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Summary 

Currently, hydrocarbons are mainly obtained from fossil sources and used in a linear way. Due 

to the associated problems, e.g., the emission of greenhouse gases or the landfilling and 

dissipation of waste, a move away from the use of fossil hydrocarbons for energy and raw 

material supply is necessary in general and especially for industrial production processes. 

Consequently, new, regenerative carbon sources must be developed for the production of 

organic chemicals and products based on them. In addition to an increased application of 

technologies for the material or chemical recycling of polymers, the use of CO2 is a promising 

option. 

 

This thesis therefore examines several aspects of the use of CO2 as a carbon source for the 

chemical industry in Germany. The analysis focuses on the usage potential for CO2 in the 

chemical and plastics industries, the current and future competitiveness for the production of 

CO2 based chemicals in Germany and the characteristics of a CO2 based value chain for 

polymer products. To investigate the different aspects, multiple methods of system analysis 

are applied, which investigate environmental and economic aspects of CO2-based production 

of organic chemicals and polymers. 

 

In the first step, a material flow analysis for carbon is conducted to describe the current status 

of carbon use in the German chemical and polymer industries. Based on the results, it is 

examined via a scenario analysis, how the carbon cycle can be closed in the future utilizing 

CO2 as additional carbon source. Next, the competitiveness of CO2-based chemical production 

in Germany is evaluated from an environmental and economic perspective. For this, the 

production in Germany is compared to representative, international production locations. To 

identify these locations, the regional conditions for renewable energy as well as the regional 

availability of CO2 and water are jointly assessed. Furthermore, options which combine the 

import of hydrogen with CO2-point sources in Germany are also included into the comparison. 

In the final step, potential CO2-based value chains for polymer products are investigated using 

material flow cost accounting in combination with a data envelopment analysis. This way, the 

specific costs and benefits associated with a switch from fossil hydrocarbons as carbon source 

to CO2 can be identified for the entire value chain as well as for every value-adding step. 

 

The results show that even with a significant increase in current rates for material polymer 

recycling, noteworthy amounts of additional carbon are still required. The use of CO2 can help 

to effectively close the carbon cycle, resulting in megaton-scale usage potential. In addition, 

the production of CO2-based chemicals in Germany offers potential economic and 

environmental advantages, wherefore it can in principle be considered competitive compared 

to international locations. However, the current and future availability of renewable energy in 

Germany will most likely severely limit its application there. At the same time, it can be 

expected that sufficient unavoidable CO2 point sources would be available. Furthermore, it 
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can be seen that the import of CO2 based chemicals is economically and environmentally 

advantageous in most cases compared to the import of H2 in combination with the use of CO2 

point sources in Germany. Only for H2 import by pipeline comparable results are achieved. 

CO2-based production of polymer products with a high economic value would already allow a 

cost-covering production under the conditions present in 2021. However, the additional costs 

and potential benefits are currently unevenly distributed between the different steps along 

the value chain.  

 

In order to increase the competitiveness of CO2-based production, suitable instruments must 

be identified to balance costs and benefits along the value chain, in combination with further 

cost reductions. The possible integration of CO2-based chemicals into the existing emissions 

trading system proves to be insufficient at the moment. Among others due to abatement costs 

of more than 300 €/tCO2-avoided. On a corporate level, strategic cooperation appears to be a 

promising way to reduce the investment risk at the beginning of the value chain and to provide 

incentives for the construction of the respective production plants. At the same time, the 

introduction of input quotas for secondary carbon at the regulatory level could create demand 

for CO2-based products. 
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Zusammenfassung 

Aktuell werden Kohlenwasserstoffe hauptsächlich aus fossilen Quellen gewonnen und auf 

eine lineare Art und Weise genutzt. Aufgrund der damit einhergehenden Probleme, z.B. der 

Emission von Treibhausgasen oder der Deponierung und Dissipation von Abfällen, ist im 

Allgemeinen und speziell für industrielle Produktionsprozesse eine Abkehr von der Nutzung 

fossiler Kohlenwasserstoffe zur Energie- und Rohstoffversorgung notwendig. Folglich müssen 

für die Produktion von organischen Chemikalien und darauf basierender Produkte neue, 

regenerativer Kohlenstoffquellen erschlossen werden. Hierfür bietet sich neben einer 

verstärkten Anwendung von Technologien zum werkstofflichen oder chemischen Recycling 

von Kunststoffen ebenfalls die Nutzung von CO2 an. 

