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Plastics are important materials for various applications. The rate of global plastic production 

is increasing rapidly to satisfy the demand of the growing population. Since the plastics 

industry is dominated by fossil fuels and feedstocks, it is essential to discover innovative 

solutions to minimize greenhouse gas (GHG) emissions and other environmental impacts. 

Plastic production utilizing CO2 as a feedstock through power-to-X (PtX) technology could 

be a new opportunity to diminish GHG emissions as well as to minimize the pressure on 

limited fossil resources. 

 

The goal of this thesis study is to calculate the carbon footprint of CO2-based polyethylene 

and to find out the GHG emissions hotspots in the production route. Furthermore, the thesis 

aims to compare CO2-based polyethylene with fossil-based and bio-based counterparts in 

terms of GHG emissions. As a methodology of the study, life cycle assessment is conducted 

in accordance with the ISO standards (ISO 14040, ISO 14044, and ISO 14067), and GaBi 

software is used to calculate the carbon footprint of polyethylene. The functional unit is 

chosen to be 1 kg of high-density polyethylene (HDPE). 

 

According to the result of the study, the carbon footprint of HDPE is 3.11 kg CO2 equivalents 

(CO2eq) per functional unit. Considering the biogenic carbon content, the net global 

warming potential (GWP) of HDPE is -0.03 kg CO2eq, which means CO2-based HDPE 

embeds more carbon than it emits during its production. Electrolysis is found to be the major 

hotspot for GHG emissions as it is the most energy-intensive process. Replacing a kg of 

fossil-based HDPE with CO2-based HDPE could avoid emissions equivalent to 1.83 kg 

CO2eq. Bio-based HDPE seems to be a better net carbon sink than CO2-based HDPE; 

however, sustainability issues related to biomass cultivation should not be overlooked. 

Production of carbon-negative polyethylene looks conceivable with the European energy 

mix, but the electrolysis process needs to be powered with renewables such as wind. 

Similarly, the use of renewable heat or waste heat could significantly reduce overall GWP.
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1 INTRODUCTION 

 

Climate change is a topic of concern in modern times. Climate change refers to the shift 

occurring in the climate patterns primarily caused by the emissions of greenhouse gases 

(GHGs) (Fawzy et al. 2020, 2070), such as carbon dioxide (CO2), methane (CH4), nitrous 

oxide (N2O), hydrofluorocarbons (HFCs), perfluorocarbons (PFCs), sulfur hexafluoride 

(SF6), and nitrogen trifluoride (NF3) (Greenhouse Gas Protocol 2013, 5-6). These kinds of 

GHG emissions, which are either coming from natural systems or human activities, trap the 

heat in the atmosphere, resulting in global warming. Energy production and various 

industrial activities are some of the major human activities that cause GHG emissions. 

Human-caused climate change is believed to be the major catalyst behind globally occurring 

natural catastrophes. (Fawzy et al. 2020, 2070-2071.) 

 

The latest report of the Intergovernmental Panel on Climate Change (IPCC) indicates that 

almost 1.0 °C of global warming beyond the pre-industrial level is the consequence of human 

activities and if it is allowed to increase at the existing rate, it is estimated that the global 

warming is possibly reaching 1.5 °C from 2030 to 2052 (IPCC 2018, 4). United Nations 

Environment Program (UNEP) reported that the total GHG emissions are dominated by 

fossil CO2 arising from both energy use and industry. In 2018, total GHG emissions reached 

55.3 Gt CO2eq, of which fossil CO2 emissions from both energy use and industry amounted 

to 37.5 Gt CO2. (United Nations Environment Programme 2019, 3.) The major focus of the 

Paris agreement is to control the increasing global temperature below 2 °C above pre-

industrial levels and pursue efforts to halt the temperature increase to 1.5 °C above pre-

industrial levels (United Nations 2015, 3). To obtain the goals of the Paris agreement, GHG 

emissions must drop by 2.7% and 7.6% per year between 2020 and 2030 for the 2 °C and 

1.5 °C goals, respectively (United Nations Environment Programme 2019, 26). 

 

Fossil fuels have a significant role in industrialization and have improved the lives of the 

global population. However, if the dominance of fossil fuels continues in the next century, 

it would be catastrophic. (Wood 2020, 3.) The uses of fossil fuels are not limited to energy 

production. They can be directly used as chemical feedstocks, lubricants, waxes, solvents, 

and other products. (EIA 2018.) Over 99% of plastics including resins, fibers, and additives 
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are derived from the chemicals sourced from fossil fuels. Significant amounts of GHGs are 

emitted during all the lifecycle stages of plastics: extraction and transportation of fossil fuel, 

plastic refining and manufacturing, and plastic waste management. With the current rate of 

plastic production, disposal, and incineration, GHG emissions could reach 1.34 Gt CO2eq 

per year by 2030. And by 2050, total GHG emissions from plastic production and 

incineration could reach over 56 Gt CO2eq, which is around 10-13% of the earth’s remaining 

carbon budget. (Hamilton et al. 2019, 4, 8.) 

 

Plastics are versatile, durable, and astonishingly adaptable materials that have presented 

innovative solutions to the perpetual growing needs and challenges of our society over the 

last century. The quality of life of the global population is enhanced with the advancement 

in the field of plastics that has made life simpler, safer, and more pleasant. (PlasticsEurope 

2020a.) Plastics have been used in a broad range of applications, from ordinary single-use 

packaging to sophisticated long-lasting industrial purposes (Milios et al. 2018). The plastics 

industry plays a significant role in Europe’s economy and its recovery plan. Plastic-related 

industries in Europe, together represent a value chain that provides employment 

opportunities to 1.5 million people. These kinds of companies were able to create a turnover 

exceeding 350 billion euros and had provided above 30 billion euros to European public 

finances in 2019. Plastics will play a crucial role in shaping our present and future. Therefore, 

the global challenges associated with the adverse effects of plastics on the environment need 

to be addressed to accomplish the full potential of plastics. (PlasticsEurope 2020a.) 

 

Plastic’s environmental impact studies in the past mainly concentrated on the toxicity, 

behavior, and fate, with inadequate consideration given to GHG emissions and climate 

change. Now, with the excessive production and use of plastics, the impacts of plastics on 

climate change have been taken seriously. (Shen et al. 2020, 1.) The strategy of the European 

plastic industry has been motivated by the goal of decreasing its overall environmental 

impacts including GHG emissions. Particularly, the plastics industry has constantly made an 

effort to prevent material losses and improve energy efficiency. (PlasticsEurope 2020b, 1.) 

The European Commission released a new proposal to cut GHG emissions to at least 55% 

below 1990 levels by 2030 and to be climate-neutral by 2050 (European Commission 2020, 

2). To speed up the transition towards EU’s climate neutrality by 2050, the plastics industry 
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is already escalating its efforts to further minimize the emissions of GHGs in the production 

phase besides improving material and energy efficiency. These efforts include increasing 

plastics value chain circularity through recycling, boosting the use of renewable feedstocks, 

shifting towards the use of renewable energy, and developing advanced mechanisms for 

carbon capture and use. (PlasticsEurope 2020b, 1-2.) 

 

Bio-based plastics have been widely discussed in the various literature as an alternative to 

replace fossil-based plastics (Zheng and Suh 2019, 374). In the present scenario, bioplastics 

constitute about a percent of the total plastics manufactured annually. The market for 

bioplastics is constantly growing. It is estimated that global bioplastics production will 

increase from around 2.11 Mt in 2020 to around 2.87 Mt in 2025. (European Bioplastics 

2021a.) In general, the life cycle GHG emissions of bio-based plastics are found to be lower 

than that of fossil-based plastics (Chen and Patel 2012, 2095-2096). It is estimated that we 

could avoid 241–316 Mt CO2eq per year by replacing 65.8% of the world’s fossil-based 

plastics with bio-based plastics (Spierling et al. 2018, 487). However, there are various 

sustainability issues associated with bio-based plastics. Excessive use of bioplastics can lead 

to more use of land and water and can have a negative impact on biodiversity (Brizga et al. 

2020, 50). To grow renewable feedstocks required for the production of bioplastics, nearly 

0.7 million hectares of land were used in 2020 (European Bioplastics 2021a). The global 

carbon cycle is affected substantially by GHG emissions caused by interference of carbon 

stocks in soil and vegetation resulting from the change in land use. Similarly, another impact 

associated with land-use change is nutrient pollution caused by the intensive use of 

fertilizers. (Bishop et al. 2021.) 

 

The production of useful chemicals from CO2 has received increasing attention in the last 

decades (Yadav et al. 2019, 725). Polymer synthesis with recycled CO2 can provide a 

concrete route to transition towards a circular economy (Grignard et al. 2019, 4466), which 

is possible through power-to-X technology (PtX). The PtX technology has acquired 

increased attention because of its ability to convert CO2 into carbon-neutral fuels, chemicals, 

and plastics and to offer solutions to preserve and stock renewable electricity (Rego de 

Vasconcelos and Lavoie 2019; Stokel-Walker 2020). In PtX technology, surplus and 

underutilized renewable energy is used to obtain valuable products, such as hydrogen 
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through water electrolysis (Daiyan et al. 2020, 3843). The obtained renewable hydrogen and 

captured CO2 are reacted to produce methanol that can be used later to make plastics through 

methanol-to-olefins (MTO) and polymerization processes. 

 

This Master’s thesis is focused on understanding GHG emissions in plastic production with 

an aim of recognizing the suitable feedstocks to achieve the climate target. The type of plastic 

chosen for this thesis study is high-density polyethylene (HDPE). The objectives of the study 

are as follows: 

 

• To calculate the carbon footprint of CO2-based HDPE 

• To find out GHG emissions hotspots in CO2-based HDPE production  

• To compare the carbon footprint of CO2-based HDPE with that of fossil-based and 

bio-based HDPE 

 

Life cycle assessment (LCA) is conducted with a cradle-to-gate approach to measure the 

carbon footprint of CO2-based HDPE. LCA Software, GaBi Education version 2019, is used 

for modeling the studied system. Reporting instructions of ISO 14040 (2006), ISO 14044 

(2006), and ISO 14067 (2018) are used as a framework for this study. To observe the changes 

in the carbon footprint of CO2-based HDPE, sensitivity analysis is performed with different 

scenarios. Carbon footprint data of fossil-based and bio-based HDPE are acquired from 

literature to compare with the calculated carbon footprint of CO2-based HDPE. 
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2 PLASTICS INDUSTRY IN GENERAL 

 

Plastics are popularly used materials worldwide. The name ‘plastic’ comes from the Greek 

word ‘plastikos’, meaning the ability to be structured or molded. Because of its ability to 

embrace any shape or form, plastic is used in various applications, and it has replaced a 

variety of commonly used materials, for instance, steel, wood, glass, and even concrete. 

(d’Ambrières 2019, 12.) Plastic material is primarily based on polymers. The term ‘polymer’ 

comes from a Greek word, which means many parts. Polymers are formed when many 

monomer-repeating units are chemically bonded into long chains. (McKeen 2016, 45.) 

Polymers can be used as plastics or as different materials such as fibers, rubbers, paints, 

adhesives, coatings, and thickeners. Polymers can be both naturally occurring and synthetic. 

All polymers were bio-based in the initial period of polymer sciences and engineering. 

Currently, with the advancement of efficient synthetic polymerization processes, the 

polymerization of most of the polymers is carried out chemically from synthetic monomers. 

(Elias and Mülhaupt 2016, 5-6.) 

 

Generally, the attributes of virgin polymers are not perfect for production or desired 

applications. Therefore, additives are incorporated into polymers to enhance the 

manufacturing and functioning of plastics. The properties of plastics, such as permeation, 

diffusion, and solubility, can be modified with the use of additives, and hence, improving 

the performance of plastic required for specific applications. Blending two or more polymers 

is another way of designing plastic to have the right properties for a specific application. 

(McKeen 2016, 56.) 

 

In 1907, a Belgian chemist, Leo Baekeland developed the first pure synthetic polymer, 

Bakelite. After that, the development of different other synthetic plastics continued over the 

course of a few decades. Commercial production of polyvinyl chloride (PVC) and 

polystyrene started in the 1920s and 1930s, respectively. Similarly, polyethylene (PE) and 

polyethylene terephthalate (PET) were discovered in 1933 and 1941, respectively. After the 

1940s and 1950s, daily-use plastics products were produced rapidly on a large scale. 

(Thompson et al. 2009, 1973-1974.) In 2019, the global plastic production reached 368 Mt, 

out of which 51% of production was in Asia, 19% in North America, 16% in Europe, and 
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the rest 14% in the Middle East, Africa, Latin America, and the Commonwealth of 

Independent States (CIS). China alone accounted for 31% of the global plastic production. 

(PlasticsEurope 2020a.) According to Elias and Mülhaupt (2016, 16), the main factors 

behind the rapid growth of plastic production are the increase in the global population, 

improvement in the standard of living, and replacement of other materials by plastics. 

 

Plastics are of immense importance in modern society. Plastics are involved in almost all 

aspects of our daily lives in one way or the other. They have an extended range of working 

temperatures and have properties such as high strength-to-weight ratio, ductility, bio-

inertness, stiffness and toughness, corrosion resistance, high thermal and electrical 

insulation, and non-toxicity. Plastics are considered resource-efficient in comparison to other 

competing materials because they are exceptionally durable at a fairly low lifetime cost. 

(Andrady and Neal 2009, 1980.) During their whole service life, plastics can conserve more 

than 140 times the energy required in their production when they are used in the applications 

such as insulation. They also provide protection to goods and foods, thus preventing and 

reducing damages and waste. (PlasticsEurope 2016a.) Plastics have diverse areas of 

applications such as packaging, building and construction, automotive, electrical and 

electronic, agriculture, household, and leisure and sports. In 2019, total European plastics 

converters demand was 50.7 Mt of plastic resins. Packaging, and building and construction 

are the largest end-use sectors that represent 39.6% and 20.4% of total plastic demand, 

respectively, in the EU. Similarly, automotive is the third-largest end-use sector that 

represents 9.6% of total plastic demand. (PlasticsEurope 2020a.) 

 

Today, plastics are used on a large scale for various purposes because they are usually cheap 

to manufacture. Most of the plastics are chemically resistant, due to which they have a very 

slow degradation rate. This has resulted in the accumulation of billion tonnes of plastics in 

our environment. (Rhodes 2018, 218.) According to Geyer et al. (2017), the total amount of 

plastic waste generated between 1950 and 2015 was around 6.3 billion tonnes, among which 

the majority of the waste (79%) ended either in landfills or the natural environment. Plastic 

pollution is one of the serious environmental concerns, which is caused by the increase in 

the production of disposable plastic products and the inability to manage them after their use 

phase. Developing Asian and African countries are mostly affected by plastic pollution 



15 

 

because of the inefficient garbage collection system. Among the total plastic products 

produced every year, 40% of them are single-use plastics. These kinds of plastic products 

such as plastic bags and food packages have a lifespan of a few minutes to hours, however, 

they end up staying on earth for centuries as waste. (Parker 2019.) 

