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Knowledge grows with every new insight, yet remains incomplete, as absolute truth is an unreachable horizon.









PROLOG


Concept and Context


Plastic is one of the great paradoxes of modern civilization: a triumph of chemical engineering and, at the same time, a symbol of a fundamentally broken relationship with planetary resources. This book does not interpret the so-called “plastic crisis” as an isolated waste problem. It understands it as a visible symptom of a much deeper systemic failure – the linear mismanagement of resources.


We have perfected the creation of high-performance plastics. What we have failed to design are the cycles that keep these materials safely and productively within the technosphere.


Plastics in the Loop – Waste as a Resource seeks to bridge the gap between material design and systemic transformation. Its trajectory follows carbon from its origins to the industrial realities of modern recycling systems. The intention is to replace emotionally charged and often superficial debates with a fact-based, scientifically grounded perspective. At the center of this analysis lies the concept of the Circular Plasticonomy. This term describes more than a technological framework; it represents a paradigm shift. Plastics must no longer be treated as disposable waste, but as finite and valuable carbon carriers. The objective is a system in which the concept of “waste” itself becomes obsolete – because every molecule remains in circulation through mechanical, chemical, or feedstock recycling pathways.


A note on geographic focus: To ensure analytical precision and verifiability, this book primarily draws on data and structural examples from Germany. Germany as part of the European Union functions as an exemplary field of application for circular systems, as both the potential and the practical challenges can be traced at this location. This defined reference frame avoids vague global generalizations and provides a solid basis for discussion, from which insights can be critically transferred to other national and regional contexts.


This book is written for those who actively shape material cycles: industry leaders, policymakers, and consumers alike. Consumers are not addressed as moral actors, but redefined as Resource Managers. Decisions made at the supermarket shelf or at the recycling bin are examined as effective steering impulses within a complex anthropogenic metabolism. To translate systemic insight into operational guidance, the 18R-Model is introduced. It expands the traditional understanding of recycling into a comprehensive strategic compass – ranging from the conscious refusal of unnecessary materials to high-technology resource regeneration.


This book does not provide a “green” justification for business-as-usual. It demands a rigorous reassessment of established patterns. While the transformation toward a Circular Economy is undeniably complex, it is neither unrealistic nor unattainable. It requires precision in language, honesty in assessment, and shared responsibility for the material world we have created.


The following chapters are intended to provide the foundation for this transition – and the tools needed to turn a linear dead end into a sustainable loop.










CHAPTER 1

 Resource Responsibility – The Global Challenge of Our Time


Our world is confronted with a multitude of pressing problems that seriously threaten human existence and the future of our planet. Daily, we encounter terms such as climate change, carbon dioxide emissions, resource scarcity, environmental pollution, the plastic waste problem, etc. – topics that are discussed with increasing urgency and concern.I However, hidden within these terms is an often complex but also blurred world with multifaceted cause-and-effect relationships that can challenge our human imagination.2


Nevertheless, let us look at some examples in which these terms play a role to varying degrees:II, III


Currently, around 19,109 million liters of crude oil are consumed daily, which corresponds to the content of 6,169 swimming pools.IV At the same time, about 44 km2 of rainforest are deforested – an area of approx. 6,162 football fieldsV. 1 In the same period, about 1.1 million tonnes of plastic wasteVI, 2 are produced, of which up to 35,000 tonnes3 end up in the ocean, which corresponds to 875 truckloadsVII and adds to the approx. 150 million tonnes4 already located there. For a better understanding of these large numbers: every EU citizen produces an average of 36.1 kilograms of plastic packaging waste per year – and the trend is rising.5 In a larger timeframe, the average temperature of the Earth’s atmosphere has risen by 3.3 °C (+46%)VIII in the last 100 years, and the average temperature of the world’s oceans in 2022 was 0.67 °CIX above the average of the 20th century.6 Furthermore, about 104 million tonnes of carbon dioxide (CO2) are generated per day, which contribute to an increase in the amount of carbon dioxide in the Earth’s atmosphere. Overall, the concentration increased in the period 1984– 2021 by about 74 ppmX (+22%) to currently approx. 420 ppm carbon dioxide.7


This list could be continued indefinitely...


But what connects all these problems and complex challenges?


The answer is simple but fundamental: humanity’s handling of “its” resourcesXI. In particular, natural material resourcesXII form the backbone of our modern civilization and are the “fuel” that drives our global society and enables our current lifestyle. However, these resources are finite within planetary boundaries.8


Nevertheless, we dig ever deeper for raw materials, fell more trees, extract more oil, and pollute more water to meet our steadily increasing hunger for resources. The result: a planet marked by the scars of overexploitation, and new wounds are created daily. The continuation of excessive exploitation has devastating consequences for our environmentXIII, 9 and, in the medium to long term, also for humanity, whereby clear signs are already recognizable.XIV, 10


Does this constitute a responsible handling of resources?XV, 11 In addition to primary natural resources, there are also secondary resources produced from natural resources, such as plasticsXVI, which will be the subject of this book.


Plastics have become an integral part of our modern society, with an ubiquitous presence and an increasingly irreversible dependence.