 

In dieser Arbeit werden deshalb mehrere Aspekte der Nutzung von CO2 als Kohlenstoffquelle 

für die chemische Industrie in Deutschland untersucht. Der Fokus liegt dabei auf der Analyse 

des Nutzungspotenzials für CO2 im Chemie- und Kunststoffsektor, der aktuellen und 

zukünftigen Wettbewerbsfähigkeit für die Produktion von CO2-basierten Chemikalien in 

Deutschland sowie den Eigenschaften einer CO2-basierten Wertschöpfungskette für 

Polymerprodukte. Zur Erforschung der verschiedenen Aspekte werden unterschiedliche 

Methoden der Systemanalyse angewendet, bei denen sowohl ökologische als auch 

ökonomische Aspekte der CO2-basierten Produktion von organischen Chemikalien und 

Polymeren untersucht werden. 

 

Im ersten Schritt wird mit Hilfe einer Materialflussanalyse für Kohlenstoff der aktuelle Status 

der Kohlenstoffnutzung im deutschen Chemie- und Kunststoffsektor beschrieben. Basierend 

auf den Ergebnissen wird in einer Szenarioanalyse untersucht, wie der Kohlenstoffkreislauf 

zukünftig unter Nutzung von CO2 als zusätzliche Kohlenstoffquelle geschlossen werden kann. 

Als nächstes werden die ökonomische und ökologische Wettbewerbsfähigkeit der Produktion 

von CO2-basierten Basischemikalien in Deutschland bewertet, indem diese mit der Produktion 

an repräsentativen, internationalen Produktionsstandorten verglichen werden. Für die 

Auswahl der Standorte werden die jeweiligen regionalen Bedingungen für erneuerbare 

Energien sowie die regionale Verfügbarkeit von CO2 und Wasser bewertet. Zusätzlich werden 

Varianten in den Vergleich integriert, bei denen der Import von Wasserstoff mit 

CO2-Punktquellen in Deutschland kombiniert wird. Im letzten Schritt werden potenzielle, auf 

CO2 basierende Wertschöpfungsketten für Polymerprodukte mit Hilfe einer 

Materialflusskostenrechnung in Kombination mit einer Data Envelopment Analysis 

untersucht. Hierdurch können sowohl für die gesamte Wertschöpfungskette als auch für jeden 

Wertschöpfungsschritt die spezifischen Kosten und Nutzen identifiziert werden, die mit einem 

Umstieg auf CO2 als Kohlenstoffquelle verbunden wären. 

 

Die Ergebnisse zeigen, dass selbst bei einer signifikanten Steigerung der aktuellen Raten für 

werkstoffliches Kunststoffrecycling nach wie vor nennenswerte Mengen an zusätzlichem 
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Kohlenstoff benötigt werden. Durch die rohstoffliche Nutzung von CO2 könnte der 

Kohlenstoffkreislauf effektiv geschlossen werden, woraus sich ein Nutzungspotenzial für CO2 

im Megatonnen-Maßstab ergibt. Zusätzlich bietet die Produktion CO2-basierter Chemikalien 

in Deutschland potenzielle ökonomische und ökologische Vorteile, weshalb diese prinzipiell 

als wettbewerbsfähig angesehen werden kann im Vergleich mit internationalen Standorten. 

Allerdings wird die aktuelle und zukünftige Verfügbarkeit von erneuerbaren Energien in 

Deutschland die dortige Anwendung sehr wahrscheinlich stark limitieren. Gleichzeitig kann 

aber erwartet werden, dass genügend unvermeidbare CO2 Punktquellen zur Verfügung stehen 

würden. Weiterhin zeigt sich, dass der Import von CO2-basierten Chemikalien ökonomisch und 

ökologisch in den meisten Fällen vorteilhaft ist gegenüber dem Import von H2 in Kombination 

mit der Nutzung von CO2 Punktquellen in Deutschland. Einzig für den H2-Import per Pipeline 

werden vergleichbare Ergebnisse erreicht. Die CO2-basierte Produktion von 

Polymerprodukten mit einem hohen ökonomischen Wert würde bereits unter den im Jahr 

2021 vorliegenden Bedingungen eine kostendeckende Produktion erlauben. Allerdings sind 

die zusätzlichen Kosten und der potenzielle Nutzen aktuell ungleich verteilt zwischen den 

einzelnen Gliedern der Wertschöpfungskette.  