 

Marine plastic pollution has been a serious environmental issue that we are facing for 

decades. Single-use plastics are considered a significant source of marine plastic pollution. 

(Xanthos and Walker 2017, 17.) Although plastic pollution in the marine ecosystem is 

extensively studied and documented, the amount of plastic waste accumulated in the ocean 

from land sources is not clearly understood. According to Jambeck et al. (2015, 768), the 

global ocean collected 4.8 to 12.7 Mt of plastic waste from 192 coastal countries in 2010. 

(Jambeck et al. 2015, 768.) Today, the figure of 8 Mt is widely accepted as the quantity of 

plastic waste escaping into the ocean (Parker 2019; Law et al. 2020). Plastic pollutants are 

found in different sizes and forms as mega-plastic, macro-plastic, meso-plastic, and 

microplastic. Microplastics, which are usually less than 5 mm in diameter, are widely 

distributed in the water, sediment, and biota of marine and coastal habitats. They can be 

found in water and sediment in the range of 0.001-140 particles/m3 and 0.2-8766 

particles/m3, respectively. (Thushari and Senevirathna 2020.) 

 

There are numerous negative consequences of plastic pollution. One of the major 

consequences is the death of millions of animals, such as birds, fish, and other marine 

organisms. It is estimated that around 700 species, including endangered ones, have been 

affected by the plastics in the environment. (Parker 2019.) Marine animals can be affected 

by plastics in several ways. They can accidentally ingest plastics, which can cause serious 

issues such as blockage of their digestive system. Similarly, they can also get tangled in 

plastic waste, which can be life-threatening. Plastic particles from contaminated seafood 

sources can also enter the human body and affect human health. Furthermore, the fishing 

and tourism industry can face adverse effects of increasing marine pollution, which can 

consequently hinder the economy. (Garcia et al. 2019, 16-17.) 

 

The coronavirus disease 2019 (COVID-19) pandemic has shown us the vital importance of 

plastics in today’s world. Personal protective equipment (PPE) and other non-reusable 
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medical equipment have played a significant role in safeguarding the health and safety of 

everyone during this pandemic. At the same time, excessive use and production of single-

use plastic products have introduced difficulties in plastic waste management. (Parashar and 

Hait 2021.) The pandemic has escalated the global demand for personal protective 

equipment, such as face masks, goggles, gloves, surgical gowns, and bottled hand sanitizer 

(European Environment Agency 2021a, 12). In the initial months of the COVID-19 

outbreak, the world health organization (WHO) projected that 89 million medical masks, 76 

million gloves, and 1.6 million goggles would be required monthly for health care 

professionals globally (WHO 2020). The use of PPE has also increased in the general public 

to prevent transmission. It is estimated that the 7.8 billion global population needs 129 billion 

face masks and 65 billion gloves every month during the pandemic. (Prata et al. 2020, 7760.) 

 

Because of movement restriction and lockdown, lots of on-site dining restaurants and coffee 

shops are still closed, due to which there has been an increase in takeaway and delivery 

services. Consequently, single-use plastic food containers and disposable plastic cups are 

being used excessively. Similarly, an increase in online shopping, panic buying, and 

stockpiling has resulted in the rise of non-reusable plastic packaging. The production, 

consumption, and disposal of these additional single-use plastics will have an impact on the 

environment through increased air pollution, waste generation, and littering. The declining 

global oil prices caused by the COVID-19 recession have made it cheaper for plastic 

manufacturers to use petrochemical feedstocks instead of recycled plastic materials. This 

might affect the economic feasibility of the European as well as global plastic recycling 

market. (European Environment Agency 2021a, 12-13.) 

 

2.1 Types of plastics based on feedstocks 

 

This chapter discusses the types of plastics based on feedstocks. 

 

2.1.1 Fossil-based plastics 

 

Fossil-based plastics are plastics made from fossil fuels. Fossil fuels such as oil, gas, and 

coal are the sources for almost all the plastics in use today. Petrochemical derivatives 
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produced from crude oil are the major feedstocks for plastic production. Initially, crude oil 

is processed in a refinery to produce intermediate products such as naphtha, which is a 

mixture of hydrocarbons. Obtained naphtha is converted into olefins such as ethylene and 

propylene through steam cracking. The fluid catalytic cracking process can also be used to 

produce olefins directly at the refineries, but it is not as popular as steam cracking. Natural 

gas is considered the important feedstock for ethylene production. Natural gas is processed 

to obtain natural gas liquids (NGLs), such as ethane, propane, and butane. To optimize 

ethylene production, ethane is separated from other natural gas liquids and is processed in 

an ethane steam cracker. Similarly, olefins can also be produced from coal through the coal-

to-olefins process, but they are more expensive than olefins produced from oil and gas. These 

olefins produced from various fossil fuels are monomers that are later used for the production 

of different types of plastic materials. (Hamilton et al. 2019, 21.) 

 

The use of different fossil-based feedstocks to produce olefins depends on the cost and 

availability. Companies in the Middle East and North America mainly use ethane from 

natural gas, whereas companies in Europe and Asia mainly depend on oil, while some 

companies in China also use coal as a feedstock. (Hamilton et al. 2019, 21.) About 4-8% of 

total global oil production is used to manufacture plastics yearly, which is equivalent to the 

overall oil usage by the aviation sector worldwide. Out of the total oil consumption in the 

plastics industry, around half is used as a feedstock and another half as a fuel for the plastic 

production processes. By 2050, one-fifth of global oil might be used up solely by the plastic 

industry if the present trend of plastic production and usage continues. (World Economic 

Forum 2016, 13.) 

 

The use of fossil fuels as a feedstock for plastic production results in GHG emissions. The 

major industrial source of methane emissions is considered to be the oil and gas industry. 

Significant amounts of GHGs are emitted in the extraction, transportation, and refining of 

fossil fuels. In the United States alone, extraction and transportation of fossil fuel (mainly 

fracked gas) needed for plastic production emit around 9.5-10.5 Mt of CO2eq per year. 

(Hamilton et al. 2019, 2, 26.) According to the report by UNEP, natural capital costs of 

around $23 billion arise from GHG emissions resulting from raw material extraction and 

plastic feedstock production (UNEP 2014, 6-7). Recycling and reuse of plastic material is 
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an important way of reducing the dependency on virgin fossil-based feedstock. Along with 

recycling and reusing, the use of alternative renewable feedstocks should be promoted to 

minimize the dependency on finite fossil fuels and to create a sustainable future for the 

plastics industry through a circular economy. (European Bioeconomy Alliance 2018.) 

 

2.1.2 Bio-based plastics 

 

Bio-based plastics are a type of plastics that are fully or partially obtained from renewable 

carbon resources, such as starch, cellulose, hemicellulose, lignin, or oil that are derived from 

plant and wood biomass (Iwata 2015, 3210; Van den Oever et al. 2017, 15). There is a 

difference between bio-based plastics and bioplastics as seen in figure 1. All bio-based 

plastics are considered bioplastics, whereas all bioplastics are not necessarily bio-based. 

Bioplastic refers to a plastic that is either bio-based, biodegradable, or both. (European 

Bioplastics 2018.) Biodegradation is a mechanism in which materials are decomposed into 

natural substances such as water, CO2, and microbial biomass by microorganisms present in 

the environment. The rate of biodegradation is affected by various environmental conditions 

such as temperature, oxygen and water availability, and the existence of microorganisms. 

(Van den Oever et al. 2017, 16.) Similarly, there are compostable plastics, which can 

biodegrade at high temperatures in soil under certain conditions and time frames, usually 

seen in an industrial composter. There are various national and international standards such 

as ISO, European Norm (EN), and American Society for Testing and Materials (ASTM) 

International, which are established to deal with materials created to be compostable or 

biodegradable. (UNEP 2015, 10, 19.) 
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Figure 1. Material coordinate system of bioplastics. (European Bioplastics 2018.) 

 

There are three principal routes for bio-based plastics production. In the first route, bio-based 

plastics are achieved through the modification of natural polymers such as starch, cellulose, 

chitin, and lignin. Among these polymers, only starch and cellulose are used to manufacture 

bio-based plastics at an industrial level. Thermoplastic starch (TPS) and cellulose acetate 

(CA) are examples of bio-based plastics, which are derived from starch and cellulose, 

respectively. In the second route, monomers are produced from biomass through 

biochemical and/or chemical transformation, which are then polymerized to obtain bio-based 

polymers. Two different types of bio-based plastics can be manufactured from this route: 

novel bio-based plastics and drop-in bio-based plastics. Drop-in bio-based plastics are the 

type of bioplastics that are manufactured from the bio-based versions of conventional 

monomers such as ethylene. Drop-in bioplastics have identical technical properties to their 

petrochemical counterparts, therefore, they can be easily processed and recycled in the 

existing systems, unlike novel bio-based plastics. Polylactic acid (PLA) is an example of 

novel bio-based plastic, whereas bio-polyethylene is a drop-in bio-based plastic. The third 

route involves the direct production of bio-based polymers such as polyhydroxyalkanoates 

(PHA) from microorganisms or transgenic plants. (Storz 2014, 323-324.) 
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According to European Bioplastics (2021a), there is a constant increase in the demand for 

bioplastics. In 2020, the production of bioplastics, globally, was estimated to be 2.11 Mt. 

Asia continued to be the leader, producing 46% of the global bioplastics, whereas Europe 

was the second-largest producer accounting for 26% of the global bioplastics production. 

Out of the total bioplastics produced, almost 60% of them were biodegradable plastics. 

Bioplastic is used for various purposes, such as packaging, consumer goods, automotive, 

textiles, and others. Among these applications, almost half of the total bioplastics were solely 

consumed for packaging application in 2020. (European Bioplastics 2021a.) 

 

The main advantage of bio-based plastics over conventional plastics is that they are produced 

from renewable feedstocks with a low carbon footprint, thus, assisting in GHG emissions 

reduction. It is estimated that the production of bioplastics emits about 80% less CO2 in the 

environment and also consumes 65% less energy, in comparison to fossil-based plastic 

production. (Muthusamy and Pramasivam 2019, 51.) Unlike conventional plastics, the use 

of bio-degradable bioplastics can reduce the permanent litter in the environment as they can 

be degraded by microorganisms (Chen 2014, 228). 

 

It is a fact that the advantages of bioplastics are significantly higher compared to fossil-based 

plastics. However, there are also various problems and challenges associated with 

bioplastics, which cannot be overlooked. Similar to the impacts of fossil-based plastic waste, 

an increase in bioplastic waste can also contribute to environmental problems, such as 

littering, and soil and water pollution. (Muthusamy and Pramasivam 2019, 51.) The 

description of bioplastic as compostable can be deceiving to the consumers as all bioplastics 

do not easily compost at home, and they usually require industrial composting. It is observed 

that many manufacturers misuse the term ’bioplastic’ just for the sake of marketing their 

products. Marketing slogans such as “degradable”, “non-toxic”, and “environmentally 

friendly” might not always describe the true nature of the product, which can mislead the 

uninformed and unaware consumers. (Arikan and Ozsoy 2015, 191.) Therefore, the 

advertisement of a biodegradable product should contain details about the duration and 

degree of biodegradability as well as other prerequisite surrounding conditions, based on 

certain standard specifications (European Bioplastics 2018). 
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Other issues associated with bioplastics are higher production costs and recycling problems. 

It is estimated that the price of bioplastics is two to five times higher than conventional 

plastics. Since carbon feedstock accounts for two-fifth of the net cost of plastic products, 

relatively lower-priced fossil fuels such as crude oil affect the market potential for 

bioplastics. (Folino et al. 2020.) Furthermore, introducing bio-based plastics in existing 

recycling systems designed for conventional plastics seems impractical due to the risk of 

contamination (Arikan and Ozsoy 2015, 191; Folino et al. 2020). For instance, PLA 

contamination in PET recycling can affect the quality of recycled PET (Alaerts et al. 2018). 

Therefore, the existing recycling system should be redesigned to further limit the potential 

environmental effects of bioplastics and to recycle all types of plastics effectively. (Folino 

et al. 2020.) 

 

Currently, bioplastics are commonly produced from first-generation feedstocks such as corn, 

potatoes, and soybeans. An increase in the demand for these crops for the production of 

plastics could affect food security for the growing population in the future. (Pathak et al. 

2014, 89.) Furthermore, land areas, water, and fertilizers are consumed excessively by these 

crops. Numerous studies have shown that this way of bioplastic production has various 

environmental impacts and is not regarded as sustainable in the long run. (Cinar et al. 2020.) 

As an alternative, the bioplastics industry has been studying the potentiality of second-

generation and third-generation feedstocks (European Bioplastics 2021b). The second-

generation feedstocks refer to lignocellulosic biomass, which are either non-food crops or 

by-products from agricultural and food production. Whereas the third-generation feedstocks 

comprise innovative feedstocks such as algae biomass, which are still at an initial phase of 

development. (Wellenreuther and Wolf 2020, 3-4.) 

 

2.1.3 Recycled-based plastics. 

 

Plastic recycling is a process in which plastic waste material is recovered to manufacture a 

new product. In the plastic industry, recycling is considered one of the most important 

activities for reducing environmental impacts and resource depletion. The quantity of plastic 

waste that otherwise requires disposal is reduced because of recycling. Also, it minimizes 

the use of fossil fuels as feedstocks and helps to reduce CO2 emissions. (Hopewell et al. 
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2009, 2115-2116.) There are mainly three types of recycling processes from which new 

plastic products can be manufactured: primary recycling, secondary recycling, and tertiary 

recycling. There is also another recycling process called quaternary recycling, which is only 

used for energy recovery from plastic waste. (Schyns and Shaver 2021.) 

 

Primary recycling, commonly referred to as closed-loop recycling, is a mechanical recycling 

process in which a new product with the same properties is manufactured by directly reusing 

uncontaminated plastic waste. In this process, there is instant incorporation of discarded 

plastic material back into the production system where the recycled material is used in a 

similar manner as virgin plastic material. (Ignatyev et al. 2014, 1581.) Similarly, secondary 

recycling is a mechanical recycling process in which plastic waste is downgraded into lower-

value plastic products (Lamberti et al. 2020, 2552). In this process, the physical reprocessing 

of the polymer is performed without altering its chemical properties, and the new application 

of recycled polymer differs from the previous one. Continuous reprocessing of polymer 

might result in polymer degradation, which can have serious effects on the mechanical 

properties of post-recycled plastic products. (Thiounn and Smith 2020, 1349.) Tertiary 

recycling, also known as feedstock recycling, is a process in which the plastic waste is 

chemically depolymerized and degraded into monomers or directly into other useful 

materials (Hopewell et al. 2009, 2118; Lamberti et al. 2020, 2553). Those produced 

monomers are then used in new polymerization processes to reproduce the original plastic 

product or other similar products (Grigore 2017). 