Annually, millions of tonnes of plastics are produced; for example, in 2021, it was approx. 391 million tonnes.12 However, a significant portion of these ends up at the end of the plastic product’s lifetime in landfills or in the environment, where it remains for decades.XVII, XVIII


Plastic waste, for instance, forms huge floating islandsXIX in the oceans, threatening the marine ecosystem and wildlife. MicroplasticsXX enter our food chain and could have serious long-term health effects on humans.13 Another part of the plastic waste is incinerated and thus contributes to the increase in the amount of carbon dioxide in the Earth’s atmosphere – we are increasingly transforming our planet into a global landfill. Does this constitute a responsible handling of resources? It should be emphasized that the current society, oriented towards consumptionXXI, exacerbates these problems as plastic products are often used for only a short time and then thrown away, so that new plastic products must repeatedly be created from primary resources – a self-reinforcing downward spiral. This leads to a rapid increase in plastic waste, environmental pollution, and carbon dioxide emissionsXXII, which represents a problem of planetary boundariesXXIII.14 Plastic waste is not only an ecological problem, but also an ethical and economic problem. Overall, we feel the consequences of incorrect resource management. Nevertheless, humanity, with its current resource management, is in an accelerating downward spiral-paradoxically, a majority is aware of the problem or at least knows of it.XXIV, 15


But what can we do to meet these challenges?


One solution lies in a responsible and conscious handling of resources. One sub-aspect of this, which has the potential to transform our world, is recyclingXXV, which generates valuable resources again from waste.


These are then fed back into the value chain, so that waste becomes a resource for new products and the dependence on limited resources is reduced – “turning old into new”, infinitely often. Efficient recycling can not only contribute to waste reduction but can also be a key to solving many of the previously mentioned problems and thus make a contribution to environmental protection and sustainabilityXXVI, 16. Recycling could also be a fundamental building block of a future Circular EconomyXXVII, away from the currently unsustainable Linear EconomyXXVIII.


The reader might now remark that recycling for plastics has already existed for a long time – in many countries, collection and sorting for recycling are carried out.


A look at the global recycling rate or the Circularity GapXXIX of 9%17 shows, however, that there is a significant discrepancy between vision and reality – i.e., only 9 kg out of 100 kg find their way back into the production process.XXX


Can better recycling be the answer or part of the answer to the challenges of our time? What can we do to promote recycling? What can we do to improve recycling? How can we contribute to realizing the transformative significance of recycling? What can we do to handle resources more responsibly?


Answers to these questions are crucial for a more sustainable future for humanity.


In the following chapters, we will dive into the current Plastic Economy or PlasticsphereXXXI and the Circular PlasticonomyXXXII to answer these questions.48





I Number of Google entries (21.01.2026): climate change: 1.02 billion; carbon dioxide emissions: 94.9 million; energy consumption: 467 million; depletion of resources: 34.3 million; environmental pollution: 274 million; plastic waste: 337 million.


II The values shown are based on a snapshot and may vary depending on the source of the data due to methodological differences; however, similar trends are recognizable.


III We will look at the effects in more detail at a later point.


IV Swimming pool dimensions: 50 m × 25 m × 2 m = 2500 m3.


V Football field dimensions: 105 m × 68 m = 7,140 m2.


VI Basis is the annual production of plastics: 391 million tonnes (2021) and the assumption that all plastics become plastic waste after their use phase.


VII In Europe, the average payload of a truck is approx. 25 tonnes.


VIII Annual mean: 7.2 °C (1922); 10.5 °C (2022). Overall, values fluctuate, but the trend line has a slope of 0.0093.


IX 2022 approx. 0.87 °C higher than 1922.


X ppm = parts per million. I.e., in a quantity of 1 million particles in the Earth’s atmosphere, approx. 420 particles of carbon dioxide are contained, which corresponds to a percentage of 0.042%. In a cube with a side length of 10 cm, there are approx. 1.05×1022CO2 molecules. For comparison, it is estimated that the universe contains approx. 7×1022stars.


XI A resource (French: la ressource) is a means or a source that can be used to achieve goals or satisfy needs. It can be of a material or immaterial nature, such as natural resources (e.g., water, raw materials), economic resources (e.g., capital, labor), or also immaterial resources such as knowledge and technology.


XII Primary resources: e.g., fossil resources (oil, natural gas, coal), biomass, resources from the lithosphere, air, water, etc.


XIII The environment encompasses all external influences that shape the life and actions of subjects. A distinction is made between the internal world and the external world. Every subject constructs its own environment based on perceptions, needs, and spheres of action. Therefore, there is no uniform, objective environment, but a multitude of subjectively experienced environments. However, subjects are not only passive recipients but are in constant interaction with their environment and actively shape it. These individual environments are embedded in larger systems that encompass communities of subjects and their interactions with the biotic (all living environmental factors), abiotic (all inanimate, physical, and chemical environmental factors), social, and economic environment.


XIV To whom do the natural material resources actually belong or who owns them? The historically deepseated, anthropocentric perspective (Greek: anthropos = human) places humans at the center of all considerations and views nature primarily as a resource for satisfying human needs. This hierarchical way of thinking, which subordinates humans to nature, reduces the environment to its utility. This often leads to a problematic handling of nature. The one-sided focus on utility promotes exploitation and short-term thinking, while ecological boundaries and the independent value of nature are ignored. Without a rethinking that recognizes the value of nature independent of human utility, a sustainable relationship between humans and the environment remains difficult to achieve – for example, through an ecological perspective that also includes the human perspective.


XV Responsibility is a multifaceted concept with individual, collective, social, and ecological dimensions. Individual responsibility means standing up for one’s own decisions, while collective responsibility describes the joint liability of groups. Social responsibility emphasizes the contribution to the common good, and ecological responsibility demands the protection of the environment. There are different forms of responsibility: reactive responsibility accepts consequences, proactive responsibility prevents negative effects, sustainable responsibility aims for long-term positive development, and ethical responsibility is based on moral principles.


XVI Plastics are a class of materials that contain large molecules composed of repeating units. The term “Plastics” describes artificially produced materials. The word “Plastics” comes from Greek and means the molded/molding art.


XVII The statement refers to the worldwide quantity of plastic waste.