 

Um die Wettbewerbsfähigkeit von CO2-basierten Produktion zu steigern, müssen zum einen 

geeignete Instrumente identifiziert werden, um Kosten und Nutzen entlang der 

Wertschöpfungskette auszugleichen, und zum anderen weitere Kostenreduktionen realisiert 

werden. Die mögliche Integration von CO2-basierten Chemikalien in das bestehende System 

für den Emissionshandel erweist sich derzeit als unzureichendes Instrument, unter anderem 

aufgrund der Vermeidungskosten von mehr als 300 €/tvermiedenesCO2. Auf unternehmerischer 

Ebene erscheinen strategische Kooperationen als vielversprechender Weg, um das 

Investitionsrisiko am Anfang der Wertschöpfungskette zu reduzieren und Anreize für den Bau 

entsprechender Produktionsanlagen zu setzen. Gleichzeitig könnte auf regulatorischer Ebene 

durch die Einführung von Inputquoten für Sekundärkohlenstoff eine Nachfrage für 

CO2-basierte Produkte geschaffen werden.  
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1 Introduction 

1.1 Research Motivation 

The industrial use of fossil resources and especially fossil hydrocarbons has led to 

unprecedented levels of productivity, welfare, and technological progress. Fossil resources 

constitute comparably cheap energy carriers with a high energy density which promoted a 

broad electrification and mobility of modern societies. In addition, their use as feedstock for 

polymers enabled the invention and production of a variety of materials which are 

indispensable in multiple fields, such as construction, health care or packaging. Over the last 

century, the consumption of fossil resources increased more than 20 times which was a 

significant driver for the growth of the global economy (Figure 1-1).  

At the same time, the way how resources and especially fossil resources are used is not 

compatible with a sustainable and responsible use in a world of finite resources (UNEP 2011) 

which in turn leads to unprecedented problems. First, most of the fossil resources are 

combusted to produce power. The associated emissions of carbon dioxide increased the CO2 

concentration in the atmosphere by almost 40 % over the last century (Figure 1-1). The related 

increase in global surface temperatures causes severe problems for the environment and the 

global economy due to higher sea levels as well as more frequent and sever weather extremes, 

e.g., droughts, or floods (IPCC 2014b, 2021). Second, products which are produced using fossil 

resources as material feedstock are used in a mostly linear way (Figure 1-1). Nowadays, 

Figure 1-1: A) Historical data for the development of fossil fuel consumption, global Gross Domestic Product (GDP), and the 
atmospheric CO2 concentration. B) Schematic portrayal of global polymer production and the different fates of polymers.  
(Data Sources: Conversio (2019), OWD (2022a, 2022b), Sealevel.info (2022)). 
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around 12 % of the global crude oil supply is used to produce around 360 Mt of polymers every 

year (Conversio 2019; IEA 2018). At the same time, around 80 % of polymer waste streams are 

currently not recycled and 60 % of them are disposed into the environment (Conversio 2019). 

If a mean carbon content for polymers of 75 % is assumed, about 170 Mt of carbon is lost 

every year. By closing carbon cycles these losses could be kept within the system as valuable 

material. Instead, its disposal as well as uncontrolled leakages create severe environmental 

problems (National Geographic 2019) while its incineration emits greenhouse gases (GHG). 

Geyer et al. (2017) estimate that around 5 Gt of polymers have been disposed into the 

environment on a global scale thus far and that this number will increase to 12 Gt in 2050 if 

the way of polymer use will not change. Third, large shares of the global fossil hydrocarbon 

supply stem from geopolitically unstable regions. In combination with the high dependency of 

many industrial sectors from hydrocarbons as feedstock or energy carrier, this makes 

economies without substantial own production capacities, such as most of the countries 

within the European Union, vulnerable to supply risks (Camebridge Econometrics 2016). 

Hence, a phase out of fossil resource use in combination with an enhanced circulation of 

material carbon is required from an environmental perspective. A change of a very important 

resource base of modern economies, however, imposes complex technical and economic 

challenges. At the same time, it offers economic opportunities and a shift towards a global 

economy which acts within planetary boundaries. At the moment, more and more steps are 

taken by governments around the world towards this direction. For example, the European 

Union decided to be climate neutral, i.e., to reduce net GHG emissions to zero, by 2050. The 

enhanced use of secondary sources for material is an important part of the respective 

transformation strategy to achieve this goal (European Commission 2021). 