 

Mechanical recycling consists of various mechanical processes such as grinding, washing, 

separating, drying, re-granulating, and compounding (Kehinde et al. 2020). Currently, most 

of the recycling processes are based on mechanical recycling (Thiounn and Smith 2020, 

1347). However, there are limitations to this process such as cost, degradation of plastic 

properties, and inconsistency in quality (Schyns and Shaver 2021). Contrary to mechanical 

recycling, chemical recycling has the potential to solve the problems associated with mixed 

and contaminated plastic waste streams (OECD 2018, 68). The chemical recycling process 

is still at the initial phase of development, and only a small number of companies are working 

on it as it requires huge investment and expertise. Currently, a number of chemical recycling 

methods are under investigation, for instance, gasification and pyrolysis are under extensive 
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research to find out the optimum operating conditions, nevertheless, the processes such as 

glycolysis and methanolysis have already achieved commercial maturity. (Grigore 2017.) 

 

According to PlasticsEurope (2020a), in 2018, the amount of plastic waste collected to be 

treated in the EU together with Norway and Switzerland (EU28+NO/CH) was 21.9 Mt. 

Among the total collected plastic waste, 32.5% of plastic waste were recycled, and the rest 

were sent to energy recovery (42.6%) and the landfill (24.9%). It is observed that the amount 

of post-consumer plastic waste sent to recycling in 2018 was twice more than it was in 2006. 

However, regarding plastic-packaging waste management, recycling is the first option. In 

2018, 17.8 Mt of plastic post-consumer packaging waste was collected in the EU28+NO/CH, 

out of which 42% were recycled, and the rest were sent to energy recovery (39.5%) and the 

landfill (18.5%). In the same year, about 5 Mt of plastic recyclates were produced in the 

European mechanical recycling plants, among which 80% were re-used inside Europe to 

produce new plastic products, and the remaining 20% were exported. (PlasticsEurope 

2020a.) 

 

According to OECD (2018, 93-97), there are mainly four different types of challenges 

associated with plastic recycling: economic, technical, environmental, and regulatory. 

Economic challenges are mainly related to high costs arising from the collection, sorting, 

and processing of plastic waste, and also the market for recycled plastics is vulnerable. 

Technical challenges are mainly associated with ineffective collection of plastic wastes, 

plastic waste contamination caused by different types of polymers and additives, and limited 

availability of technologies. Environmental challenges are mainly caused by the presence of 

hazardous additives in some plastic waste. Finally, regulatory challenges are associated with, 

for instance, illegal trading and disposal of plastic waste. In order to solve these challenges, 

various measures and policy interventions are necessary, which is possible through 

cooperation between different stakeholders such as the plastics industry, regulators, 

policymakers, municipalities, and communities. (OECD 2018, 93-97.) 
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2.1.4 CO2-based plastics 

 

Carbon is an important element for both material and energy purposes. It is used to produce 

valuable products such as chemicals and plastics, and furthermore, carbon-containing fuels 

are used for the generation of heat and electricity. With the development of renewable energy 

sources, we have options to replace fossil carbon with renewable carbon for energy purposes. 

However, there are challenges regarding the material use of carbon due to the lack of better 

alternatives. Fossil-based carbon could be replaced by biogenic carbon to produce chemicals 

and plastics. However, there are environmental as well as socio-economic challenges 

associated with it, which are similar to the challenges related to first-generation biofuel 

production. In such circumstances, utilizing CO2 as a carbon source seems promising for the 

production of chemicals and plastics. (Kaiser and Bringezu 2020.) 

 

CO2 appears as a perfect feedstock for the production of chemicals and plastics as it is one 

of the vital sources of carbon that is cheap, non-toxic, and sufficiently available. The use of 

efficiently captured CO2 as a raw material has the potential to provide an alternative low-

cost route for the production of plastics, parallelly helping to diminish negative impacts to 

the environment resulting from the exploitation of fossil fuels. (Xu et al. 2018, 164.) 

 

CO2 needed for plastic production can be obtained from a variety of sources. According to 

von der Assen et al. (2016), adequate sources of CO2 are available to satisfy the European 

need of 500 Mt of CO2 per year required for various applications. There are mainly two types 

of CO2 sources: point sources such as various industrial production plants, and atmospheric 

CO2. Globally, large-scale point sources emit around 7.6 Gt of CO2eq every year, out of 

which 78% is associated with fossil-based power plants. Besides that, about 3000 Gt of CO2 

is available in our atmosphere. (von der Assen et al. 2016, 1093, 1098-1099.) The feasibility 

of CO2 utilization is widely studied and presented in both theory and practice. There are 

multiple technological possibilities to convert CO2 into chemicals and plastics. (Kaiser and 

Bringezu 2020.) In-depth descriptions of those possibilities and pathways are presented in 

chapter 3.3. 
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2.2 Conventional plastic grades 

 

There are mainly two categories of plastics, namely thermoplastics and thermosets. The 

plastics that can be repeatedly molded on heating belong to the group of thermoplastics, 

whereas thermosets cannot be remolded on heating once they are formed. Polyethylene (PE), 

polyethylene terephthalate (PET), polypropylene (PP), polyvinyl chloride (PVC), and 

polystyrene (PS) are some of the examples of thermoplastics, whereas plastics such as 

polyurethane (PU) and epoxy resins are examples of thermosets plastics. (Rhodes 2018, 

209.) 

 

Thermoplastics represent around 80% of total plastics demand. Based on the chemical 

structural arrangement and the level of properties and performances, thermoplastics can be 

further classified into three categories: standard plastics, engineering plastics, and high-

performance plastics. Standard plastics are widely used plastics that represent 85% of the 

global thermoplastics demand. Polyolefins such as PE and PP are the most common 

examples of standard plastics. Engineering plastics represent 10% of the global 

thermoplastics demand, and they are used in applications that generally require better 

performance in the areas of chemical resistance, thermal resistance, and mechanical strength. 

Acrylonitrile butadiene styrene (ABS), polyamide (PA), and polycarbonate (PC) are some 

examples of engineering plastics. Finally, high-performance plastics are the types of 

thermoplastics that have a very high mechanical and chemical performance, and they are 

used in applications that demand very high operating temperatures (>150 °C). 

Polytetrafluoroethylene (PTFE), polyimide (PI), and polyamide-imide (PAI) are some 

examples of high-performance plastics. (Millet et al. 2019, 6-9.) 

 

The majority of commercially synthesized polymers globally are represented by polyolefins 

such as PE and PP. They have unique physical and chemical properties that make them easy 

to be processed and recycled. Polyolefins have low cost, and they are mostly used in 

commodity applications that are essential in our day-to-day life. (Chung 2013, 6671.) 

Polypropylene is a versatile polymer because of its properties such as high level of stiffness, 

low density, high melting point, and effective impact resistance (Maddah 2016, 2). 

According to Geyer et al. (2017), PP is the second most used plastic after PE that represents 
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29% of the total plastic demand in terms of resins and additives. Polypropylene is commonly 

used in applications such as packaging, automotive, and other consumer products 

(PlasticsEurope 2020a). 

 

After polyolefins, plastic grades such as PVC, PET, PU, and PS are in high demand. PVC 

represents 12% of the total plastic demand in terms of resins and additives. (Geyer et al. 

2017.) The benefits such as low cost and simple assembly make PVC a feasible material for 

construction, and it is successfully replacing conventional materials such as concrete, wood, 

and clay (Martins et al. 2009, 58). According to Geyer et al. (2017), 69% of all PVC is used 

in the building and construction sector. PVC is commonly used to make pipes, frames for 

doors and windows, floor and wall coverings, and cable insulation (Rhodes 2018, 214; 

PlasticsEurope 2020a). PET is robust, durable, and chemically and thermally stable plastic 

grade, and it is mostly used in the packaging of food and drinks (Orset et al. 2017, 13). PU 

is mainly used as foams for cushioning and thermal insulation, and it is also used in surface 

coatings. PS is used to make products such as food containers, disposable plastic cups, plastic 

tableware, and cases for compact discs and cassettes. (Rhodes 2018, 214.) 

 

2.2.1 Polyethylene 

 

PE is a simple-structured polymer that is synthesized by polymerization of ethylene (Zhong 

et al. 2018). According to Geyer et al. (2017), PE is a commonly used plastic that represents 

36% of the total plastic demand in terms of resins and additives. PE is non-toxic, soft, tough, 

lighter than water, odorless, low-temperature resistant, and has outstanding dielectric 

properties. However, it is flammable and its resistance towards heat and environmental stress 

is poor. PE is used to make different products such as plastic bags, plastic film, containers, 

pipes, and sheets. It is also commonly used as an insulation material because of its stability, 

moisture resistance, and dielectric properties. (Zhong et al. 2018.) 

 

The various categories of PE are available on the basis of density and branching. Some of 

the major types of PE are low-density polyethylene (LDPE), very low-density polyethylene 

(VLDPE), linear low-density polyethylene (LLDPE), medium-density polyethylene 

(MDPE), high-density polyethylene (HDPE), high molecular weight HDPE (HMW HDPE), 
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and ultrahigh molecular weight density polyethylene (UHMW-HDPE). HDPE, LDPE, and 

MDPE are among the most used PE grades. (Khanam and AlMaadeed 2015, 64.) 

 

LDPE is distinguished from other thermoplastics by its numerous long branches connected 

to one primary molecular chain. The presence of long branches prevents molecules to be 

packed closely together and causes low crystallinity. Higher flexibility with low tensile and 

compressive strength of LDPE, in comparison to HDPE, is the result of unevenly packed 

polymer chains in LDPE. Common uses of LDPE include making packaging materials and 

plastic films. (Khanam and AlMaadeed 2015, 64.) HDPE, on the contrary, has linear chains 

that help molecules to be packed more closely. Thus, it has greater density and crystallinity 

than LDPE. (Jordan et al. 2021.) HDPE is used to make products such as detergent bottles, 

milk bottles, water pipes, and waste containers (Khanam and AlMaadeed 2015, 64). 

 

MDPE is a plastic grade with mixed properties of HDPE and LDPE. It has better cracking 

resistance than HDPE, and it is used to make products such as sacks, pipes, shrink and 

packaging films, and carrier bags. (Khanam and AlMaadeed 2015, 64.) LLDPE consists of 

shorter branches and has higher tensile strength than LDPE, and it is used to make products 

such as bubble wrap, toys, pipes, and containers. There is also a cross-linked polyethylene 

(XPE) grade, which is a thermoset rather than a thermoplastic. (Paxton et al. 2019, 414-415.) 

In the cross-linking process, the linking of carbon atoms of the same or different PE chains 

is performed to form a three-dimensional network structure (Tamboli et al. 2004, 854). There 

are numerous methods to carry out a crosslinking process, for instance, by introducing 

peroxide into HDPE prior to the extrusion process at high temperatures so that there is the 

formation of bonds between carbon atoms. In comparison to un-crosslinked PE counterparts, 

XPE shows better chemical resistivity and enhanced dielectric properties. XPE is mainly 

used as a plumbing material, and as insulation for high-voltage cables. (Paxton et al. 2019, 

415.) 
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3 PATHWAYS OF POLYETHYLENE PRODUCTION 

 

This chapter discusses various available pathways for polyethylene production. Ethylene is 

the main ingredient for polyethylene production. It is a colorless flammable hydrocarbon gas 

represented by the chemical formula C2H4. It is considered the building block of the chemical 

industry, and it is commonly used to produce numerous chemical intermediates and 

polymers. Besides polyethylene, various useful chemicals such as ethylene oxide, styrene, 

ethyl alcohol, ethylene dichloride, and acetaldehyde can be achieved from ethylene. (Chan 

et al. 2019, 20-21.) The global consumption of ethylene was more than 150 million tons in 

2017 (Gao et al. 2019, 8592). Ethylene can be produced using various technologies based 

on feedstocks and intermediate products, which is illustrated in figure 2. 

 

 

Figure 2. Pathways of polyethylene production. Modified from Kuusela (2020). 

 

Production of ethylene is possible from both fossil-based and bio-based feedstocks. 

Cracking, ethanol dehydration, Fischer-Tropsch conversion of syngas, and methanol-to-

olefins are conventional ways of producing ethylene (Falcke et al. 2017, 126). Among these 

processes, steam cracking of naphtha and ethane is the most common way of producing 

ethylene (Gao et al. 2019, 8592), which is further discussed in chapter 3.1. Similarly, the 

bio-based option of fermentation and ethanol dehydration for ethylene production is 

discussed in chapter 3.2. In the power-to-X route, ethylene is produced from CO2 and 
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renewable H2 through the methanol-to-olefins process, which is described thoroughly in 

chapter 3.3. The ethylene produced from the above-mentioned routes is converted to 

polyethylene through the process called polymerization, which is discussed in chapter 3.4. 

 

3.1 Steam cracking 

 

Steam cracking is the most commercially available technology to produce ethylene (Chan et 

al. 2019, 24). Steam cracking uses mostly fossil-based hydrocarbon feedstocks such as 

naphtha, ethane, liquified petroleum gas (LPG), and gas oil to produce lower olefins such as 

ethylene, propylene, butylene, and butadiene (Falcke et al. 2017, 123). Steam cracking 

consists mainly of three steps: cracking and quenching, compression and drying, and 

separation or fractioning. In the cracking process, saturated hydrocarbon feedstock is treated 

at high temperatures (>750 °C) (Gao et al. 2019, 8592) under a controlled and oxygen-free 

environment with the help of steam. This results in the formation of non-saturated 

hydrocarbons such as ethylene and propylene. Compression and drying are done to remove 

impurities such as H2O, H2S, and CO2 from the cracked gas. In the final step, ethylene is 

separated from other hydrocarbon products. (Chan et al. 2019, 24.) Since cracking is an 

endothermic reaction, high-energy inputs are required (Falcke et al. 2017, 55). Total energy 

consumption and CO2 emissions depend on the type of feedstock used in cracking. Based on 

the type of feedstock used, around 50%–70% of the total energy use is consumed by the 

cracking furnace alone in the steam cracking process. (Chen et al. 2018, 162.) Similarly, the 

amount of CO2 emitted by the steam cracking process is around 1-2 tons of CO2 per ton of 

ethylene produced, depending on the type of feedstock used (Gao et al. 2019, 8592). 

 

In Europe, naphtha is the primary feedstock utilized in the production of ethylene. Whereas 

in the United States, ethane is a popular feedstock because of its high availability and low 

cost as a result of shale gas development (Amghizar et al. 2017, 172). Unlike steam cracking 

of naphtha, steam cracking of ethane produces only ethylene with no other high-value 

chemicals (HVC). (Chan et al. 2019, 24.) The low capital investment cost is one of the 

advantages of using ethane as a feedstock because ethane crackers have a less-intensive 

separation train compared to liquid crackers. Both availability and profitability determine 

the choice of feedstock for steam cracking. It is beneficial to use ethane as a feedstock only 
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if it is sufficiently available. Otherwise, the use of naphtha is beneficial because the 

transportation cost of gases is relatively higher than that of the liquid. In the United States, 

the amount of ethane produced from shale gas is more than the amount ethane crackers 

consume. This can be an opportunity for the ethylene producers outside the US as they can 

import cheap ethane. (Amghizar et al. 2017, 172.) 