XVIII For some types of plastic, longer residence times are also assumed.


XIX E.g., Great Pacific Garbage Patch.


XX Microplastics are solid, insoluble plastic particles in a size range from less than 5 millimeters to 1,000 nanometers (corresponds to 0.001 mm).


XXI The term consumption (Latin: consumere = to use up, consume) denotes the purchase, or use of material or immaterial goods and services by economic actors.


XXII The term emission (Latin: emittere = to send out) denotes the release of particles, substances, radiation, or energy into the environment. This release can occur through both natural processes and human activities. In contrast, immission (Latin: immittere = to send in) describes the impact or effect of the emission on the environment.


XXIII Planetary boundaries indicate how much humans can strain the natural systems of the Earth without risking irreversible changes to the global state of the environment.


XXIV Ipsos Global Trends 2023: Around 80% of respondents worldwide are of the opinion that without rapid changes in our habits, we are heading towards an environmental disaster.


XXV The term recycling (English: re = again, back, cycle = circle) denotes the process in which waste products or used materials are collected, processed, and reused to manufacture new products.


XXVI The term sustainability is used in an inflationary manner today and encompasses a variety of definitions with different focuses. In the context of this book, the following description according to the Brundtland Commission is used: “Sustainability means meeting the needs of the present generation without compromising the ability or possibility of future generations to meet their own needs. This includes not only the responsible handling or conservation of resources, but also the minimization of losses and the most frequent possible reuse of materials in high-quality form.”


XXVII The Circular Economy corresponds to a regenerative system in which the use of resources and energy, the production of waste and emissions, is minimized by slowing down, reducing, and closing energy and material cycles.


XXVIII In a Linear Economy, the raw materials used are landfilled or incinerated after the period of use of the products.


XXIX The Circularity Gap describes the difference between the potential to use resources in a Circular Economy manner and the amount of these resources actually used.


XXX In Germany, 64% of plastic waste is incinerated and 36% recycled (Source: German Federal Environment Agency).


XXXI The Plastic Economy/Plastics Economy encompasses all economic activities and structures, interactions of actors (such as industry, consumers, authorities), and interactions with other economies associated with plastics. This includes the entire life cycle. The Plasticsphere focuses on the material material flows within the plastic economy. The Plasticsphere can be viewed as a static or dynamic system with an input value and an output value. The Plastic Economy and the Plasticsphere are part of the technosphere and overall of the anthroposphere (Greek: anthropos = human; sfära = sphere). The anthroposphere is the habitat created and influenced by humans. The term technosphere as part of the anthroposphere restricts the space to technical products/processes.


XXXII The Circular Plasticonomy describes a (future) circular economic model and societal ideal for plastics based on sustainability in all phases of the life cycle. The goal is to harmonize value creation and environmental responsibility. The Circular Plasticonomy is part of the Circular Economy.










CHAPTER 2

 Carbon Dioxide – The Seed of Plastic


Before we take a closer look at the end-of-life of plastics or plastic products, it seems important to consider the current life cycle within the plastic economy with its various paths from the very beginning. This is essential to fundamentally understand and categorize the advantages and disadvantages of individual aspects of plastic waste management. In this context, an everyday beverage bottle made of the plastic PETI will accompany us through the book as an exemplary representative of all plastics.


It is often stated that the life cycle of plastics begins with fossil raw materialsII such as crude oilIII and natural gas.18 However, this perspective is far too narrow. The life cycle of plastics actually begins with the molecules water (H2O) and carbon dioxide (CO2) (Figure 1). While one molecule (H2O) is promoted as the “element of life” or “no life without water”, the other molecule (CO2) is unjustly ill reputed as a “climate killer”IV.


For a better understanding, one of the key building blocks of plastics, the element carbon (C) from carbon dioxide (CO2), will serve as our marker throughout the entire life cycle.


How did the two basic substances – H2O and CO2 – give rise to the fossil resources we use today?
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Figure 1. Formation of fossil resources.






Water and carbon dioxide are convertedV into chemical compounds (e.g., carbohydratesVI) by organisms in the biosphereVII, such as phytoplanktonVIII (microscopic aquatic organisms) or plants, through complex metabolic processes using sunlight (photosynthesis).19 These can then undergo further transformations in downstream biochemical processes. These conversions are not restricted intraorganismically to the primary carbohydrate producers; rather, a transfer of matter with other (higher) organisms is also possible, which is essential for these organisms (trophic relationships or food chainsIX).20


The totality of substances obtained through or participating in biochemical processes represents the biomassX. The carbon (C) from our starting compound, carbon dioxide (CO2), is thus incorporated into the biomass. It circulates there, is converted into various chemical compounds, and plays a central role in maintaining the biosphere.21 Consequently, for carbon dioxide as well, the following must hold true: “No life without carbon dioxide”.


It should be noted that energy in the form of solar energy is required for the conversion of water and carbon dioxide into carbohydrates. Energypoor molecules (H2O, CO2) are converted into energy-rich substances (e.g., carbohydrates), which can be seen as a storage medium for solar energy.22 For example, producing one kilogram of the carbohydrate Dglucose (C6H12O6)XI from water and carbon dioxide requires 15,940 kJXII of energy, which corresponds to 4.43 kilowatt-hours.23 In the reverse process – cellular respiration or “combustion” of D-glucoseXIII – the same amount of energy is released, just as it is during the combustion of coal, oil, and gas. With this energy, we could run a 6-watt LED lamp continuously for about 30 days or cover a distance of approximately 30 km in an electric car.24


For the formation of crude oil, the biomass of phytoplankton is of significance, whereas the biomass of both aquatic and terrestrial organisms serves as the source for the formation of natural gas.25 Living phytoplankton is found in the upper approximately 60 meters of the water column, where it performs photosynthesis and subsequently increases the biomass.26 As light intensity decreases with increasing water depth, photosynthetic performance also declines, thereby limiting the habitat of phytoplankton. At the end of its lifespan, all biochemical processes within the phytoplankton cells cease, and no further biomass can be built up.