For the chemical industry, the substitution of fossil hydrocarbons is especially difficult. Beside 

their use as energy carrier, they constitute the major carbon source for the production of 

organic chemicals which in turn are the basis for a variety of substances and materials 

(IEA 2018). To enable a climate neutral and circular production of the existing product 

portfolio, new energy sources need to be developed just as new carbon sources. This means 

that the hitherto combined supply of energy and material by fossil resources needs to be 

decoupled. In addition to an enhanced material recycling of polymers or an increased use of 

biomass, the utilization of CO2 in form of Carbon Capture and Utilization (CCU) technologies is 
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seen as a major component for the chemical industry to substitute fossil carbon sources in the 

future  (IEA 2020a; Meys et al. 2021; Olah et al. 2009). The use of CO2 opens up a broad range 

of synthesis ways for organic chemicals (Mikkelsen et al. 2010). CO2 is also highly available 

since it can be sourced from industrial point sources, such as cement plants or the atmosphere 

(Von der Assen et al. 2016). Furthermore, the existing research has demonstrated how CO2 

can be used as carbon source and the scale of demonstration plants for CO2 based chemical 

production is steadily extended. At the moment, the first plant with a production volume of 

more than 100.000 tMeOH/year is constructed in China (CRI 2020). 

The environmental and economic performance CCU technologies on the process level were 

studied for several application fields, such as various base chemicals (Hoppe et al. 2017; 

Sternberg et al. 2017; Thonemann and Pizzol 2019; Von der Assen et al. 2013), or polymers 

(Kuusela et al. 2021; Meys et al. 2019; Meys et al. 2021; Von der Assen et al. 2015). The results 

show that the availability of low carbon and low-cost electricity as well as an efficient use of 

resources are major premises to effectively reduce environmental impacts and production 

costs compared to a conventional, fossil-based production. It was also shown that the 

development of new carbon sources involves potential trade-offs and the risk of 

environmental problem shifting. For instance, climate mitigation measure could lead to 

increased impacts in other categories or transfer the impact to another region. Examples are 

increased biodiversity losses in case of biomass use (Bringezu et al. 2021; Di Fulvio et al. 2019) 

or higher requirements for energy and material in case of the use of CO2 

(Bazzanella and Ausfelder 2017; Hoppe et al. 2017). In some cases, the application of CCU 

technologies can also lead to an overall increase of environmental impacts (Hoppe et al. 2017). 

Furthermore, climate mitigation effects can often only be achieved in combination with higher 

production costs, at least for the status quo1 and the near future (2030) (Hoppe et al. 2018). 

This shows that thorough system analysis with appropriate system boundaries and impact 

categories are necessary on different scales to detect problem shifting or trade-offs. This way 

it can be shown, if and how CCU technologies, i.e., CO2-based chemical production, should be 

applied to reduce environmental impacts in an effective and efficient way.  

 
1 In the context of this dissertation, the term status quo refers to the economic situation in the year 2020 
using five-year averages (2016 – 2020) as market prices for fossil fuels and derived products. These 
prices also serve as the basis for further projections for the years 2030 or 2050. 
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1.2 Research Questions 

The current state of the research provides profound technical information about the function 

of the different technologies which are required for the utilization of CO2 as carbon source. It 

further covers methodological aspects on how to assess those technologies from an 

environmental and economic perspective. However, it is still unclear to what extend CO2 is 

needed as carbon source for a climate neutral and circular chemical industry. Furthermore, 

regional aspects of the application of CCU technologies, e.g., the conditions for renewable 

energy, the availability of CO2, or water, as well as production costs were not yet or not 

thoroughly considered in the environmental and economic assessments. It is unclear, which 

production locations would competitive, i.e., show lower production costs and environmental 

impacts than others and why. In addition, CCU technologies are mostly examined on a process 

level while a value chain wide perspective, which covers the costs and benefits along the entire 

value chain from the CO2-source up to consumer products is still missing. 

To fill the existing research gaps, the work in this dissertation focusses on answering the 

following research questions:  

1. How can the use of CO2 substitute fossil carbon sources in the chemical and polymer 

industries and enhance the circularity of carbon use?  

2. How competitive is the production of CO2-based chemicals in Germany from an 

environmental and economic perspective, compared to the import from 

international locations?  