 

Bio-based naphtha can also be used as a feedstock in the steam cracking process for the 

production of olefins. Bio-based naphtha can be obtained through the hydrotreatment of 

vegetable oils and fats. For instance, Neste has been using NExBTL technology to produce 

HVO (Hydrotreated Vegetable Oil) renewable diesel, along with bio-naphtha and propane 

as co-products. (Moretti et al. 2020.) Similarly, UPM produces renewable diesel and bio-

based naphtha from the hydrotreatment of wood-based tall oil obtained as a residue from the 

pulping process. Bio-based naphtha produced by UPM is utilized by the chemical company, 

Dow, to produce polyethylene. (Mannonen 2018.) 

 

3.2 Fermentation and dehydration 

 

In this route, bio-ethylene is produced through the dehydration of bioethanol. Bio-ethylene 

can be directly integrated into the existing production system to manufacture plastics since 

its chemical properties are indistinguishable from that of fossil-based ethylene (Broeren 

2013, 1). Bioethanol needed for bio-ethylene production is obtained through fermentation of 

sugars present in various biological feedstocks, for instance, sugar cane, sugar beet, starch-

containing crops, and lignocellulosic materials. Fermentation of sugar is carried out by 

microorganisms such as yeast. Sugars needed for fermentation can be directly extracted from 

feedstocks such as sugar cane and sugar beet. However, pre-treatment and enzymatic 

hydrolysis are necessary for starch-based and lignocellulosic-based feedstocks to obtain 

fermentable sugars. (Mohsenzadeh et al. 2017, 77-78.) 

 

Bioethanol, produced from edible feedstocks such as sugars and starch, is considered first-

generation ethanol, whereas second-generation ethanol is produced using feedstocks such as 

lignocellulosic materials (Lennartsson et al. 2014, 4-5). The United States and Brazil are the 

leading ethanol producers. The most common feedstock for ethanol production in the US, 
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Brazil, and Europe are corn starch, sugarcane, and wheat starch, respectively. (Mohsenzadeh 

et al. 2017, 77.) Large-scale production of first-generation bioethanol has socio-economic 

and environmental consequences. It increases competition for land and water which could 

otherwise be used for food production. In addition to that, overuse of fertilizers and 

pesticides degrades soil and water quality. Second-generation feedstocks are promising 

alternative feedstocks for bioethanol production as they do not affect food production, and 

they are relatively cheap and easily available. (Robak and Balcerek 2018, 175.) However, 

economic and technical limitations related to bioethanol production from such feedstocks 

are still prevalent (Lennartsson et al. 2014, 5). 

 

Bioethanol dehydration to ethylene is an endothermic reaction that requires a suitable acid 

catalyst and a moderate temperature of 180-500 °C. In this process, an acid catalyst initially 

donates a proton to a hydroxyl group of ethanol to form a water molecule. After that, the 

conjugate base of the catalyst deprotonates the methyl group to form ethylene. (Wu and Wu 

2017, 4287; Zacharopoulou and Lemonidou 2017, 5.) Braskem, a Brazilian petrochemical 

company, uses this route to produce bio-based polyethylene under the name ‘I’m green™ 

Polyethylene’ that includes three plastic grades: HDPE, LLDPE, and LDPE. This company 

initiated the industrial-scale production of green ethylene from sugarcane-based bioethanol. 

The commissioning of its green ethylene plant was done in 2010, which is currently capable 

of producing 200 kt of ‘I’m green™ Polyethylene’ every year. (Rosales-Calderon and 

Arantes 2019.) 

 

3.3 Power-to-X 

 

Power-to-X is an emerging technology that can play an important role in solving energy 

storage problems and decarbonizing energy systems (Daiyan et al. 2020, 3843). The basic 

idea of power-to-X technology is to produce useful products (X) such as fuels, chemicals, 

and heat by using renewable electricity (power). These products can be even stored and 

converted back to electricity when needed. (Burre et al. 2020, 74-75.) PtX technology 

provides an opportunity to integrate renewable power into high fossil fuel consuming 

sectors, such as transportation, agriculture, and manufacturing. This sector coupling 
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advantage of the technology helps in faster decarbonization of such industries. (Daiyan et al. 

2020, 3843.) 

 

Along with the advantages, there are some challenges associated with the successful 

implementation of PtX technology. First, PtX processes are energy-intensive that affect 

economically and environmentally. Secondly, there are challenges regarding temporal and 

spatial availability, and the quality of new types of feedstocks such as CO2. Thirdly, PtX 

technology is subject to different uncertainties as it is a new and emerging technology. 

Besides that, there is uncertainty associated with the temporal fluctuation of electricity prices 

or availability. (Burre et al. 2020, 78-79.)  

 

The most common PtX technology involves the electrolysis of water to yield hydrogen gas 

that is essential in making various fuels and chemicals. Along with hydrogen, this technology 

also involves the utilization of CO2 as a carbon feedstock to produce such products. There 

are mainly two methods to produce fuels and chemicals using CO2, which are CO2 

hydrogenation and CO2 electrochemical reduction, as shown in figure 3. (Rego de 

Vasconcelos and Lavoie 2019.) 

 

 

Figure 3. PE production routes using power-to-X technology. Modified from Rego de Vasconcelos and Lavoie 

(2019). 
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Methanol, methane, and syngas are intermediate products for polyethylene production. As 

mentioned above, these intermediates can be produced mainly through, either CO2 

hydrogenation or CO2 electrochemical reduction. In the hydrogenation approach, hydrogen 

needed is first produced through electrolysis using renewable energy. CO2 hydrogenation is 

a more popular approach because of its fast kinetics and flexibility. (Rego de Vasconcelos 

and Lavoie 2019.) CO2 hydrogenation to methanol takes place at 250-300 °C temperature 

and 50-100 bar pressure using CuO/ZnO/Al2O3 catalyst (Bellotti et al. 2017, 133). CO2 

hydrogenation to methane is known as methanation that can be performed either biologically 

or catalytically. Catalytic methanation takes place at 200-550 °C temperature and 1-100 bar 

pressure using mostly nickel-based catalysts. (Götz et al. 2016, 1374-1375.) Syngas from 

CO2 hydrogenation can be achieved through catalytic reverse water-gas shift (RWGS) 

reaction (Bahmanpour et al. 2021). 

 

CO2 electrochemical reduction is a new and less advanced approach than CO2 

hydrogenation. In this approach, water is first oxidized to oxygen, proton, and electron, at 

the anode. After that, electrons travel to the cathode where they reduce CO2 to various useful 

products such as methanol, methane, syngas, and formic acid. (Rego de Vasconcelos and 

Lavoie 2019.) Even ethylene can be obtained directly through CO2 electrochemical 

reduction. Ethylene yield can be improved by using efficient and advanced electrocatalysts 

with optimized structures. (Jiang et al. 2021.) Valuable hydrocarbons can be achieved also 

through bio-electrochemical CO2 reduction or microbial electrosynthesis (MES), where 

microorganisms such as Sporomusa act as a biocatalyst to reduce CO2 to such products (Das 

et al. 2019, 692). Mainly, catalyst and reaction medium determine the type of product 

produced from CO2 electrochemical reduction. This approach is environmentally beneficial 

since CO2 can be directly converted to fuels and chemicals using renewable electricity. 

Besides the environmental benefit, it can be easily carried out at ambient temperature and 

pressure by adjusting only a few parameters: electrocatalyst, electrolyte, and the operating 

potential. High overpotentials, slow kinetics, and poor product selectivity are some of the 

challenges that can decelerate the use of this approach at a large scale. (Rego de Vasconcelos 

and Lavoie 2019.) 
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Methane can be directly converted to ethylene through oxidative or non-oxidative coupling 

(Scapinello et al. 2018, 705). Ethylene can be achieved also through catalytic halogenation 

and oxyhalogenation of methane. In halogenation and oxyhalogenation reactions, methyl 

chloride and methyl bromide are obtained as valuable intermediates which can be converted 

to olefins. (Horn and Schlögl 2014, 34; Batamack et al. 2017, 18078.) Methane can be 

converted to syngas (mixture of CO and H2) catalytically by steam reforming, dry reforming, 

autothermal reforming, or partial oxidation (Horn and Schlögl 2014, 24-25). Direct 

conversion of methane to methanol is also possible through partial oxidation of methane 

using metal-containing zeolite catalyst (Park et al. 2019). Syngas can be catalytically 

converted to methanol using Cu/ZnO/Al2O3 catalyst at 220-300 °C temperature and 50-100 

bar pressure (Peinado et al. 2021). Since methanol can be produced directly from CO2 and 

H2, methane is not necessarily needed as an intermediate product. 

 

The methanol-to-olefins (MTO) process is the most successful route in achieving value-

added olefins such as ethylene and propylene (Zhong et al. 2021, 23). In the MTO process, 

ethylene and propylene selectivity of 80% can be achieved with almost complete conversion 

of methanol (Jasper and El-Halwagi 2015, 686). Direct conversion of syngas to C2–C4 

olefins and alkanes is possible through Fischer-Tropsch synthesis (FTS), but the total 

selectivity barely exceeds 58%. Many researchers have suggested the use of bifunctional 

catalysts composed of both oxides and zeolites, in which C2–C4 olefins selectivity of 80% 

can be achieved, but the selectivity to ethylene and propylene is still around 60% which is 

way below than that in the MTO process. However, based on the study of Su et al. (2021), 

ethylene and propylene selectivity of 76.4% can be achieved at a CO conversion rate of 

38.2% by using high-performance bifunctional catalysts, ZnCr2O4/SAPO-17, at optimized 

reaction conditions. Direct conversion of syngas to olefins has various unique advantages, 

nevertheless, due to low ethylene and propylene selectivity, the indirect route is preferred 

where syngas is first converted to methanol to be used in industrialized MTO process. (Su 

et al. 2021.) 

 

This LCA study is based on the MTO route where methanol required is obtained through 

CO2 hydrogenation. CO2 is captured from flue gases, and hydrogen needed is obtained 
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through water electrolysis using renewable electricity. CO2 capture, water electrolysis, 

methanol synthesis, and MTO are described in the following sections. 

 

3.3.1 CO2 capture 

 

There are several physico-chemical carbon capture and sequestration approaches that are 

jointly known as carbon capture and storage (CCS) technologies. CCS technology comprises 

mainly three stages: CO2 capture, CO2 transportation, and CO2 storage. (Singh and Dhar 

2019.) There are primarily three types of carbon capture approaches: pre-combustion 

capture, oxyfuel combustion capture, and post-combustion capture. In pre-combustion 

capture, CO2 is captured from the mixture of CO2 and H2 produced as a result of a water-gas 

shift reaction. In oxyfuel combustion capture, fuel is combusted using re-circulated flue gas 

and pure O2, instead of air, which produces a high concentration of CO2 in the flue gas that 

is later separated. And regarding post-combustion capture, CO2 is captured from the flue gas 

of a combustion system, which contains mainly CO2, H2O, and N2. (Osman et al. 2020, 799-

802.) CO2 capture is mainly performed through chemical absorption, physical adsorption, 

membrane separation, and cryogenic distillation. Captured CO2 is then compressed and 

transported to storage facilities through pipelines or ships. (Singh and Dhar 2019.) 

 

So far, large-scale CO2 capture is mainly based on liquid amine-based chemical absorption 

techniques (Sanz-Pérez et al. 2016, 11842). Monoethanolamine (MEA) is frequently used 

amine in the absorption process because of the advantages such as high absorption rate, high 

solubility, low viscosity, and low cost (Saeed et al. 2018, 212). However, there are still some 

major limitations of amine-based absorption such as corrosion of process equipment, amine 

losses, and high energy consumption during the regeneration process. Therefore, alternative 

techniques such as adsorption, membrane separation, and cryogenic distillation have gained 

attention in recent years. (Sanz-Pérez et al. 2016, 11842.) 

 

Adsorption-based CO2 capture is gaining attention because of its joint feature of energy 

penalty reduction and simpler retrofitting with prevailing systems. On top of that, adsorption 

can be used to capture CO2 from different sources, as this technology has different sorbent 

regeneration models and reactor types. (Dhoke et al. 2021, 3779.) Zeolites, metal-organic 
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frameworks (MOFs), and amine-modified activated carbons (ACs) are some of the sorbent 

materials that have been researched over the years (Gibson et al. 2016, 3840). The low partial 

pressure of CO2 and the presence of impurities in the flue gas are the limiting factors for 

effective CO2 capture in the adsorption process (Girimonte et al. 2020).  

 

Figure 4 illustrates the flow diagram of the conventional amine-based chemical absorption 

process. In this process, flue gas enters the absorber column from the bottom and moves 

upwards, whereas amine solvent inside the absorber moves downwards, due to which most 

of the CO2 in flue gas is absorbed by amine solution. Amine solution with absorbed CO2 or 

rich amine is then pumped up to the head of the stripper column from where it starts moving 

downwards. In the stripper column, steam generated by the reboiler moves upwards and 

strips CO2 from rich amine which is moving downwards. After that, CO2-rich steam flows 

to the overhead condenser unit, where CO2 is recovered with almost 99% purity, and 

condensed water returns to the stripper column as reflux. Stripped amine solution or lean 

amine from the bottom of the stripper column is then circulated back to the head of the 

absorber column. Before lean amine enters the absorber column, it is passed through a heat 

exchanger, where it transfers heat to rich amine which is going towards the stripper column. 

(Wang et al. 2017, 652.) 

 

 

Figure 4. Process flow diagram of conventional amine-based chemical absorption. (Wang et al. 2017.) 
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Direct air carbon capture and storage (DACCS) technology offers the alternative solution 

for capturing and storing CO2, in which CO2 is captured from the atmosphere. This 

technology is gaining popularity despite being at the initial stage of development. However, 

a low concentration of CO2 in the air makes this technology energy-intensive. (Realmonte 

et al. 2019.) Climeworks, Carbon Engineering, and Global Thermostat are three leading 

industrial DAC developers. CO2 capture technology of Carbon Engineering is based on 

liquid solvent system, whereas other two companies use solid sorbent system. (Ozkan 2021, 

2.)  

 

3.3.2 Electrolysis 

 

Water electrolysis is a promising electrochemical method to produce green hydrogen using 

renewable electricity. In this process, water molecules dissociate into hydrogen and oxygen 

with the help of electricity, as shown in equation (1). In a standard condition, dissociation of 

water requires total energy input of 285.8 kJ/mol and a cell voltage of 1.23 V (Lamy and 

Millet 2020). Hydrogen purity of more than 99.9% can be achieved after drying and 

removing oxygen impurities. (Brauns and Turek 2020.) 

 

  𝐻2𝑂 →  𝐻2 +  
1

2
𝑂2                                                                                       (1) 

 

Currently, H2 production from electrolysis represents less than 4% of the global H2 

production due to high production cost which is related to high electricity price. Therefore, 

the majority of hydrogen production is still based on steam reforming of natural gas, which 

is comparatively cheaper than other methods. The integration of renewable energy such as 

wind and solar with water electrolysis provides an opportunity to chemically store excess 

electrical energy in the form of hydrogen, which can be utilized in the future when required. 

(Brauns and Turek 2020.) 