Usually, the majority of dead phytoplankton biomass serves as an energy source for other organisms.27 For instance, the carbohydrates formed are converted back into water and carbon dioxide through biological oxidations (cellular respiration, decomposition, decay), releasing energy used for further biological processes or to sustain life. In this case, the phytoplankton biomass disappears completely and continues to exist only as an (energy) signature in other organisms. However, for these decomposition processes to occur during the descent toward the seafloor, molecular oxygen (O2) must be present in sufficient quantities.28 If it is lacking, biological oxidation cannot take place, and the biomass of the dead phytoplankton cannot be broken down.


Several factors influence the oxygen content in water. For example, water temperature (the higher the temperature, the lower the oxygen contentXIV), water depth (the greater the depth, the lower the oxygen content), and the biological activity of oxygen-consuming organisms play a role. Only a vanishingly small fraction eventually reaches the seabed. The biomass is deposited there and, due to the oxygen-poor environment, cannot be decomposed and is thus no longer available to the biosphere (inactive biomass); here, the influence of the biosphere ends.


How does the biomass now become a fossil resource? The term “fossil”XV refers to two aspects: objects that were “buried” and a “high” ageXVI.29 This means the inactive biomass was initially mixed with sediments and subsequently covered layer by layer with more sediments, embedding it in the lithosphereXVII in an oxygen-poor state. Through continuous accumulation of sediments, the overburden increased steadily, resulting in a rise in temperature and pressure within the biomass layer. For crude oil and natural gas to remain permanently stored without escaping, an impermeable cap rock must be present. Crucially, the biomass-sediment layer must have undergone various geological processes such as Diagenesis, Catagenesis, and MetagenesisXVIII, which took a vast amount of time.30


For the formation of crude oil, it is decisive that a pressure of 300–1500 barXIX and a temperature in the range of 80–120 °C prevailed in the inactive biomass layer (the “oil window”).XX Under these boundary conditions, the chemical compounds contained in the inactive biomass were subjected to a transformation process (pyrolytic decompositionXXI); chemical bonds were broken and new ones formed. It should be noted that, in addition to pressure and temperature, a long reaction time is also crucial for a successful transformation (Figure 1). As a result, over millions of years, oxygen-rich carbohydrates were transformed into oxygen-poor hydrocarbons.XXII A mixture of hundreds of different liquid or viscous hydrocarbons formed, collectively known as crude oilXXIII. These hydrocarbons are located/collected in small cavities (pores) within the rock layer, comparable to a water-soaked sponge. If we again use D-glucose as a model for the chemical compounds formed from photosynthesis and compare the ratiosXXIV of the elements contained – carbon (62%), hydrogen (10%), and oxygen (28%) – with the average ratios in crude oil (carbon (C): approx. 85%, hydrogen: approx. 13%, oxygen: approx. 0.5%), it becomes clear that the proportion of oxygen has decreased significantly and crude oil has a higher percentage of carbon.31


If, however, the temperature of the biomass layer is in the range of 120– 180 °C, natural gas (the “gas window”) forms instead, consisting of small gaseous hydrocarbons (e.g., methane CH4, ethane C2H6). It should be noted that the composition of oil/gas can vary depending on the prevailing conditions (pressure, temperature, time, environment, starting material, etc.) during formation.


Looking at these complex processes, the question inevitably arises: how likely is it that the biomass of a microorganism living in primeval times ends up in a PET bottle?


Besides the right physical and chemical conditions, chance plays a decisive role – the microorganism had to exist at the right time in the right place, so the probability can be compared to that of a lottery. However, the “power of large numbers” comes into play here: the enormous global oil reserves of around 0.876 trillion tonnesXXV show how even in a lottery game, the “infinite” number of draws favors success.32


Furthermore, it appears that even when all conditions are met, efficiency is not very high. Estimates suggest that to obtain 1 kg of crude oil (with a carbon content of 0.85 kg), approximately 11,800 kg of primeval biomass carbon is required, representing an efficiency of only 0.07%.33 Importantly, the remaining 99.93% is not “lost” but continues to circulate in the carbon cycleXXVI. This means that for the global amount of crude oil, a total of approximately 10,300,000 billion tonnes of primeval biomass carbon were required – an amount hardly imaginable from a human perspective. For comparison: the estimated carbon content of the biomass currently living on Earth is about 550 billion tonnes.XXVII, 34


At this point, after millions of yearsXXVIII, 35, the tasks of the biosphere and the lithosphere are complete, and the carbon (C) from the “primeval” carbon dioxide (CO2) is now a component of crude oil or natural gas – ready to end up in plastics and eventually in our PET bottle in the next steps.





I PET = Poly(ethylene terephthalate), polyester (in textiles).


II Renewable raw materials have been/are being discussed as a substitute for fossil raw materials. However, only relatively small quantities are currently used for plastics production (see Chapter 19). There are also considerations to use the fossil resource coal as a starting material for plastics.


III Crude oil (Latin: oleum) is a collective term for a mixture of organic liquids (hydrocarbons) that are extracted from the Earth and are not miscible with water. Natural gas consists of a mixture of gases (hydrocarbons).


IV The term “climate killer” for carbon dioxide only describes the effect and distracts from the actual cause. It is human action that causes anthropogenic CO2 emissions, which in turn pose a threat to the climate.


V The present tense is used here because the fundamental functioning of the biosphere has remained the same both today and at the time the “today’s” fossil resources were formed.