3. How can CO2-based polymer production be characterized as a circular business 

model and what are the economic and environmental characteristics of a CO2-based 

value chain?  

For several reasons, the research focusses on the production and use of CO2-based chemicals 

in Germany. First, over 90 % of the processed and consumed oil in the German economy is 

currently imported while all necessary production steps to produce CO2-based chemicals or 

polymers would already be located within the country. Second, the chemical industry in 

Germany is one of the major industry sectors in the country and the largest chemical industry 

in Europe (VCI 2020). At the same time, the current climate protection laws in Germany 

requires climate neutrality by 2045 for all sectors (Bundesregierung 2021) which requires a 
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technological change away from fossil carbon sources and a more circular use of carbon. Third, 

comparably high recycling standards are already in place for the existing domestic market for 

polymer products. This could facilitate the market introduction of CO2-based polymers. Thus, 

the German chemical industry qualifies as case example because it represents a major 

component of the global chemical industry. In addition, a fast transformation of the industry’s 

resource base is necessary to fulfill the regulations while its future competitiveness is 

important for the national economy. At the same time, this transformation also offers the 

possibility of less dependency from global markets for the carbon feedstock and CO2-based 

value chains could be created by connecting production facilities which already exist as well 

as potential markets for CO2-based products.  

1.3 Research Design 

To answer the different research questions, a multi-method approach was chosen which 

covers different methods of system analysis. The research was split into four separate 

publications, each with a different research focus (Figure 1-2). Thereby, each publication 

delivers specific contributions to the state of knowledge and allows the deduction of specific 

implications (Table 1-1). 

 

Figure 1-2: Research framework and main topics of the four publications of the dissertation. 

In the first publication, the usage potential for CO2 as carbon source in the German chemical 

and polymer sectors is analyzed. A Material Flow Analysis (MFA) is used to measure the 

existing system wide carbon flows on a yearly basis and to evaluate the status quo with the 

help of suitable indicators to measure the circularity of carbon use. In a second step, a scenario 

analysis is conducted to calculate possible future demands for CO2 and compare the respective 

requirements for CO2 and renewable energy in Germany with the availability.  



Introduction 

6 
 

The second publication covers the assessment of the import of CO2-based chemicals to 

Germany. Representative global production locations are selected considering the regional 

availability of renewable energy, water, and CO2 as well as the transport distance to Germany. 

In a next step, Life Cycle Assessment (LCA) as well as an economic assessment is conducted 

for more than 20 locations and two important base chemicals, MeOH, and naphtha. Thereby, 

promising production locations are identified and compared to the production in Germany. 

Further aspects, like trade-offs between impact categories and environmental problem 

shifting are also analyzed. In addition, statistical and scenario analysis are conducted to assess 

the uncertainty of the results, identify significant influence factors, and include possible future 

developments. 

The third publication assesses the production of CO2-based MeOH in Germany via a 

combination of imported H2 with local industrial CO2 point sources. For the import of H2 a 

transport via ship or pipeline is considered and compared to the production of H2 with 

electricity from an offshore wind park in Germany. The different production pathways for 

CO2-based MeOH are then assessed from an environmental and economic perspective, 

including an uncertainty and scenario analysis. Furthermore, the results are compared and 

discussed to the results of the second publication, to gain knowledge about advantages of the 

different import options.  

The fourth publication provides a value chain wide analysis for CO2-based polymer products. 

This way, the environmental and economic effects of switching the resource base from fossil 

to CO2-based chemicals are assessed for existing consumer products. As case examples, 

representative polymer products with different market volumes and cost structures were 

selected. Material flow-based cost accounting is used to measure the environmental impacts, 

costs and benefits for every production step and the entire value chains. Data envelopment 

analysis (DEA) is applied to identify the most promising product categories and value chain 

settings. Strategies are briefly discussed to balance costs and benefits between the different 

items of a CO2-based value chain. 
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Table 1-1: Research gaps, contributions, and implications of the different publications of this dissertation.  

 Research Gap  Academic Contributions Practical Implications 

First 

Publication 

Contribution of CO2 as 

carbon source for a 

more circular carbon 

use in the chemical and 

polymer industries. 