 

The overall reaction of water electrolysis consists of two half-cell reactions: hydrogen 

evolution reaction (HER) and oxygen evolution reaction (OER). In HER, water is reduced 

at the cathode and produces H2, whereas in OER, water is oxidized at the anode and produces 
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O2. Practical use of water splitting is mainly limited by the slow reaction kinetics of OER 

and HER caused by high overpotentials. By using highly effective catalysts, overpotentials 

for OER and HER can be minimized, and thus, efficient H2 and O2 production can be 

achieved. Catalyst is designed according to the operating conditions of the water electrolysis 

cells. Alkaline electrolysis, proton exchange membrane (PEM) electrolysis, and solid oxide 

electrolysis (SOE) are three main types of available electrolysis technologies. (Wang et al. 

2021.) 

 

Alkaline electrolysis is a well-established technology that has been used for large-scale H2 

production (Buttler and Spliethoff 2018, 2442). It operates at a temperature of 60-80 °C and 

uses an aqueous solution of KOH and/or NaOH as an electrolyte. The concentration of the 

electrolyte is usually 20%-30%. The alkaline electrolyzer contains nickel-based electrodes 

which are separated by the asbestos diaphragm. (Chi and Yu 2018, 391.) The efficiency of 

alkaline electrolysis is 50-60%, and the purity of H2 produced is 99.5-99.9% (Bhandari and 

Shah 2021, 919). In the alkaline water electrolysis process, water molecules at the cathode 

are reduced to hydrogen gas and hydroxide ions by electrons. Produced hydroxide ions travel 

to the anode through a permeable diaphragm, where they are oxidized to oxygen and water. 

(Brauns and Turek 2020.) Alkaline electrolysis technology is cheap, readily available, and 

has long durability. However, it has drawbacks such as poor part-load efficiency and slower 

response time, which make this technology difficult to adapt to the intermittent supply of 

renewable energy. (Bhandari and Shah 2021, 919.) Figure 5 shows alkaline and PEM 

electrolysis processes. 
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Figure 5. Schematic diagram of an alkaline electrolysis cell (a) and PEM electrolysis cell (b). (Lamy and Millet 

2020.) 

 

PEM water electrolysis is similar to PEM fuel cell technology, which uses solid polymer 

membranes such as Nafion as an electrolyte. PEM electrolysis operates at a temperature of 

20-80 °C and produces high purity H2. In this process, water at the anode splits into oxygen, 

protons, and electrons. The produced protons move to the cathode through the proton-

conducting membrane, whereas electrons travel to the cathode through an external power 

circuit. At the cathode, protons and electrons combine to produce hydrogen gas. (Kumar and 

Himabindu 2019, 445-446.) PEM electrolysis is considered a promising technology for H2 

production because of the advantages such as high efficiency, fast response, compact design, 

and high H2 output pressure. The benefit of quick start-up and response provides an 

opportunity for better coupling with intermittent renewable energy supply. (Chi and Yu 

2018, 392.) Yet, there are some drawbacks of PEM electrolysis such as limited life 

expectancy and the high cost of noble metal-based electrocatalysts (Götz et al. 2016, 1373). 

 

SOE is high-temperature electrolysis technology that operates at a temperature of 700-900 

°C, because of which it is more efficient than alkaline and PEM electrolysis. Possibility of 

heat integration with exothermic processes, the possibility of syngas production through co-

electrolysis of CO2 and steam, and the possibility to operate flexibly in both fuel cells and 

electrolysis modes are some of the advantages of SOE. However, the high temperature can 

be a challenge to material stability in this technology. SOE is in the initial stage and needs 

further development for large-scale operation. (Buttler and Spliethoff 2018, 2443-2444.) 



40 

 

3.3.3 Methanol synthesis 

 

Methanol is an important raw material that is used to produce numerous valuable chemical 

intermediates such as olefins, formaldehyde, acetic acid, and dimethyl terephthalate. Besides 

that, it can be used as a transportation fuel, and it can be used in electricity generation and 

wastewater treatment. (Leonzio 2018.) In industrial applications, methanol is mainly 

produced from natural gas-derived syngas, as seen in equation 2. Methanol synthesis takes 

place at 200-300 °C temperature and 5-10 MPa pressure using Cu/ZnO/Al2O3 catalyst. (Guil-

Lopez et al. 2019.) 

 

𝐶𝑂 + 2𝐻2 ⇄ 𝐶𝐻3𝑂𝐻          ∆𝐻 =  −90.8 𝑘𝐽 𝑚𝑜𝑙−1                                      (2) 

 

Direct methanol production from CO2 hydrogenation is gaining popularity because of its 

potential to reduce CO2 emissions (Borisut and Nuchitprasittichai 2019). Icelandic company, 

Carbon Recycling International, has been successfully synthesizing renewable methanol 

directly from CO2 on an industrial scale since 2012 (Marlin et al. 2018). Methanol production 

from CO2 gas is less exothermic than from syngas, as seen in equation 3. This production 

route also involves a secondary reaction known as reverse water-gas-shift (RWGS) reaction, 

as seen in equation 4. (Guil-Lopez et al. 2019.) 

 

𝐶𝑂2 + 3𝐻2 ⇄ 𝐶𝐻3𝑂𝐻 + 𝐻2𝑂     ∆𝐻 = −49.5 𝑘𝐽 𝑚𝑜𝑙−1                               (3) 

 

𝐶𝑂2 + 𝐻2 ⇄ 𝐶𝑂 + 𝐻2𝑂              ∆𝐻 = 41.2 𝑘𝐽 𝑚𝑜𝑙−1                                    (4) 

 

The methanol synthesis process can be mainly divided into three phases. In the first phase, 

feed gases of COX (x= 1 or 2) and H2 are compressed to a required pressure which is carried 

out by using multistage compression with intercooling. In the second phase, the pressurized 

feed gas is heated up to the required temperature, and it is fed to the reactor. The conversion 

of feed gas to methanol is incomplete due to the limitations of chemical equilibrium. 

Therefore, along with methanol and water, the outlet from the reactor also consists of 

unconverted COX and H2. In the third phase, methanol is separated from unreacted gas and 

water, which is done in a few steps. In the first step, the product gas mixture is passed through 
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a flash condenser that separates unreacted gas and condensed components. In the second 

step, condensed components are passed through a series of distillation processes to separate 

methanol from light impurities and water. The unreacted gas mixture (COX and H2) obtained 

from a flash vessel is recycled to the reactor to increase methanol selectivity. (Kiss et al. 

2016, 265-266; Pérez-Fortes et al. 2016, 723-724.) Figure 6 shows a simplified process 

description of methanol synthesis. 

 

 

Figure 6. Simplified process of methanol synthesis from syngas or CO2. Modified from Kiss et al. (2016). 

 

While designing the reactor type needed for methanol synthesis, priority is mainly given to 

the removal of heat of reaction. Boiling water reactors (BWRs) are commonly used in the 

usual syngas-based methanol production process since the reaction is highly exothermic, 

whereas CO2-based methanol production can be performed in simple tube-cooled reactors. 

Compared to BWR, a tube-cooled reactor is cheaper, highly efficient, and simpler to operate. 

(Marlin et al. 2018.) One of the issues of CO2-based methanol synthesis is the generation of 

a large amount of water, which can hasten the crystallization of copper and zinc oxide 

particles in the catalysts. This can induce sintering and cause catalyst deactivation. (Guil-

Lopez et al. 2019.) 
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3.3.4 MTO 

 

The demand for light olefins has been increasing rapidly. Conventional methods of 

producing olefins such as cracking cannot meet the increasing demand alone. Besides that, 

increasing crude oil prices, environmental pollution, and extreme energy usage are 

drawbacks of conventional methods that can limit their applications in the future. Methanol-

to-olefins (MTO) has been gaining attention as an alternative non-oil route to produce light 

olefins in the last recent decades because methanol can be simply produced from non-

petroleum sources such as natural gas, coal, and biomass, which are relatively cheap. 

(Akhgar et al. 2020, 12126.) 

 

In the MTO reaction, methanol is first converted to dimethyl ether (DME) through acid-

catalyzed dehydration. An obtained equilibrium mixture of methanol, DME, and H2O is then 

converted to light olefins, as seen in figure 7. Light olefins can be further utilized to produce 

higher olefins, aromatics, and paraffins. (Gogate 2019, 559.) 

 

 

Figure 7. Simplified reaction mechanism of MTO process. Modified from Gogate (2019). 

 

The formation of carbon-carbon (C-C) bond from C1 reactant has been a subject of debate 

in the last decade. Earlier studies have proposed several mechanisms to explain C-C bond 

formation, however, theoretical calculations later proved them to be energetically 

unfavorable. (Tian et al. 2015, 1923.) Hydrocarbon pool (HCP) and dual cycle are two main 

concepts established in recent years. According to the HCP concept, repeated alkene 

methylation and cracking result in olefins formation. Whereas, according to the dual cycle 

concept, olefins are produced by methylation of aromatics via either the side chain or pairing 

mechanism. (Amsler et al. 2021, 2596.) 
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In a standard MTO process, the mixture of methanol and water is first fed into a fluidized-

bed reactor. The reaction takes place at 350-500 °C temperature and 2-3 bar pressure in the 

presence of a zeolite-based SAPO-34 catalyst that is believed to be an efficient industrial 

catalyst in terms of activity, selectivity, and robustness (Dimian and Bildea 2018, 42). The 

formation of coke results in catalyst deactivation over time, therefore, the catalyst is 

regenerated by introducing air in the regeneration reactor. The product stream obtained from 

the reactor is sent to the separation unit to get rid of water and recover unreacted DME. The 

remaining olefin-rich stream is then sent to a fractionation unit where ethylene and propylene 

are obtained in the desired ratio according to the needs. Obtained higher olefins (C4
+) are 

sent to the cracking unit to achieve the higher selectivity of ethylene and propylene. (Jasper 

and El-Halwagi 2015, 687.) Figure 8 shows the simplified MTO process. 

 

 

Figure 8. Simplified process flow diagram of MTO process. Modified from Jasper and El-Halwagi (2015). 

 

There are mainly four popular MTO technologies: MTO by UOP/ Norsk Hydro, D-

MTO/DMTO-II, S-MTO, and MTP by Lurgi. Among these technologies, MTO by UOP/ 

Norsk Hydro is the oldest and most popular technology. D-MTO/DMTO-II and S-MTO are 

MTO technologies that are developed in China. D-MTO/DMTO-II was developed by the 

Dalian Institute of Chemical Physics (DICP) and S-MTO by Sinopec. D-MTO/D-MTO-II is 
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the leading MTO technology in China with the largest market share in terms of both units 

and capacity. Novel and patented version of SAPO-34 catalyst is used by S-MTO technology 

that can alter ethylene to propylene yield ratio from 0.6 to 1.3 as per need. MTP by Lurgi is 

a methanol-to-olefin technology that is designed for the production of propylene. (Gogate 

2019, 561-562.) 

 

3.4 Polymerization 

 

Polymerization is the process of producing polymers from smaller molecules known as 

monomers. In the polymerization process, monomers are chemically combined to create 

macromolecules, and these large numbers of macromolecules collectively form a polymer 

that can be used to make various plastic products. Usually, certain temperatures, pressure, 

and catalysts are needed for monomers to react and bond, to form a polymer. (Shrivastava 

2018, 17.) 

 

There are several methods of polymerization, among which addition and condensation are 

the most common methods. Addition polymerization, also known as chain-growth 

polymerization, is a polymerization mechanism in which new monomer units are added to 

the growing polymer molecule one at a time in a chain reaction through double or triple 

bonds in a monomer. This method of polymerization is used in the production of plastic 

polymers such as PE, PVC, and polystyrene. Condensation polymerization, also known as 

step-growth polymerization, is a polymerization mechanism in which the reaction between 

monomers and the growing polymer chain results in the release of small molecules such as 

H2O as a by-product. The released water, when exposed to high temperatures, can degrade 

the properties of a polymer. Plastics such as polyester and polyamides are produced by 

condensation polymerization. (McKeen 2017, 1-2.) 

 

Commercial production of polymers from monomers can be carried out using various 

production processes such as suspension polymerization, bulk polymerization, emulsion 

polymerization, gas-phase polymerization, and solution polymerization. Except for 

emulsion polymerization, all other mentioned production processes can be used to produce 



45 

 

polyethylene. HDPE is produced mainly by slurry suspension and gas-phase polymerization 

processes. (European Commission 2007, 30, 38.) 

 

In a simple HDPE gas-phase polymerization process, clean ethylene is first compressed and 

fed into a fluidized bed reactor. Metal oxide catalyst and aluminum alkyl co-catalyst, as well 

as other comonomers and auxiliary chemicals, are also directly fed into the reactor loop. The 

HDPE polymerization reaction takes place at 80-105 °C temperature and 0.7-2.0 MPa 

pressure producing a mixture of polymer granules and unreacted monomers. The obtained 

product mixture is sent to a degassing vessel where monomers are separated from product 

granules, and they are recycled back to the reactor. To further remove monomer impurities, 

product granules are sent to purge hopper where they are purged with nitrogen steam 

mixture. Degassed polymer granules are further passed through a series of stages where they 

are pelletized, blended with additives, and air-dried to obtain pure HDPE polymer which is 

ready to be used in various applications. (European Commission 2007, 47-48.) 
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4 LIFE CYCLE ASSESSMENT METHODOLOGY 

 

Life cycle assessment (LCA) is implemented as a methodology to calculate the carbon 

footprint of polyethylene. LCA is a scientific method of carrying out comparative analysis 

and evaluation of environmental impacts of a product throughout its lifecycle, from raw 

material extraction to the end of life. The product represents both ‘goods’ and ‘services’ in 

all relevant standards. (SFS-EN ISO 14040: 2006, V; Klöpffer 2014, 2.) The idea of LCA 

started in the 1960s with the rise of environmental concerns such as limited access to 

resources. ‘Life cycle assessment’ as a term was coined in the international workshop 

arranged by the Society of Environmental Toxicology and Chemistry (SETAC) in the year 

1990. (Bjørn et al. 2018, 17, 19.) In recent decades, various applications of LCA have been 

observed to support decisions regarding environmental sustainability issues. To enable the 

application of LCA and life cycle thinking, efforts have been made at all levels of society. 

(Owsianiak et al. 2018, 32.)  

 

The establishment of the SETAC code of practice for LCA in the year 1993 subsequently 

led to the introduction of a formal standardization process with the support of the 

International Organization for Standardization (ISO) for the purpose of creating a global 

standard for LCA. The development of the LCA standard then gave rise to the adoption and 

release of four different standards: ISO 14040, ISO 14041, ISO 14042, and ISO 14043. The 

latter three standards were compiled in the single ISO 14044 standard in 2006 without 

altering any requirements mentioned in the standards. ISO 14040 provides a general 

introduction to the principles and framework of LCA, whereas ISO 14044 particularizes 

requirements and offers guidelines to carry out LCA. (Bjørn et al. 2018, 24.) 