VI Carbohydrates = compounds between carbon (C) and “water” (O, H).


VII The biosphere includes all areas of the Earth inhabited by living beings, including land, water, and air.


VIII The term phytoplankton (Greek: phytón = plant; planktón = the drifting) refers to the totality of microscopic, free-floating, mostly unicellular organisms in bodies of water. Phytoplankton includes numerous species, including diatoms, green algae, and cyanobacteria.


IX Trophic relationships describe the interactions between organisms in terms of their food and energy sources. They encompass all food relationships within an ecosystem. In contrast to the linear structure of a food chain, they represent a complex food web. The food chain is one aspect of trophic relationships and describes a linear sequence of organisms in which each organism serves as a food source for the next.


X The most important groups of chemical compounds in biomass are carbohydrates, proteins, lipids, and lignin.


XI Synthesis: 6CO2 + 12H2O + Energy → C6H12O6 + 6H2O + 6O2.


XII 15,940 kJ (kilojoules) = 3,810 kcal (kilocalories) (1 joule is a unit of energy defined as the amount of work performed when a force of 1 newton – the force required to accelerate a mass of 1 kg at 1 m/s2 – is applied over a distance of 1 meter).


XIII C6H12O6 + 6O2 → 6CO2 + H2O + Energy.


XIV At a water temperature of 10 °C, 11 mg of oxygen are dissolved in 1 liter of water; at a water temperature of 25 °C, 8 mg of oxygen are dissolved in 1 liter of water (the salt content of the water is not taken into account). To break down 1 kg of D-glucose, the dissolved oxygen in approx. 150,000 liters of water (equivalent to the contents of 4.5×20-foot ISO (International Organization for Standardization) containers: 5.9 m × 2.4 m × 2.4 m = 33.2 m3) (10 °C) or 206,800 liters of water (6.2×20-foot ISO containers) (25 °C) (the oxygen balance between air and water is not taken into account). The increase in ocean temperature described in Chapter 1 thus leads to a reduction in oxygen content with negative consequences for marine ecosystems.


XV Latin: fossilis = dug up.


XVI >10,000 years (Pre-Holocene).


XVII The lithosphere (Greek: lithos = stone; sfära = sphere) comprises the Earth’s crust and the outermost part of the mantle.


XVIII Diagenesis (Greek: dia = through, genesis = formation, development): transformation at low temperatures and pressures. Catagenesis (Greek: kata = down, downward): transformation at medium temperatures and pressures. Metagenesis (Greek: meta = after, beyond): transformation at high temperatures and pressures.


XIX Normal pressure: 1,1325 bar = 1013,25 hPa. A pressure of 300 bar corresponds roughly to the weight of the Eiffel Tower on an area of 1 m2.


XX In addition, the surrounding material (minerals) can act as a catalyst and reduce the activation energy for the conversion process.


XXI Pyrolysis: thermal decomposition process in an oxygen-poor or oxygen-free atmosphere (Greek: pyr = fire; lysis = dissolution).


XXII Hydrocarbons = compounds between carbon (C) and hydrogen (H). Among others, the following organic compounds are included: n-alkanes [(e.g., propane (C3H8), butane (C4H10), pentane (C5H12), hexane (C6H14), heptane (C7H16), octane (C8H18)], isoalkanes, cycloalkanes, aromatics [e.g., benzene (C6H6), toluene (C7H8)] and others.


XXIII The flow properties are based on room temperature.


XXIV Percentage mass fractions of the chemical elements contained.


XXV 1 billion tonnes equals 1,000,000,000 tonnes.


XXVI The carbon cycle describes the global process by which carbon circulates between different storage systems, such as the atmosphere, the oceans, the biosphere, and the lithosphere.


XXVII It should be noted that the amount of biomass is a variable quantity that is related to and interacts with other reservoirs in the carbon cycle. It also depends on other external factors, such as temperature.


XXVIII It is estimated that around 70% of the oil consumed today was formed around 250 million years ago.










CHAPTER 3

 Fossil Resources – From the Depths Around the World


How do fossil resources now reach the surface from the depths of the lithosphere? The answer seems simple: wells are drilled to create access points through which the crude oil reaches the surface. However, the complexity of oil production becomes evident in the details and depends on many factors. For instance, the accessibility of the reservoir is a central aspect. A distinction is made between onshore (on land) or offshore (at sea) deposits, with offshore production often requiring significantly higher equipment costs (oil rigs). Additionally, factors such as reservoir depth, the nature of the reservoir (e.g., size and shape), the geological environment, permeability of the reservoir layer, reservoir heterogeneity, the fill level, and the (viscous) fluidity of the oil (viscosity) play a role.36 Based on these variables and their impact on production complexity, a distinction is typically made between conventional and unconventional oil.37 Conventional or “cheap” oil is more easily accessible due to the favorable location of the deposits and low viscosity.I Unconventional oil is more difficult to extract and therefore more expensive, such as oil from oil sands, oil shale, deep-sea oil, or oil from polar regions.II


At the beginningIII of the oil era, it was possible to extract oil by simply drilling into the reservoir (primary recovery).38 The pressurized reservoirs force the oil to the surface, and in many cases, it can be transported directly via pipelines. This drainage mechanism is comparable to a filled balloon that deflates when opened. However, the pressure in the reservoirs drops quickly, and more than 80% of the oil remains in the reservoir and cannot be extracted using this method. The times of such simple extraction are over for most known sources.


