kg of methane, 474 

0.4 kg of propylene, and 0.3 kg of benzene. The production process is highly energy-475 

intensive, given the need to operate at 1000 °C in the furnace and the use of cryogenic 476 

temperatures in the distillation columns. However, the use of a process stream as fuel avoided 477 

the consumption of additional heating sources. Similarly, the incorporation of a steam 478 

Rankine cycle reduced by 60% the electricity consumption of the process. The final energy 479 

savings were provided by heat integration, which decreased the heating and cooling demands 480 

by 66% and 36%, respectively. 481 

The total cost of production per kg of ethylene was 0.386 €, which represents half of the 482 

cost of the BAU process (0.835 €) reported by Spallina et al.37. Similarly, the environmental 483 

performance of the PE pyrolysis presented clear advantages over the BAU process, 484 

particularly in the category of resources scarcity, where a negative impact was observed. In 485 

the comparison of the end-of-life processes, PE pyrolysis also showed better performance 486 

than landfill and incineration. This is due to the revalorization of waste PE into multiple 487 

valuable products. Despite the good environmental performance exhibited by the PE 488 
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pyrolysis, it must be considered that byproducts will still generate an impact in downstream 489 

processes, so care should be placed in this regard to ensure a sustainable performance over 490 

the entire life cycle. 491 

The results presented in this paper suggest that waste PE pyrolysis is an appealing route to 492 

close the loop in the ethylene production process, thereby enhancing the development of 493 

circular economy within the plastics and chemical sector. The results also encourage further 494 

research to generate the necessary kinetic data to properly identify, model, and optimize the 495 

products distribution in the reactor. Similarly, pre-treatment processes of waste PE should be 496 

studied and integrated in the model to enable more accurate economic and environmental 497 

assessments. Further work will also address the use of cleaner energy sources in the pyrolysis 498 

of plastics to improve the environmental performance. Overall, while there are still some data 499 

gaps and methodological choices that need further attention, mainly in the LCA calculations, 500 

our work points towards the need to study further these appealing processes as a preliminary 501 

step to encourage their widespread adoption by industry.    502 

ACRONYMS 503 

ACC Annual capital charge 

BAU Business as usual  

CEPCI Chemical Engineering Plant Cost Index 

CC Climate change 

DALY Disability-Adjusted Life Year 

FC Fixed cost of operation 

FE Freshwater eutrophication 

FRE Fossil resources scarcity 
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LCA Life Cycle Assessment 

ME Marine ecotoxicity 

PE Polyethylene 

RER Geographical location shortcut for Europe in Ecoinvent 

TA Terrestrial acidification 

TAC Total annualized cost 

TRLs Technology Readiness Levels 

USD United States Dollar 

VC Variable cost 

WC Water consumption 
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 634 

Figure 1. Methodology followed in the assessment. 635 
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Figure 1. Flowsheet for the PE pyrolysis with heat recovery. 638 
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Figure 3. Diagram of the processes considered in the two parts of the assessment. 643 
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1. Ethylene production comparison 

2. End-of-life for PE waste comparison  
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 647 

Figure 4. Capital costs breakdown. 648 
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 650 

Figure 5. Total cost per kg of ethylene. 651 
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 653 

Figure 6. Impacts of polyethylene pyrolysis with respect to producing ethylene from 654 

naphtha. 655 
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 657 

Figure 7. Impacts of polyethylene pyrolysis with respect to its landfill and incineration. 658 
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 660 

 661 

Figure. 8 Environmental impact of end-of-life alternatives for waste PE. 662 
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