 

Similarly, there is ISO 14067, which specifies principles, requirements, and guidelines 

regarding the quantification and reporting of the carbon footprint of a product (CFP) that 

represents both goods and services. ISO 14067, which is based on existing LCA standards 

ISO 14040 and ISO 14044, is developed with the goal of setting specific requirements for 

the quantification of the carbon footprint of full or partial life cycle stages of a product. The 

quantification of the carbon footprint of products is based on GHG emissions and removals 

over their life cycle. This standard addresses only a single impact category of climate change 
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and avoids social, economic, and other environmental impacts arising from the life cycle 

stages of a product. (SFS-EN ISO 14067: 2018, 7, 9.) 

 

According to ISO 14040 and ISO 14044, there are four main phases of life cycle assessment: 

goal and scope definition, life cycle inventory analysis, life cycle impact assessment, and 

life cycle interpretation. Figure 9 illustrates the LCA framework. 

                                                                                                                                        

 

Figure 9. Stages of life cycle assessment. (SFS-EN ISO 14040: 2006.) 

 

Goal and scope definition is the first phase of life cycle assessment. In this phase, the goal 

of the study and the boundary of the studied product system should be mentioned clearly. 

According to the standards, the goal should define the intended application, the reason for 

carrying out the LCA study, intended audience, and intended use of the LCA results. The 

scope should outline the depth and detail of the study that is sufficient to address the goal of 

the study. For instance, the scope should define the product system, function and functional 

unit of the product, system boundary, allocation method, selected impact category and 

impact assessment method, data quality requirements, and assumptions and limitations of 

the study. (SFS-EN ISO 14040: 2006, 11.) 
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Inventory analysis is the second phase of LCA in which inputs and outputs of the studied 

product system are quantified through the collection and validation of data and calculation 

procedures based on the goal and scope. Inventory analysis is considered an iterative process. 

This is because, while collecting data, we might identify new data requirements or 

limitations, which lead to the change and modification of data collection procedures to meet 

the goal of the study. The need for an allocation procedure should be considered while 

dealing with an inventory of multifunctional and recycling systems. (SFS-EN ISO 14040: 

2006, 13-14.) According to ISO 14044, the allocation should be avoided wherever it is 

possible, either by dividing the unit process into two or more sub-processes and collecting 

data related to those sub-processes or through system expansion in which additional 

functions of the co-products are considered. If the allocation is unavoidable, the allocation 

should be primarily based on physical relationships between the products, such as mass. 

However, if the allocation is not possible on the basis of physical relationships, other types 

of relationships, for instance, the economic value should be considered. (SFS-EN ISO 

14044: 2006, 14.) 

 

Life cycle impact assessment, which is the third phase of LCA, is carried out to assess the 

magnitude of potential environmental impacts based on LCI results. To understand these 

impacts, inventory data is linked with specific environmental impact categories and category 

indicators. LCIA consists of obligatory steps: selection of impact categories, category 

indicators, and characterization models; classification of inventory results; and 

characterization. LCIA also consists of other optional steps such as normalization, grouping, 

and weighting. (SFS-EN ISO 14040: 2006, 14-15.) 

  

Life cycle interpretation is the final phase of LCA in which results of LCI and LCIA are 

interpreted in terms of goals and scopes of the study (SFS-EN ISO 14040: 2006, 16). Based 

on the results of LCI and LCIA, significant issues are identified, and they are evaluated using 

completeness, sensitivity, and consistency checks. Finally, this phase provides conclusions, 

limitations, and recommendations based on the results of the study. (SFS-EN ISO 14044: 

2006, 23.) 
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5 ASSESSING CARBON FOOTPRINT OF POLYETHYLENE 

PRODUCED FROM CO2 AND H2 

 

The study of the carbon footprint of polyethylene is performed using the life cycle 

assessment methodology, which is based on ISO 14040, ISO 14044, and ISO 14067 

standards as described above. GaBi Education version 2019 is used as LCA software to 

model the studied system and to quantify the results based on chosen environmental impact 

category and indicator. 

 

5.1 Goal and scope definition of the study 

 

The main goal of this LCA study is to calculate the carbon footprint of polyethylene 

produced through power-to-X and MTO processes. Furthermore, this study aims at 

understanding the most significant unit processes contributing to the carbon footprint of 

polyethylene produced through the mentioned route. The obtained carbon footprint of the 

studied system is then compared to the carbon footprint of fossil-based and bio-based 

systems of polyethylene production. This LCA study is performed as a master’s thesis which 

is commissioned by LUT university. Since this study will be publicly available in the 

publication repository of the university, the intended audience is external. However, a critical 

review is not carried out for this study. It should be noted that this LCA study is carried out 

solely for educational purposes, therefore, no conclusions should be drawn based on the 

result of this study.  

 

Polyethylene is the most produced plastic-type in the world (Geyer et al. 2017). High-density 

polyethylene (HDPE), which is one of the most common types of polyethylene, is chosen as 

the product to be studied. The demand for HDPE has been increasing globally with an annual 

growth of 3.3%. HDPE is a commonly used polymer in many industries, which is used to 

produce a variety of plastic products needed for different applications. (Amjadi and Fatemi 

2020.) The functional unit of the studied product system is chosen to be 1 kg of HDPE 

obtained after the polymerization of ethylene. 
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Figure 10 shows the system boundary of the studied product system. This LCA study is 

based on the ‘cradle-to-factory gate’ approach, which considers life cycle stages only up to 

the HDPE polymerization process. HDPE obtained from the polymerization process goes 

through other life cycle stages such as product manufacturing, use phase, and end-of-life. 

These all-other life cycle stages are expected to be similar no matter what type of feedstocks 

are utilized initially for HDPE production. Europe is chosen as the geographical scope of 

this LCA study. 

 

 

Figure 10. System boundary of the studied CO2-based polyethylene. 

 

As seen in the system boundary figure, multiple valuable products are obtained from the 

MTO process. Therefore, allocation is considered on the basis of the energy content to share 

the environmental burdens between the produced olefins. Regarding the electrolysis process, 

co-produced oxygen is treated as a waste flow, thus the allocation is not carried out for 

oxygen. Since the estimation of carbon footprint is based on a single impact category of 

climate change, global warming potential (GWP) that is considered for over 100 years is 

chosen as the environmental impact category for this study. CML 2001 Jan. 2016 is selected 
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as an impact assessment method. To understand the net GWP of the product, biogenic carbon 

present in the product is considered separately based on the ISO 14067. Normalization and 

weighting, which are optional elements of LCIA, are excluded as they are considered 

extraneous to the scope of this study. 

 

Sensitivity analysis is conducted to understand changes in the degree of environmental 

impact caused by the modification of unit processes and other parameters in the product 

system. Eight different alternative scenarios are created and modeled in GaBi. Table 1 shows 

different scenarios along with their descriptions. 

 

Table 1. Scenarios for sensitivity analysis. 

Scenarios No. Name of the Scenario Description  

Baseline Baseline Baseline assumptions of the study, described in the inventory 

analysis. 

S1 Finnish electricity Finnish electricity is used instead of EU-28 electricity. Finnish 

wind power is used in electrolysis, and in the rest of the processes, 

electricity is supplied from the grid mix.  

S2  Finnish thermal 

energy 

Finnish solid biomass is used as a source of thermal energy for 

the processes, instead of EU-28 natural gas. 

S3 DAC CO2 is captured using DAC instead of MEA-based CO2 

absorption. 

S4  Grid mix electrolysis Electricity for the electrolysis is supplied from the EU-28 grid 

mix instead of EU-28 wind power. 

S5 GaBi electrolysis Aggregated GaBi electrolysis process is applied instead of the 

dummy electrolysis process. 

S6 Heat utilization Excess thermal energy released from MeOH synthesis is utilized 

in the CO2 capture process.  

S7 Alternative MTO DMTO process based on Xiang et al. (2014) is used instead of the 

average MTO process. 

S8 Alternative 

polymerization 

An alternative polymerization process is used which is based on 

Joosten (1998). 

 

The CO2 needed for the production of polyethylene is obtained from the flue gas, which is 

considered a waste stream. Therefore, the emissions and other environmental impacts arising 

before carbon capture are all excluded. However, in the future, CO2 can also be seen as a co-

product if it gets a price through increased production of CO2-based plastics and chemicals 
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using power-to-X technology. Energy consumption is assumed to be the most noteworthy 

contributor to the carbon footprint of polyethylene, whereas solvents, catalysts, and other 

auxiliary chemicals consumed in different unit processes of the product system are kept 

outside of the system boundary, assuming their contribution to be negligible. Similarly, other 

background processes, for instance, raw material extraction, transportation, construction of 

plants, and repair and maintenance of the equipment are excluded from this study. However, 

in the alternative GaBi electrolysis scenario, these kinds of secondary processes are already 

included in the electrolysis process. 

 

5.2 Life cycle inventory analysis 

 

This phase provides a description of material and energy flows within the studied product 

system. Based on the functional unit of the study, the inputs and outputs regarding material 

and energy of all the unit processes are quantified using the secondary data obtained from 

various literature sources, and the material and energy flows are modeled using the GaBi 

education database. 

 

In the baseline scenario, electricity needed for all the unit processes, except electrolysis, is 

provided from the European electricity grid known as “EU-28: Electricity grid mix ts” in the 

GaBi database. For the electrolysis process, renewable electricity from wind (“EU-28: 

Electricity from wind power ts”) is chosen. Thermal energy needed for the unit processes is 

provided in the form of steam generated from natural gas with an efficiency of 90% (“EU-

28: Process steam from natural gas 90% ts”). As an alternative energy scenario, Finnish 

electricity and thermal energy are also modeled. “FI: Electricity from wind power ts” is 

chosen for the electrolysis, whereas for the rest of the unit processes, electricity is provided 

from the Finnish electricity grid (“FI: Electricity grid mix ts”). And the steam required for 

the unit processes is assumed to be produced from Finnish biomass with 90% efficiency 

(“FI: Process steam from biomass [solid] 90% ts”). The description of inputs and outputs of 

all the unit processes is presented in the following sections. 
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5.2.1 CO2 capture 

 

In this study, CO2 is assumed to be captured from flue gas arising from the biomass power 

plant since the demand for biomass is increasing in the EU for both heating and power 

purposes (Casau et al. 2021). The concentration of CO2 in a flue gas depends on the source 

of flue gas. For instance, the concentration of CO2 in the flue gas emitted by coal-fired and 

gas-fired power plants is around 10-18% and 3-8%, respectively (Cheng et al. 2021). MEA-

based chemical absorption, which is a mature and widely used commercial technology 

(Cheng et al. 2021), is chosen to capture CO2 from the flue gas. MEA-based CO2 capture is 

an energy-intensive process, mainly due to the requirement of thermal energy for solvent 

regeneration. Similarly, electrical energy is also consumed for the operation of equipment 

such as blower and solvent circulation pumps. (Goto et al. 2016, 1135.) Normally, 3.5-4.5 

MJ/kgCO2 of thermal energy is required for solvent regeneration in MEA-based CO2 capture 

(Oh et al. 2018, 312). Various research studies have been conducted on process 

improvements and the development of new solvents with an aim of finding a solution to 

reduce the thermal energy requirement in solvent-based CO2 capture (Le Moullec et al. 2014, 

1471). For instance, a low thermal energy requirement of 2.33 MJ/kgCO2 can be achieved in 

Shell Cansolv CO2 capture technology that utilizes DC-103 solvent (Singh and Stéphenne 

2014). Typically, values for the direct electricity requirement for post-combustion CO2 

capture through absorption in coal-fired power plants are between 0.06 and 0.11 MJ/kgCO2 

(IPCC 2005). In this study, it is assumed that the captured CO2 is directly compressed and 

utilized in a methanol synthesis unit located in the same site. 

 

A thermal energy requirement of 3.3 MJ/kgCO2 for optimum process using a 30 wt.% MEA 

solution is assumed in the baseline scenario, which is based on the optimization and technical 

parameter study of the CO2 capture process by Abu-Zahra et al. (2007). Similarly, the 

electricity required is considered to be 0.12 MJ/kgCO2 (Giordano et al. 2018). In the 

alternative scenario, CO2 is assumed to be captured from the atmosphere instead of flue gas. 

Thermal energy and electricity consumption in DAC is assumed to be 5.3 MJ/kgCO2 and 1.32 

MJ/kgCO2, respectively, which is based on the DAC system of Carbon Engineering (Keith et 

al. 2018). “Carbon dioxide [Inorganic intermediate products]” is used as a flow for CO2 in 

GaBi modeling. 
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5.2.2 Electrolysis 

 

Normally, energy consumption in alkaline electrolysis and PEM electrolysis is 180-280.8 

MJ/kgH2 and 180-298.8 MJ/kgH2, respectively (Hinkley et al. 2016, 14). In this study, a 

highly efficient alkaline electrolyzer ‘HyprovideTM A30’ manufactured by Green Hydrogen 

Systems is assumed to be used in hydrogen production, which consumes around 180.36 

MJ/kgH2 of energy. Using this electrolyzer, hydrogen is obtained with a purity of more than 

99.998% at 35 bar pressure, which is suitable for immediate use, direct storage, or further 

compression. (Green Hydrogen Systems 2021.) Renewable electricity from wind power is 

chosen as an energy source for electrolysis in the baseline scenario. European grid mix 

electricity is modeled as an alternative energy scenario for the electrolysis process to 

understand the difference in carbon footprint caused by the choice of electricity sources. 

 

In this study, the amount of water required to produce a kg of hydrogen is assumed to be 

8.78 kg, and the amount of oxygen produced as a co-product is assumed to be 7.80 kg per 

kg H2 produced (Meunier et al. 2020, 1199). “Hydrogen [Inorganic intermediate products]” 

is used as a flow for hydrogen in GaBi modeling. Water required in the electrolysis process 

is provided from tap water obtained from aggregated process (EU-28: Tapwater from surface 

water ts). Oxygen produced is considered as a waste flow, therefore, it is excluded from the 

study. As an alternative electrolysis scenario, the GaBi electrolysis process [RER: Hydrogen 

(electrolysis)] is modeled, which is based on PlasticsEurope’s aggregated LCI dataset on 

hydrogen production by electrolysis. 

 

5.2.3 Methanol synthesis 

 

The energy efficiency of methanol produced from the hydrogenation of flue gas-derived 

concentrated CO2 is around 46%. High methanol selectivity of 99.7% can be achieved at 5 

MPa and 523 K with a hydrogen to CO2 ratio of 2.82. (Matzen et al. 2015.) The methanol 

synthesis process requires electric energy for the compression and recycling of the gases and 

the water circulation (Pérez-Fortes et al. 2016, 726). 
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In this LCA study, inputs and outputs of methanol synthesis are based on the study of 

Meunier et al. (2020), according to which, hydrogen and CO2 are fed at a stoichiometric inlet 

H2:CO2 feed ratio of 3:1, and both gases are compressed at 80 bar pressure. 156 tons of 

commercial CuO/ZnO/Al2O3 catalyst is used in an adiabatic reactor. Liquid methanol with 

a purity of 99.10% at 1 bar and 20 °C is obtained from the top of the distillation column, and 

water with a purity of 99.99% at 1 bar and 100 °C is recovered from the bottom. Reboiler 

duty required for the distillation of water-methanol mixture is provided by the heat generated 

in the reactor. According to Meunier et al. (2020), 1.441 kg of CO2 and 0.203 kg of H2 are 

needed to produce 1 kg of methanol along with 0.582 kg of water. The methanol synthesis 

process requires 1.188 MJ/kgMeOH of electricity, whereas 1.4 MJ/kgMeOH of excess thermal 

energy is released as output. (Meunier et al. 2020.) In the baseline scenario, released thermal 

energy and water are considered as waste flows and they are kept outside of the system 

boundary. However, in the alternative scenario, obtained thermal energy is utilized in the 

CO2 capture process. “Methanol [Organic intermediate products]” is used as a flow for 

methanol in GaBi modeling. 