Through the use of pumps and improved drilling technology, the oil yield can be increased by a few percentage points.37 Another possibility to improve the oil yield is to inject water, natural gas, nitrogen (N2), or carbon dioxide into the reservoir to increase the reservoir pressure (secondary recovery, gas drive). Furthermore, the poor miscibility of water and crude oil allows for the targeted transport of the oil to the extraction point (water drive).IV With this technique, an additional 10– 20% of oil can be extracted from the source.


A further option for increasing the production volume is the injection of industrial chemicals into the oil layer. For example, introducing a mixture of water and acid leads to improved permeability of the rock for the oil. Through chemical reactions, limestoneV, for example, is decomposed, and new paths are created in the rock to the boreholes.39 A disadvantage of this method is that the acid used must be produced in upstream energy-intensive processes.VI Another problem is the release of carbon dioxide resulting from the decomposition reaction of the rock with acid.VII It should be noted that the formation of carbon dioxide gas increases the pressure in the oil-bearing layer, thus enabling an expansion of production. The carbon in this carbon dioxide was absorbed directly or indirectly by organisms millions of years ago; however, it was not incorporated into organic compounds like carbohydrates (as described in Chapter 2), but stored in the form of inorganic compounds such as calcium carbonate, which are necessary for building skeletons.VIII


To avoid negative impacts on the atmospheric concentration of carbon dioxide, the released carbon dioxide should ideally remain in the lithosphere.


With the methods described, only the free-flowing portion of the oil can be extracted. To recover the heavy-flowing portion as well, tertiary recovery (enhanced oil recovery processes) can be applied, although this is only economically viable at high oil prices due to the high costs involved. Typically, the total yieldIX of crude oil can be increased to 50– 60%, which conversely means that approximately 50% of the oil cannot be extracted, or cannot be extracted economically, with established methods and remains in the lithosphere.40 One approach of tertiary recovery lies in changing the viscosity of the oil in the reservoir.41 For this purpose, gases such as nitrogen (N2), carbon dioxide, natural gas, or gasolineX are injected into the oil-bearing layer, which dissolve in the oil and improve its flowability, thereby allowing for an increase in production. Another option is the injection of superheated steam to heat the oil in the oil-bearing layer, resulting in a reduction in viscosity or improved flowability at higher temperatures (steam flooding). However, a considerable amount of energy is required to generate the superheated steam.XI This method is also used to extract crude oil from oil sands/tar sands; here, two to three barrels of water must be evaporated and superheated for every barrel of oil produced.XII


Additionally, there are processes that increase the viscosity of the water pumped into the oil phase by adding small amounts of polymers/plastics, e.g., poly(acrylamide) (polymer flooding).42 Due to the increased viscosity of the aqueous phase, the oil can no longer simply flow past but is driven toward the borehole by the aqueous phase. As with the acid process, the polymers used must be produced beforehand with an expenditure of energy and resources.37 The building blocks contained in the polymer are largely based on fossil raw materials; for example, the oil component propane is converted into poly(acrylamide) in a multi-stage process.43 Thus, fossil raw materials are obtained with the help and consumption of fossil raw materials.


The same applies to the surfactant process, in which the addition of surfactants reduces the interfacial tension between the aqueous and oily phases, thereby enabling the formation of emulsionsXIII, meaning the oil is finely dispersed in the water. Combinations of the various processes are, of course, also possible.44


After reaching the Earth’s surface, the crude oil is processed (separation of natural gas and water, desulfurization) before being transported to the oil refineryXIV for further processing.45 This is done through physical and mechanical processes that separate the various phases according to density. The transport route depends on the geographical location of the deposit and the oil refinery. For example, the nearest major production area to us is in the depths of the North Sea, specifically between the Shetland Islands and Norway.46 Oil has been produced here since the 1970s and is traded under the collective term “Brent”.XV Using oil rigs, the oil is extracted from a water depth of approx. 140 meters and a rock depth of approx. 2,800 meters. From there, the oil is transported via underwater pipelines to the oil terminal and subsequently loaded onto oil tankers. These transport the oil, for example, to the oil ports of Rotterdam or Wilhelmshaven, where it is again piped to its destination (refinery).47 Similar transport routes and means are also common for other well-known types of crude oil, such as West Texas Intermediate (WTI; production areas: Texas, New Mexico, Gulf of Mexico) and Dubai Fateh (Dubai Crude, production region: Persian Gulf), although these also include onshore production, where the crude oil is transported to oil terminals via overland pipelines.XVI


All production and transport methods shown require direct energy input to bring the oil to the surface or for transport, which reaches various magnitudes due to different complexities or dimensions (Figure 2). This energy is mainly “generated” or “obtained”XVII through the combustion of fossil resources into carbon dioxide and water and thus contributes to the depletion of fossil reserves.
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Figure 2. Fossil resources from the lithosphere to the anthroposphere (technosphere).XVIII






For example, the energy for transporting oil with tankers is provided by burning marine diesel, which is also obtained from oil.XIX Oil rigs areoften operated with dieselXX or natural gas. To reduce greenhouse gas emissions and save fossil resources, the use of renewable energiesXXI is conceivable, e.g., operating pumps using solar or wind energy.


In addition to direct energy use, there is also an indirect energy requirement (embodied energy)XXII for manufacturing the equipment needed for drilling and transport.


To illustrate this, let us take the important component steelXXIII as an example, which is an essential part of all stages between the lithosphere and the refinery (e.g., oil platforms, pipelines, oil tankers). To produce steel, iron ore (iron oxides) must first be mined and transported to the steel production site. In a high-temperature process (up to 2,300 °C), the iron ore is converted into pig iron by adding the fossil raw material coalXXIV.48 To reach high temperatures, part of the coal is burned, producing carbon dioxide and releasing the solar energy stored in the coal as thermal energy. Another part of the coal is used for the reaction with the iron oxide, and here too, the coal eventually becomes carbon dioxide and water.XXV Approximately 0.5 tonnes of coal are required to produce one ton of pig iron, resulting in about 1.8 tonnes of carbon dioxide.49 The resulting pig iron is refined into steel using further coal and additives to then form the products needed for oil production and transport equipment.