• Building of a material flow 

model for carbon for the 

German chemical and 

polymer sector including the 

end-of-life phase 

• Analyzing actual and future 

potentials of CO2-utliziation 

technologies for the 

recycling of carbon 

• Comparing  these potentials 

with the resource availability 

• Assessing current material 

carbon flows from a system 

perspective 

 

• Quantifying the usage 

potential for CO2 as 

secondary carbon source 

for chemical production 

• Identifying and quantifying 

resource related 

limitations  

Second 

Publication 

Comparison of 

Germany as production 

locations for CO2-based 

chemicals with 

international locations 

• Acquiring and combining 

data for the global 

availability of the main 

required resources for 

CO2-based chemical 

production: CO2, Renewable 

Energy, and Water 

• Combined environmental 

and economic assessment of 

> 20 potential production 

locations for two base 

chemicals, including the 

import to Germany 

• Analyzing the influence of 

quantitative and qualitative 

parameters on the 

environmental and 

economic results 

• Identifying general location 

types for CO2-based 

production of chemicals 

and the respective 

best-case regions  

 

 

• Classifying Germany as 

production location from 

an environmental and 

economic perspective 

• Identifying key parameters 

which allow the 

optimization of 

environmental impacts and 

production costs 

Third 

Publication 

Analysis of different H2 

import pathways to 

Germany for the 

production of 

CO2-based chemicals 

• Combined environmental 

and economic assessment of 

five possible H2 provision 

pathways for the production 

of CO2-based MeOH in 

Germany 

• Scenario Analysis for all 

pathways, including the 

development of pathway 

specific parameters and the 

background system (e.g., the 

electricity grid) 
• Comparing the CO2-based 

chemical production in 

Germany using imported H2 

with imported CO2-based 

chemicals  

• Classifying H2 provision 

pathways for its use in 

Germany in general and 

specifically to produce a 

CO2-based platform 

chemical  

• Demonstrating specific 

improvement potentials 

for the H2 provision 

pathways and the influence 

of infrastructural changes 

• Classifying import options 

for the CO2-based 

production of base 

chemicals for the German 

chemical industry  
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Fourth 

Publication 

Characterization of 

CO2-based value chains 

from an economic and 

environmental 

perspective 

• Combined environmental 

and economic assessment of 

entire value chains for 

CO2-based polymer products 

via material flow-based cost 

accounting 

 

• Comparing different types of 

polymers, products and 

application fields based on 

the respective carbon, 

energy, and cash flows 

• Conducting a Data 

Envelopment Analysis as 

multi-criterial assessment 

method 

• Illustrating the 

characteristics of 

CO2-based value chains 

with respect to the 

potential benefits and 

costs; Characterization as 

circular business model 

• Identifying those polymer 

products and product 

categories, which could 

enable competitive 

CO2-based value chains  

• Identifying eco-efficient 

CO2-based value chains and 

value chain settings 
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2 First Publication – CO2 as Raw Material 

Use of Carbon Dioxide as Raw Material to close the Carbon Cycle for the German 
Chemical and Polymer Industries2 

 

Simon Kaiser, Stefan Bringezu 

Journal of Cleaner Production, 271, 122775 - 122786 

DOI: 10.1016/j.jclepro.2020.122775 

Abstract 

This article explores how far the use of CO2 as raw material could enable the German chemical 

and polymer industries to contribute to a circular economy. Material Flow Analysis was 

conducted for all carbon flows for material use in Germany, comprising chemical production, 

polymer production, domestic use, and waste management. For scenario modelling, Carbon 

Capture and Utilization technologies were included, and key parameters determining carbon 

flows were altered to show potential corridors for the future development. The results show 

that current carbon flows are dominated by fossil sources and are highly linear, with a 

secondary input rate of only 6 %. Additionally, 11 % (2 MtCarbon/a) of the primary carbon input 

is lost due to dissipation. Currently available Carbon Capture and Utilization technologies 

would allow reaching a secondary input rate of 65 % for the chemical industry. However, to 

achieve this rate between 80 % (processes of direct synthesis) and 103 % (MeOH-based 

processes) of the total net supply for renewable electricity in Germany would be required in 

2030 and between 41 % and 50 % in 2050. In contrast, the unavoidable substance related 

CO2 point sources in Germany could probably fulfill the carbon requirement for material use 

of the chemical industry in 2050. The authors conclude that the utilization of CO2 as a carbon 

source is necessary to close the carbon cycle where material or chemical recycling is 

technically not feasible or reasonable. The very high demand for renewable electricity 

indicates that the required production facilities for CO2-based chemicals will probably not be 

completely based in Germany.  