 

5.2.4 Methanol to ethylene 

 

Ethylene, along with other olefins, is produced through the methanol-to-olefins process. In 

the baseline scenario, average data is used for the MTO process, which is presented in Yu 

and Zheng (2019). According to this process, 5 tons of steam and 460.34 kWh of electricity 

are required to yield 1 ton of olefins that contain equal amounts of ethylene and propylene 

(Yu and Zheng 2019). It is assumed that 1 kg of steam contains 2.75 MJ of energy (Althaus 

et al. 2007). As an alternative scenario, the DMTO process modeled by Xiang et al. (2014) 

is used, according to which, 1.8 Mt of methanol is required for the MTO plant to produce 

0.7 Mt of olefins per year (Xiang et al. 2014, 50). Table 2 shows the material and energy 

balances of both processes for the production of 1 kg of olefins. 
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Table 2. Material and energy balances of MTO and DMTO. 

  Inputs   Outputs  

Processes Methanol 

(kg) 

Electricity 

(MJ) 

Steam 

(MJ) 

Ethylene 

(kg) 

Propylene 

(kg) 

Butylene 

(kg) 

MTO 2.55 1.66 13.75 0.43 0.43 0.14 

DMTO 2.57 1.65 5.59 0.47 0.43 0.10 

 

As seen in the table above, multiple co-products are obtained from methanol-to-olefins 

processes. Therefore, GHG emissions resulting from all the upstream processes as well as 

from the production process are allocated to the products based on their net calorific value. 

In the baseline MTO case, the allocation of GHG emissions to ethylene is calculated to be 

around 43.8%. Alternatively, in the DMTO case where the amount of ethylene produced is 

slightly higher than propylene, the allocation would be 47.8% on ethylene. In this study, 

both co-products (propylene and butylene) are assumed to be sold. “Ethene (ethylene) 

[Organic intermediate products]” is used as a flow for ethylene in GaBi modeling. 

 

5.2.5 HDPE polymerization 

 

Both electric energy and thermal energy are required in the polymerization process. In the 

baseline scenario, data for the polymerization process is based on PlasticsEurope’s Eco-

profile for polyethylene, according to which, 1.56 MJ of electric energy and 1.32 MJ of 

thermal energy are required in the polymerization process for the production of 1 kg of 

HDPE. The Eco-profile data represent the European average industrial production of PE, 

which is based on the data collected from 52 PE production plants in Europe. (PlasticsEurope 

2016b, 4, 37.) 

 

Although PlasticsEurope’s Eco-profile is widely used as a standard for comparison, it lacks 

transparency, which is restricted by confidentiality (Moretti et al. 2020). Therefore, as an 

alternative polymerization scenario, the polymerization process from Joosten (1998) is used 

for the sensitivity analysis, according to which, production of 1 kg of HDPE in the gas-phase 
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polymerization consumes 2.0 MJ of electric energy and 0.3 MJ of thermal energy (Joosten 

1998, 39). 

 

In this study, ethylene is considered as the only material input for the polymerization process, 

keeping other inputs such as catalysts and chemicals outside of the system boundary. 

According to Joosten (1998, 39), 1.02 kg of ethylene is required to produce 1 kg of HDPE. 

“Polyethylene high density compound (HDPE/PE-HD) [Plastics]” is used as a flow for 

HDPE in GaBi modeling. 
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6 LIFE CYCLE IMPACT ASSESSMENT AND INTERPRETATION 

 

The environmental impact assessment result of the studied system is calculated using GaBi 

software. The total carbon footprint of CO2-based HDPE, excluding biogenic carbon, is 

calculated to be 3.11 kg CO2eq per functional unit. Figure 11 displays the contribution of 

each life cycle stage in the total carbon footprint of the product. MTO and carbon capture 

stages are the major contributors to GHG emissions, representing 39.9% and 31.5% of the 

total carbon footprint, respectively. The reason behind the high GHG emissions in these 

stages is the use of a high amount of process steam generated from natural gas. Steam used 

in the MTO process and carbon capture process accounts for 33.8% and 29.9% of the total 

carbon footprint, respectively, as seen in Figure 12. 

 

 

Figure 11. Carbon footprint of different life cycle stages of CO2-based HDPE. 

 

Methanol synthesis and electrolysis processes, which require only electricity as a source of 

energy, account for 11.6% and 8.0% of the total carbon footprint, respectively. Process (EU-

28: Tapwater from surface water ts), from which the water required for electrolysis is used, 

has a negligible carbon footprint accounting for less than 0.1% of the total carbon footprint. 

Despite being the most energy-intensive process, electrolysis is the least contributor to the 

total carbon footprint because of the use of renewable wind power as a source of electricity 
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needed for the process. Finally, the polymerization process accounts for 9% of the total 

carbon footprint of HDPE. 

 

 

Figure 12. Carbon footprint of energy used in life cycle stages. 

 

Steam, a source of thermal energy, used in all the processes accounts for 66.9% of the total 

carbon footprint, and the remaining 33.1% of the total carbon footprint is the result of 

electricity consumption. Table 3 illustrates the energy balance of the production system 

based on the baseline scenario. 

 

Table 3.  Energy balance of the baseline scenario. 

Energy input Unit process Quantity (MJ) Share of energy input  

    

 CO2 capture 0.45 0.3 % 

 Electrolysis 95.59 73.5 % 

Electricity Methanol synthesis  3.09 2.4 % 

 MTO 1.69 1.3 % 

 Polymerization 1.56 1.2 % 

    

 CO2 capture 12.38 9.5 % 

Thermal energy (steam) MTO 14.03 10.8 % 

 Polymerization 1.32 1.0 % 

    

Process energy  88.81 68.3 % 

HDPE energy content  41.30 31.7 % 

Total energy  130.11 100 % 
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Based on the baseline scenario, 130.11 MJ of energy is required in total to produce 1 kg of 

HDPE. Electrolysis is the most energy-intensive process that consumes 73.5% of the total 

energy input. After electrolysis, MTO and CO2 capture are the most energy-consuming 

processes, representing 12.1% and 9.8% of the total energy input, respectively. 

Polymerization and methanol synthesis are the processes with the least energy consumption, 

which represent 2.2% and 2.4% of the total energy input, respectively. Considering the lower 

heating value of HDPE to be 41.30 MJ/kg (PlasticsEurope 2016b, 35), the energy efficiency 

of the studied production route is 31.7%. According to PlasticsEurope (2016b, 35), the total 

primary energy demand of fossil-based HDPE is 80.2 MJ/kgHDPE, which is 38.4% less than 

the total energy demand of the studied production route. 

 

Figure 13 compares the carbon footprint and the net GWP of CO2-based HDPE with those 

of fossil-based and bio-based HDPE. According to PlasticsEurope (2016b, 40), the carbon 

footprint of fossil-based HDPE is 1.80 kg CO2eq per kg product, which is 42.1% smaller 

than the carbon footprint of CO2-based HDPE. Biogenic carbon present in CO2-based HDPE 

is considered based on ISO 14067. Around 0.86 kg of carbon is present in 1 kg of 

polyethylene, which is equivalent to 3.14 kg of CO2 (Narayan 2011). Therefore, the net GWP 

of CO2-based HDPE is calculated to be -0.03 kg CO2eq, which means replacing fossil-based 

HDPE production with CO2-based HDPE production could avoid 1.83 kg CO2eq per kg 

product. CO2-based HDPE is a net carbon sink since the amount of CO2 embedded in it is 

more than the total GHG emissions into the atmosphere during its production. 

 

As a representative of bio-based PE, Braskem’s bio-based PE is chosen for the comparison. 

The net GWP of bio-based HDPE produced by Braskem is -2.15 kg CO2eq per kg product 

(Ziem et al. 2013, 7). This shows that Braskem’s bio-based HDPE is a better carbon sink 

than CO2-based HDPE. Excluding the biogenic carbon content, the carbon footprint of bio-

based HDPE is 68.2% smaller than the carbon footprint of CO2-based HDPE. Considering 

the biogenic carbon content, the replacement of fossil-based HDPE with Braskem’s bio-

based HDPE could avoid 3.95 kg CO2eq per kg product. 
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Figure 13. Comparison of CO2-based HDPE with fossil-based and bio-based HDPE. 

 

Sensitivity analysis is carried out to understand changes in the total carbon footprint caused 

by the modification of unit processes and various assumptions. Figure 14 shows the carbon 

footprint and the net GWP of CO2-based HDPE in different scenarios. 

 

 

Figure 14. Carbon footprint and net GWP of HDPE in different scenarios. 
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Using Finnish electricity, the carbon footprint of CO2-based HDPE can be reduced by around 

15.1%. However, there is not much difference in the carbon footprint when using Finnish 

wind power instead of EU-28 wind power in the electrolysis process. The lowest carbon 

footprint is achieved in scenario 2 when using thermal energy from Finnish biomass instead 

of EU-28 natural gas. It is the only scenario in which the carbon footprint is less than that of 

fossil-based HDPE. Power plants usually also produce waste heat, and it could be possible 

to utilize the waste heat to deliver the steam required in the CO2 capture process. This could 

significantly minimize the overall GWP and could be discussed, even though it is not 

included in the sensitivity analysis. The carbon footprint in scenario 2 is 64.6% less 

compared to the carbon footprint in the baseline scenario, and 38.9% less than that of fossil-

based HDPE. The net GWP in scenario 2 is found to be similar to the net GWP of bio-based 

HDPE. 

 

The highest carbon footprint (13.96 kg CO2eq/kgHDPE) is seen in scenario 4 when using grid 

mix electricity for electrolysis, which is around 349% more than that in the baseline scenario. 

Similarly, the carbon footprint in scenario 3 increased by 35% because the DAC process has 

higher thermal and electrical energy consumption than the conventional amine-based CO2 

capture process. Using the GaBi electrolysis process, the carbon footprint increased by 8.7%, 

which is obvious as it is an aggregated process that includes various background processes. 

Integration of excess heat from methanol synthesis into CO2 capture has the potential of 

reducing the carbon footprint by 8.7%, and the use of a less energy-intensive DMTO process 

can reduce the carbon footprint by 19.6%. Using the polymerization process from Joosten 

(1998), the carbon footprint is reduced by only 0.6% since there is not much difference in 

energy consumption compared to the PlasticsEurope’s polymerization process. 

 

From the sensitivity analysis, it is clear that the electrolysis process is the hotspot for GHG 

emissions as it is the most energy-intensive process in CO2-based HDPE production. 

Therefore, the carbon footprint of HDPE will hugely depend on the source of electricity used 

in the electrolysis process. Similarly, scenario 2 shows that the source of steam used in the 

MTO, CO2 capture, and polymerization processes can also have a huge impact on the total 

carbon footprint of HDPE. With the increase in renewable energy production and 

development, it is expected that PtX processes would be based solely on renewable energy 
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in the near future. If this happens, the total GWP of CO2-based plastics manufactured using 

PtX technology would reduce drastically. For instance, in scenario 2 where thermal energy 

is provided by renewable biomass and electrolysis is powered by wind power, the lowest 

carbon footprint of 1.1 kg CO2eq is achieved, which is only around 11% higher than the 

carbon footprint of Braskem’s bio-based plastic. Similarly, further reduction of carbon 

footprint is possible if the electricity required for other processes is also provided from 

renewable sources. Therefore, with the full integration of renewable energy, we can roughly 

estimate that GHG emissions of CO2-based plastic production would be similar to that of 

bio-based plastic production. 
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7 DISCUSSION 

 

Global plastic production has been growing rapidly. From 1950 to 2015, a total of 8.3 billion 

tonnes of plastic was produced worldwide, and an estimation is made that by 2050, around 

12 billion tonnes of plastic waste might end up in landfills or the natural environment if the 

existing trend of plastic production and waste management continues. (Geyer et al. 2017.) 

An increase in plastic production has led to various environmental problems. Along with the 

plastic pollution crisis, plastic production is also increasingly contributing to global GHG 

emissions and climate change due to the use of fossil feedstocks and energy. (Hamilton et 

al. 2019, 7.) 

 

The carbon footprint of European fossil-based HDPE (1.80 kg CO2eq) considers GHG 

emissions only from a cradle-to-gate perspective. This value represents the emissions caused 

by the use of fossil carbon in the production processes only, while fossil carbon is also 

embedded in the polymer itself.  The fossil carbon present in the polymer would not be a 

problem from a GHG emissions perspective provided that it remains in the polymer, which 

is possible either through an exceptionally long lifetime of a plastic product or through 

material recycling of plastic product after the end of its use phase. However, as discussed by 

Kuusela (2020), a huge portion of plastic products have a short lifetime, and incineration is 

still one of the most used plastic-waste treatment methods in Europe. According to 

PlasticsEurope (2020a), 42.6% of total collected plastic post-consumer waste is used for 

energy recovery. Therefore, it seems important to consider GHG emissions caused by the 

material itself during its end-of-life phase. Assuming a pure polymer, the net GWP of 

European fossil-based HDPE would be 4.94 kg CO2eq if incineration is considered as an 

end-of-life option. 

 

Biomass has emerged as an alternative feedstock to replace fossil feedstocks for plastic 

production. The net GWP of Braskem’s bio-based HDPE (-2.15 kg CO2eq) shows that bio-

based plastics are comparatively better than both fossil-based and CO2-based plastics in 

terms of GHG emissions reduction and carbon sequestration. However, the land, water, and 

fertilizers required to grow biomass might cause sustainability issues and various other 

environmental problems. For instance, the production of 200 kt of Braskem’s bio-based PE 
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requires approximately 65000 hectares of land for sugarcane cultivation (Clemesha 2020). 

As the demand for bio-based plastics increases, the demand for agricultural land and water 

also increases, which might cause problems related to food and water security in the future. 

Similarly, nutrients, pesticides, and herbicides used in biomass cultivation affect nearby 

water resources through eutrophication. The eutrophication potential (EP) of Braskem’s bio-

based PE is around 0.018 kg PO4eq per kg product (Ziem et al. 2013, 5), which means the 

annual production of 200 kt of bio-based PE emits around 3.6 kt PO4eq in the environment. 