This can, of course, be extended to other necessary components (chemicals, plastics, etc.). However, the share of indirect energy or the amount of carbon dioxide formed per quantity of oil decreases the more oil is produced with the facilities; nevertheless, energy must first be invested before the first drop of oil can be extracted or to maintain production. As already described, the use of renewable energy could also contribute here to reducing the amount of carbon dioxide.


At this point, the carbon (C) we are considering from the former ancient carbon dioxide (CO2) has reached the gates of the refinery and is getting closer to its destiny as part of the PET bottle.





I The description “cheap” refers to the comparison of production costs.


II Oil sand is a mixture of sand grains, viscous oil, and water. Oil shale is a clayey-marly sedimentary rock that contains organic material.


III The first drillings were carried out between 1855 and 1860.


IV The poor miscibility is evident through the formation of two phases (top: oil, bottom: water). For offshore facilities, seawater is injected. To prevent the degradation of the oil by microorganisms contained in the seawater, biocides (active substances that specifically combat unwanted organisms) are added.


V Carbonate-bearing rock, such as calcite (calcium carbonate CaCO3).


VI E.g. a) Chlor-alkali electrolysis: 2NaCl (sodium chloride) + 2H2O + Energy → 2NaOH (sodium chloride) + Cl2 (chlorine) + H2 (molecular hydrogen); b) Cl2 + H2 → 2HCl (hydrochloric acid).


VII Underlying decomposition reaction using hydrochloric acid as an example: CO32- (carbonate) + 2HCl (hydrochloric acid) → CO2 + 2Cl- (chloride-ions) + H2O.


VIII E.g., shells of fossil microorganisms, snails, mussels, rock-forming corals, and sponges.


IX Sum of primary, secondary, and tertiary recovery.


X Petroleum product obtained by refining (see Chapter 5).


XI 4186.8 joules are required to heat 1 kg of water by 1 °C. Superheated steam is water with a temperature greater than 100 °C. Usually, a temperature window of 300–600 °C is used.


XII 1 barrel of oil contains approx. 159 liters, which corresponds to a mass of 0.136 tonnes (g/cm3).


XIII Examples of oil-water emulsions in everyday life: milk, mayonnaise.


XIV French: raffiner = to refine.


XV It is named after the Brent oil field (Brent Goose) owned by Royal Dutch Shell and Exxon Mobil Corporation, or rather their original companies, northeast of the Shetland Islands. It is traded on ICE Futures (Intercontinental Exchange) (formerly the International Petroleum Exchange (IPE)) in London.


XVI The most important types of crude oil (main oil markers) “Brent”, “West Texas Intermediate”, “Dubai Fateh”, and others often do not originate from a single source but rather refer to the regional origin of the crude oil. In addition, there is also the “OPEC Reference Basket”, which combines other types of crude oil from different regions.


XVII The terms “energy extraction” and “energy generation” are frequently used, but they are inaccurate because the first law of thermodynamics applies: energy can only be converted or transferred into different forms. In a closed system, the total energy remains constant. Consequently, energy conversion is the better description.


XVIII The greenhouse gases methane (CH4) and nitrous oxide (N2O) occur in smaller quantities than carbon dioxide, but have a higher global warming potential (CH4: 25 times more potent than CO2; N2O: 298 times more potent than CO2; source: German Federal Environment Agency).


XIX An oil tanker (Hellespont-Alhambra class) with a cargo capacity of 442,000 tonnes (equivalent to approx. 502.24 million liters of crude oil) and an output of 36,900 kW generates an average of 6918.75 kg CO2/h (187.5 g (CO2)/kWh). (S. Seum, C. Bahlke, C. Grasmeier, J. Gröger, M. Mottschall, S. Schnegelsberg “Environmentally friendly ship operation” Öko-Institut e.V., 2011). This results in the release of 0.33 g CO2/day for the transport of one liter of crude oil. Transporting one liter of crude oil from the USA to Rotterdam generates approx. 2.64 g CO2 (transport distance: approx. 5800 km, transport speed: max. 32 km/h, transport time: approx. 8 days at maximum speed).


XX Alkanes, cycloalkanes, and aromatic hydrocarbons with approx. 9–22 carbon atoms per molecule.


XXI Renewable energies, also known as regenerative or sustainable energy sources, include resources that are continuously available, such as solar radiation, wind power, hydropower, geothermal energy, and biomass. The term renewable energy is not physically correct, as energy cannot be renewed or restored, but only converted (see the first law of thermodynamics). However, this term has become established in common usage and will therefore continue to be used in the following.


XXII Embodied energy refers to the total amount of energy used for manufacturing, transport, and disposal of a product before it is used.


XXIII Iron-carbon alloy with a maximum carbon content of 2.06% (DIN EN 10020).


XXIV More precisely: The coal is converted into coke (a specially processed form of coal with a higher carbon content) through the application of heat and in the absence of oxygen. This thermochemical decomposition process is known as pyrolysis.


XXV a) C (coal) + O2 → CO2 + Energy; b) CO2 + C → 2CO (carbon monoxide); c) Fe3O4 (iron ore) + 4CO → 3Fe (iron) + 4CO2.










CHAPTER 4

 When the Last Well Runs Dry – The End of the Oil Age?