 
2 This chapter is reproduced from the already published article (DOI: 10.1016/j.jclepro.2020.122775) with 

permission from Elsevier. Layout and formatting of the original article were adapted.  

https://doi.org/10.1016/j.jclepro.2020.122775
https://doi.org/10.1016/j.jclepro.2020.122775
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2.1 Introduction 

The reduction of greenhouse gas (GHG) emissions and a more efficient usage of natural 

resources are two important goals to reduce environmental pressures of production and 

consumption. Both goals in combination with concrete regulations are part of national 

(Bundesregierung 2018b) and international political strategies (European Commission 2020a) 

as well as legislation (German Bundestag 2017b, 2019). To reduce GHG emissions it is 

necessary to substitute fossil resources in production and consumption. To raise the resource 

efficiency, natural resources should be used in a circular and not linear way within an 

economy.  

Carbon plays a key role for today’s chemical and polymer industries for energy as well as 

material purposes. Carbon carriers like coal or hydrocarbons are burnt to generate heat, 

electricity, or both. Furthermore, carbon is the basic material in organic chemistry. It is 

necessary to produce products like polymers, solvents, or hygienic products. In Germany, 15 % 

of the consumed petroleum is used as material input to produce organic chemical products 

(VCI 2019). In both cases, the carbon emitted into the atmosphere as CO2 at the end of its life 

cycle. Since around 90 % of the used resources are fossil based (VCI 2019), the use of carbon 

as material leads to net emissions of CO2 (>20 MtCO2-eq/a in Germany) (UBA 2018).  

While options exist to substitute carbon for energy related purposes, the material use of 

carbon is more challenging. Combustion processes to generate electricity and heat can be 

substituted with renewable power sources like wind and solar together with the electrification 

of heat production (Bazzanella and Ausfelder 2017). In contrast, alternatives for the 

substitution of fossil carbon used as material are lacking. 

Biogenic resources could be an alternative, but the expansion of the currently used amount is 

critical. An increased use of biogenic carbon sources to produce chemicals would lead to 

similar problems caused by the production of 1st generation biofuels, like an increase in 

eutrophication (Weiss et al. 2012). Since the amount of global cropland is limited, an increased 

use of cropland for material use would raise the competition with food crops (UNEP 2014) and 

counteract the necessary development towards sustainable land use rates 

(Bringezu et al. 2012). Additionally, recent publications show that the risk of biodiversity 

losses would increase globally (Di Fulvio et al. 2019; IRP 2019). Hence, the expansion of the 

use of biogenic sources for material use is not regarded as option in this article. 



First Publication – CO2 as raw material 

11 
 

The utilization of CO2 as a source for carbon used as material seems like a more promising 

option. First, the feasibility is well described in theory and shown in practice. There are 

multiple technological options to use CO2 in combination with additionally produced H2 as a 

carbon source to produce a variety of organic chemicals (Mikkelsen et al. 2010; 

Styring et al. 2015). Moreover, Bringezu (2014) qualitatively showed pathways for a circular 

use of carbon within an economy using CO2 as the carbon source. Von der Assen et al. (2016) 

analyzed the availability of CO2-sources in Europe. They concluded that there are enough CO2 

sources to satisfy a demand of 500 MtCO2/a in Europe. Recent technology assessments show 

that technologies to produce CO2-based chemicals, so called Carbon Capture and Utilization 

(CCU) technologies, already have a high Technology Readiness Levels (TRL) 

(European Commission 2019; University of Sheffield 2017). Second, the utilization of CO2 as a 

carbon source can reduce the GHG emissions compared to fossil-based production processes. 

Life cycle analysis showed that if fossil carbon sources are replaced by CO2 in combination with 

H2 to produce base chemicals like MeOH and olefins (Hoppe et al. 2017) or formic acid 

(Sternberg et al. 2017) the respective GHG emissions can be reduced significantly. 

Kätelhön et al. (2019) calculated a technical potential for CCU technologies to reduce GHG 

emissions of the global chemical industry by 3.5 GtCO2-eq/a in 2030. However, GHG emissions 

can only be reduced if renewable electricity (REE) is used as the main electricity source. For 

MeOH, Hoppe (2018) calculated a break-even for GHG-emissions when 86 % of the electricity 

used to produce the necessary H2 comes from renewable sources.  