 

The result of this study shows that the production of CO2-based plastic using PtX technology 

is a promising alternative for PE production. Assuming the lifetime of a product to be short, 

the net GWP of fossil-based HDPE is 4.94 kg CO2eq as discussed above, which means GHG 

emissions could be reduced by 37% through the replacement of fossil-based HDPE by CO2-

based HDPE. The carbon footprint of Braskem’s bio-based HDPE is 68.2% lower than the 

carbon footprint of the studied CO2-based HDPE, however, it should be noted that the net 

carbon footprint value of Braskem’s bio-based HDPE is based on substitution credit 

methodological approach in which a credit equivalent to offsetting around one-fourth of the 

total GWP is awarded for the co-production of green electricity from sugarcane ethanol 

(Ziem et al. 2013, 7). CO2-based plastics could also reach lower overall GWP if only 

renewable energy is used. On top of that, there are sustainability issues associated with bio-

based plastic production as discussed above, which can be avoided by adopting the CO2-

based plastic production route. 

 

The obtained net GWP result of the studied product system shows that the European energy 

mix is suitable for the production of CO2-based polyethylene from the perspective of GHG 

emissions and climate change. A similar study was carried out by Kuusela (2020) on CO2-

based polypropylene manufactured using PtX technology. She calculated the net GWP of 

polypropylene to be -0.64 kg CO2eq based on the baseline scenario of the Finnish energy 

mix. When comparing with the result of her study, the carbon footprint of polyethylene is 

found to be around 26% greater than the carbon footprint of polypropylene. Despite the 

production processes of PE and PP being similar, the greater carbon footprint of PE arises 

mostly from the use of the European average energy mix instead of the Finnish energy mix. 
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For instance, the carbon footprint of PE is only around 7% greater than the carbon footprint 

of PP when switching to Finnish electricity from European electricity. 

 

The target of climate neutrality by 2050 is constantly encouraging the growth of renewable 

energy in Europe. In 2020, electricity generation from renewable sources climbed to 38%, 

for the first-time surpassing fossil-based electricity generation which dropped to 37%. 

Around one-fifth of the European electricity was generated from wind and solar in 2020. 

Electricity generation from wind and solar increased to 14% and 5% in 2020 from 9% and 

3% in 2015, respectively. With the rise of renewable sources, fossil-based electricity 

generation is declining simultaneously in Europe. For instance, in 2020, electricity 

generation from coal decreased by almost 50% since 2015, which is equivalent to avoiding 

around 320 Mt CO2 per year. (Agora Energiewende and Ember 2021.) GHG emissions of 

the European electricity sector have been decreasing significantly over the past three 

decades. GHG emissions resulting from the European electricity sector in 2020 were 54% 

less compared to the GHG emissions in 1990. (European Environment Agency 2021b.) 

 

Similarly, Finland has been impressive in terms of electricity generation from renewable 

sources. In 2020, 51% of the Finnish electricity was generated using renewable sources. 

Hydropower, biomass, and wind power are the top three renewable resources for electricity 

generation in Finland. In 2020, around 7.8 TWh of electricity was produced using wind 

power, which represents 11.8% of the total Finnish electricity generated. CO2 emissions 

associated with the Finnish power sector in 2020 have decreased significantly by around 

78% compared to the emissions in 2010. (Finnish Energy 2021.) 

 

Since the electrolysis process has the highest energy consumption in the studied system, it 

seems important to power electrolyzers with renewables such as wind and solar. As seen in 

the sensitivity analysis, the highest carbon footprint is observed when using a grid mix 

electricity for the electrolysis process, which is 349% higher than the carbon footprint in the 

baseline scenario where wind power is used. Assuming the European annual demand for PE 

resins including HDPE, MDPE, LDPE, and LLDPE to be 15.1 Mt (PlasticsEurope 2020a), 

roughly 401 TWh of wind power is required for the electrolysis process alone based on this 

study. In 2020, 458 TWh of electricity was generated by the European wind farms 
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(WindEurope 2021), which means around 88% of the total wind power generated in Europe 

is needed for the electrolysis process alone to meet the European annual demand for PE if 

manufactured using the studied route. This demonstrates the necessity of increasing the 

production of renewable energy in the future. Despite the COVID-19 pandemic, new wind 

and solar installations were unexpectedly robust in 2020, and the numbers are predicted to 

grow even more in the future. To meet the European target of cutting 55% of GHG emissions 

by 2030, electricity generation from wind and solar needs to be increased to annual average 

growth of 100 TWh between 2020-2030, which is almost 3 times the annual average growth 

of 38 TWh in 2010-2020. (Agora Energiewende and Ember 2021.) 

 

As seen from the results, the thermal energy required for the MTO, CO2 capture, and 

polymerization processes is the major contributor to the total carbon footprint of CO2-based 

PE. Around 67% of the total carbon footprint arises solely from the use of natural gas-based 

thermal energy in the mentioned processes. Industrial process heat generation in Europe is 

dominated by fossil fuels such as natural gas, therefore, to move towards a low-carbon 

economy, it is important to increase the use of renewable heat sources such as solid biomass 

(Malico et al. 2019, 960). Switching to Finnish biomass from the European natural gas for 

thermal energy generation reduces the carbon footprint of CO2-based PE by around 65% as 

seen in the sensitivity analysis. This shows the importance of renewables in reducing GHG 

emissions from the industrial heat sector. 

 

Improving the energy efficiency of unit processes can reduce GHG emissions as well as the 

energy-related cost of CO2-based PE. The energy efficiency of the processes can be 

improved, for instance, by using process-intensifying equipment and methods. (Cefic 2013.) 

The problem of high thermal energy demand for solvent regeneration in the CO2 capture 

process can be reduced through the development of effective novel solvents, and through 

process modifications (Le Moullec et al. 2014, 1471). Regarding the water electrolysis 

process, various research studies have concentrated on changing operational parameters and 

employing innovative electrolysis system components with an aim of improving efficiency 

(Burton et al. 2021). 
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Methanol-to-olefins is an important process in the production of CO2-based polyolefins. As 

seen in the sensitivity analysis, the carbon footprint of CO2-based PE is reduced by around 

20% when using the DMTO process instead of the general MTO process. This demonstrates 

a need for further development of new MTO processes that are efficient in terms of energy 

demand and olefins selectivity. Currently, research studies have been focusing on the 

advancement of new catalysts that can deliver higher conversions, higher selectivity of 

olefins, and long-term stability (Pires da Mata Costa et al. 2021). For instance, after the 

success of DMTO-II, the Dalian Institute of Chemical Physics (DICP) team has developed 

a third-generation DMTO technology (DMTO-III) through which ethylene and propylene 

selectivity of 85-90% can be achieved without recycling C4
+ hydrocarbons. This technology 

uses a new DMTO catalyst and improved reactor design that can optimize the distribution 

of coke deposited on the catalyst, consequently providing higher ethylene and propylene 

selectivity. (Ye et al. 2021, 20.) 

 

Similarly, another important method of improving energy efficiency in industrial processes 

is heat recovery and reuse. Around 20-50% of the energy used in industrial processes is 

estimated to be lost, for instance, through exhaust gases and heat losses from the equipment. 

Optimization of heat integration between the processes provides a great opportunity to 

reduce energy consumption. (Cefic 2013.) As seen in the sensitivity analysis, the carbon 

footprint of CO2-based PE can be reduced by 8.7% through the integration of excess heat 

from methanol synthesis into the CO2 capture plant. 

 

Production of CO2-based PE looks promising from the perspective of GHG emissions 

reduction. However, it is important to study the whole life cycle stages of this route to 

understand the overall environmental impacts so that precise comparison can be carried out 

with other feedstocks. Based on the study of Keller et al. (2020), environmental impacts such 

as GWP, fossil resource depletion (FRD), and acidification potential (AP) of CO2-based 

olefins are greater than those of fossil-based olefins with a very great margin, and this is 

mainly caused by the use of grid mix electricity, especially in the electrolysis process. 

However, when wind energy is used, all of these environmental impacts reduce significantly, 

below the environmental impacts of fossil-based production (Keller et al. 2020). This reflects 

the importance of renewable energy integration into CO2-based plastic production. 
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Other environmental and sustainability aspects that should be taken into consideration in 

CO2-based plastic production are water and land use. As observed in the inventory analysis 

of electrolysis, producing a kg of hydrogen requires around 9 kg of water. The issue of a 

large amount of water requirement in this process should be taken seriously depending on 

the geographical location to avoid a water security problem (Koj et al. 2019, 867). 

Furthermore, water generation in methanol synthesis is another issue that might need 

attention through proper treatment and recycling to other processes to reduce the overall 

water demand of the studied route. Along with the benefits, the use of renewable energy in 

CO2-based plastic production comes with limitations. It is estimated that the amount of land 

needed to generate a unit of power using renewable sources such as wind and solar is 10 

times more than the land required in fossil-based power generation (Gross 2020). This shows 

the urgency to develop solutions to reduce the pressure on land use from renewable energy 

infrastructures. 

 

The future of CO2-based plastic production looks positive from the perspective of feedstock 

since CO2 is cheap, easily accessible, and a renewable source of carbon. Additionally, the 

production of CO2-based plastic using PtX technology provides the opportunity to turn waste 

into value, which is beneficial from the point of a circular economy. (Grignard et al. 2019, 

4466.) CO2 electrochemical reduction, which is an emerging power-to-chemical technology, 

might be helpful to further reduce the environmental impacts of CO2-based plastics as this 

technology has the ability to convert CO2 and H2O directly into chemicals without requiring 

intermediate processes such as electrolysis, therefore, research studies on such technologies 

are of great importance (Wyndorps et al. 2021, 5748). Similarly, plastic production from 

plastic waste as a feedstock through chemical recycling is gaining popularity recently, which 

has a great potential to close the material loop and prevent the over-use of virgin resources 

(Loske 2020). In-depth comparative studies are necessary to fully recognize the suitable 

feedstocks for plastic production in terms of environmental benefits, sustainability, 

economic feasibility, and technological readiness. 
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8 CONCLUSION 

 

The issue of climate change is a hot topic, and its effects have been visible worldwide. The 

European target of becoming carbon-neutral by 2050 reflects the urgency to reduce GHG 

emissions from all sectors. Reduction of GHG emissions in the energy sector is promising 

with the development of renewable energy sources that are quickly replacing the use of fossil 

fuels. However, fossil fuels as feedstocks are still prevalent in chemical industries that too 

require attention to achieve carbon-neutrality. Plastic production, which is one of the 

important parts of chemical industries, hugely depends on fossil fuels for both energy and 

feedstock purposes. CO2 as a feedstock for plastic production could play an important role 

not only in GHG emissions reduction but also in reducing the pressure on finite fossil 

resources. 

 

The primary objective of this thesis study was to understand the GHG emissions resulting 

from the production of CO2-based polyethylene resins. Based on the result of the study, CO2-

based HDPE produced using the European energy mix is a net carbon sink, which has the 

potential to remove 0.03 kg CO2eq from the atmosphere for every kg of HDPE produced. 

GHG emissions of fossil-based HDPE production are 42% less than that of CO2-based 

production, however, considering the biogenic carbon content in CO2-based HDPE, the net 

GWP result suggests that 1.83 kg CO2eq/kgHDPE of emissions could be avoided by adopting 

a CO2-based route instead of a fossil-based route for HDPE production. Bio-based HDPE 

seems to be a better carbon sink than CO2-based HDPE as it can remove 2.15 kg CO2eq from 

the atmosphere for every kg of HDPE produced, however, attention should be given to the 

possible sustainability issues that might arise from biomass cultivation for plastic 

production. 

 

The major discovery from the sensitivity analysis is that the electrolysis process is the main 

hotspot for GHG emissions since it is the most energy-intensive process in CO2-based 

polyethylene production, which represents 73.5% of the total energy use. The use of the 

European grid mix electricity instead of wind power, in the electrolysis process, increased 

the carbon footprint of PE by 349%. Therefore, the use of renewable electricity in 

electrolysis is extremely important to reduce the overall carbon footprint. Similarly, the 
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source of thermal energy is another important factor affecting the carbon footprint. The 

lowest net GWP of -2.04 kg CO2eq (similar to that of bio-based PE) is achieved when 

switching to Finnish biomass from the European natural gas for thermal energy supply. This 

shows the importance of renewable heat sources in reducing the carbon footprint of CO2-

based polyethylene. Finally, it is also seen that the carbon footprint can be reduced, for 

instance, by using alternative unit processes with low energy consumption, and through 

waste heat integration. 

 

This thesis study provides knowledge on the environmental aspect of plastic production 

using CO2 as a feedstock. The limitation of this study is that it includes only the energy use-

related GHG emissions when calculating the carbon footprint, considering electricity and 

thermal energy consumption to be the most influential factors responsible for GHG 

emissions in plastic production. GHG emissions related to solvents, catalysts, and additives 

required in various unit processes as well as GHG emissions related to the construction of 

plants, and repair and maintenance of equipment are not included in this study. Furthermore, 

all the unit processes associated with CO2-based PE production are assumed to be on the 

same site, neglecting GHG emissions related to compression, storage, and transportation of 

the intermediate products. Although these things have minimum impact on the total GHG 

emissions compared to the impact of energy use, it might be a good idea to include them in 

future studies to get a clear picture of the total GHG emissions related to the studied route. 

Besides GHG emissions, other environmental and sustainability issues related to CO2-based 

polyethylene, such as water and land use, could be included in future studies. 
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Appendix I, 1  

Appendix I: Process flow diagram of CO2-based HDPE 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 Appendix II, 1 

Appendix II: Life cycle inventory data 

 

Process 

 

Input Quantity Unit References 

MEA scrubbing Steam 3.3 MJ/kg CO2 (Abu-Zahra et al. 2007) 

 Electricity 0.12 MJ/kg CO2 (Giordano et al. 2018) 

DAC Steam 5.3 MJ/kg CO2 (Keith et al. 2018) 

 Electricity 1.32 MJ/kg CO2 (Keith et al. 2018) 

Alkaline electrolysis Electricity 180.36 MJ/kg H2 (Green Hydrogen Systems 

2021) 

 H2O 8.78 kg/kg H2 (Meunier et al. 2020) 

 CO2 1.441 Kg/kg MeOH (Meunier et al. 2020) 

MeOH synthesis H2 0.203 Kg/kg MeOH (Meunier et al. 2020) 

 Electricity 1.188 MJ/kg MeOH (Meunier et al. 2020) 

 Methanol 2.55 kg/kg ethylene (Yu and Zheng 2019) 

MTO (agg.) Steam 13.75 MJ/kg ethylene (Yu and Zheng 2019) 

 Electricity 1.66 MJ/kg ethylene (Yu and Zheng 2019) 

 Methanol 2.57 kg/kg ethylene (Xiang et al. 2014) 

DMTO Steam 5.59 MJ/kg ethylene (Xiang et al. 2014) 

 Electricity 1.65 MJ/kg ethylene (Xiang et al. 2014) 

 Ethylene 1.02 kg/kg HDPE (PlasticsEurope 2016b) 

HDPE polymerization 

(agg.) 

Steam  1.32 MJ/kg HDPE (PlasticsEurope 2016b) 

 Electricity 1.56 MJ/kg HDPE (PlasticsEurope 2016b) 

 Ethylene 1.02 kg/kg HDPE (Joosten 1998) 

HDPE polymerization Steam 0.3 MJ/kg HDPE (Joosten 1998) 

 Electricity 2.0 MJ/kg HDPE (Joosten 1998) 

 