Due to the protracted processes in the lithosphere, which are hardly graspable from a human time perspective, we should consider crude oil as a non-renewable resource and energy source.I


The German Federal Institute for Geosciences and Natural Resources estimates the global amount of crude oil to be approximately 876 billion tonnes (approx. 876,000,000,000,000 kg), taking into account both conventional and unconventional sources.50 Although the available oil reserves appear large, they are neither inexhaustible nor unlimited – large does not mean infinite.51 Through human activities during the oil age, approximately 222.7 billion tonnesII, 52 have already been extracted and consumed, which corresponds to about 20% of the total amount of 1,098.7 billion tonnes. To put this into perspective, let us look at the global production, which reached about 102.21 million tonnes per day in 2023.53 In 2016, the German share was about 10.6 barrelsIII, or around 3.9 kg per day per person. In comparison, in the USA, 22.3 barrels or 8.3 kg per day were consumed per person, and in the People’s Republic of China, 3.2 barrels or 1.2 kg per person.54,IV


It should be borne in mind that not the entire stock of global oil quantities can be extracted from an economic perspective (35–60 % per reservoir). This remains true even as production methods constantly improve and rising oil prices increase the profitability of many already “depleted” wells (see Chapter 3).55 Calculations based on these data result in a remaining amount of oil of about 162–437 billion tonnes. At current consumption rates, this amount would likely last for another 32–86 years, i.e., until approximately 2056–2110. However, this assessment represents only a snapshot that projects the status quo into the future. It disregards or cannot account for future technological and economic developments; consequently, these values are subject to considerable uncertainty and depend heavily on data availability.56


It is important to note that the end of the oil age is expected to occur significantly earlier, long before the last drop of oil is extracted. Developments will likely change fundamentally as soon as the Peak Oil point (all-time production maximum, turning point) is reached – the moment when global oil production reaches its maximum and thereafter inevitably declines. There are different views as to whether Peak Oil has already been reached and passed, or when it might occur.V, 57 There is also a wide range of calculated timeframes for Peak Oil. This variability results from the static approach and differing databases.


This turning point will have far-reaching effects on energy supply, chemical production, material manufacturing, the economy, and geopolitical relations. As the oil supply declines while demand remains constant or increases, the price of oil is likely to rise significantly. In addition to supply shortages, price increases could be further accelerated by higher extraction costs, as developing new deposits becomes increasingly expensive (Peak Oil theory vs. Peak Demand Theory).58 Conversely, the oil price could also fall if demand decreases due to a systemic shift in raw material sources.


Regardless of the exact timing of this turning point, it is certain that the amount of available crude oil is continuously decreasing and an end to the oil age is foreseeable. The only remaining question is when this point will be reached or whether the final phase has already begun.59


How much time do we actually have left until alternatives become inevitable? Are there ways to extend the oil age?


First, it is useful to analyze oil consumption more closely. About 55% of crude oil is used in the transport sector, primarily for energy generation (Consumption System I).60 Furthermore, crude oil is used to generate electrical energy, thermal energy, and process energy in industrial procedures (Consumption System II).61 The primary focus of Consumption Systems I and II is the utilization of the solar energy stored in the oil, with carbon dioxide and water as end products – returning us to the starting point of our journey (see Chapter 2) (primary and secondary oil consumptionVI).62


Additionally, Consumption System III uses crude oil as a raw material source.63 Here, crude oil is converted into approximately 300 basic chemicals that serve as the foundation for a wide range of petrochemical products, such as fertilizers, fibers, paints, varnishes, pharmaceuticals, as well as detergents and cleaning agents. Plastics are also manufactured from these, with the carbon (C) from the oil ultimately integrated into the product, such as our PET bottle (see Chapter 6).


In the transport sector, energy consumption could be reduced or efficiency increased through new mobility concepts, such as “slowing down the acceleration”, the decarbonizationVII of vehicles, and the networking of different modes of transport.64 However, these resourcesaving concepts could be offset by the ongoing motorization in low- and middle-income countriesVIII. For example, there are 586 registered vehicles per 1,000 inhabitants in the European Union, while the People’s Republic of China has “only” 435 cars per 1,000 inhabitants.65,IX, 66


Another promising measure to save crude oil could be the electrification of the mobility sector, where the sources of electrical energy are of crucial importance (renewable sources: solar energy (photovoltaics, wind, biomass), hydropower, nuclear powerX, fusion energyXI).67 This includes both the storage of electrical energy in batteries (battery vehiclesXII, XIII) and the generation of electricity “on demand”, for example, in fuel cell vehicles. In the latter, energy is temporarily stored in the hydrogen molecule (H2) and retrieved as needed through the reactionXIV of hydrogen with atmospheric oxygen (O2).68 Currently, the mobility sector is undergoing a transformation where fossil fuels like oil are increasingly replaced by electric drives. However, the speed and intensity of this development vary greatly between countries and regions.XV


An additional option to shift the dynamics in the mobility sector could be the expansion of CO2 emission taxation or improvements to existing systems (e.g., EU Emissions Trading) and a more efficient use of the resulting revenues.69 Comparable potential for savings and efficiency also exists for Consumption System II.


Possibilities for savings in Consumption System III are more limited, as oil is an integral component of the product itself. Furthermore, there is potential to increase the amount of oil available without changing Consumption Systems I–III. One option is unconventional oil production through the mining of oil shale.70 However, the name is misleading; it is not a rock containing oil, but rather former biomass that has not (yet) reached the final crude oil stage because the pressure and temperature of the sediment have not (yet) reached the level of the oil window (see Chapter 2). Mined oil shale, containing about 10–30% oil precursors, can be converted into oil and gas through artificial transformation. This process resembles natural lithospheric processes: the oil shale is heated to approx. 500 °C in the absence of oxygen and decomposed into natural gas and crude-oil-like chemicalsXVI
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