The existing research shows and assesses options and possible barriers for the application of 

CCU technologies to produce base chemicals with a focus on the process level. However, it 

does not quantify the possible contribution to a circular use of carbon, especially if the actual 

and future availability of CO2 and REE is considered. This study aims to answer whether the 

utilization of CO2 can substitute the input of fossil based primary carbon on a sectoral level 

and thereby enhance the circularity of carbon for material use in the German chemical and 

polymer industries by the following steps: 

1) The existing carbon flows for material use in the German chemical and polymer industries 

as well as the respective phases of domestic use and waste management are quantified using 

Material Flow Analysis (MFA). 2) The circularity of the carbon flows was assessed and a 

scenario analysis for a possible future use of CO2 as a carbon source is conducted. 3) The 
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results of the scenarios were compared to the actual and future availability of REE and 

CO2 point sources in Germany. 

2.2 Methods and Data 

MFA connects the source of a material, its pathways, intermediate conditions and final sinks 

(Brunner and Rechberger 2017). Hence, to examine the circularity of material carbon flows in 

Germany, an MFA model for material carbon was developed. It covers the German chemical 

and polymer industries as well as further life cycle phases. The MFA model was then used to 

calculate the status quo, i.e., the situation in the year 2017, of material carbon flows in 

Germany as well as future scenarios which include the use of CO2 as a carbon source. A 

mathematical description of the model is given in Appendix A-1.  

2.2.1 System Definition and Flow Characterization 

The system contains the process aggregates Chemical Production, Polymer Production, 

Domestic Use and Waste Management (CPUW-System) (Figure 2-1). The carbon flows were 

determined for 2017. The geographical boundary for the system is Germany. Foreign trade 

balances were regarded for every carbon flow.  

  
Figure 2-1: Overview of the main carbon flows for material use in the CPUW (Chemical Production, Polymer Production, 
Domestic Usage, Waste Management) system. (PC = Post Consumer). 

The refinery sector was not included into the system since it is seen as a separate sector which 

provides fossil based raw material to the chemical industry. Hence, the flow analysis starts 

with the carbon flows from the refinery sector into the chemical industry. The definition of 

and delineation between the process aggregates Chemical and Polymer Production was done 

in accordance with production statistics (Destatis 2018). The process aggregate Domestic Use 

describes the domestic consumption and storage of material in the economy. Finally, all 
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post-consumer (PC) waste flows get processed in the Waste Management. Recycling 

processes were distinguished by their input (industrial and post-consumer waste flows). 

To calculate the carbon input of the system, two sets of parameters are necessary. The first 

set contains the amount of non-energetically used energy carriers, i.e. energy carriers used as 

raw material for the production of chemicals or polymers instead of the use as fuel 

(Destatis 2019a). The second set contains the stoichiometric carbon content of the respective 

energy carriers. Finally, the carbon input flows for material use are quantified by multiplying 

the amount of the non-energetically used energy carriers with the specific carbon content. 

This calculation procedure was done likewise for all following product and waste flows, within 

and out of the system.  

In case of complex and highly variant material compositions or a lack of flow data, the carbon 

flows were estimated using mean values from literature or with the help of the physical 

balance of the process aggregates. Details of all input and output flows and the respective 

data sources are given in the Appendix A-2. 
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2.2.2 Circularity Indicators 

The circularity of the carbon flows for the whole system and each aggregate was calculated 

and evaluated with three indicators derived from Helander et al. (2019). First, the Secondary 

Input Rate (SI-Rate) measures the percentage of secondary material within the total material 

input. Unlike primary material, the secondary material is extracted out of the technosphere 

and not the geosphere. Second, the Recycling Rate (R-Rate) measures the percentage of waste 

material which is used as material again. Third, the Loss Rate (L-Rate) measures the 

percentage of the total input which is lost due to emission, dissipation, or foreign trade (Figure 

2-2) 

 

Figure 2-2: Overview of the used indicators to evaluate the circularity of the system and the subsystems. (PI = Primary Input, 
SI = Secondary Input, L = Losses, P = Products, W = Waste, SI-Rate = Secondary Input Rate, R-Rate = Recycling Rate, 
L-Rate = Loss Rate). 

2.2.3 Scenario Analysis 

To derive knowledge about future carbon flows and the impact of CCU technologies in the 

CPUW-System, a scenario analysis for the years 2030 and 2050 was conducted based on the 

described MFA model. In this section, the assumptions for the model parameters in the 

different scenarios are described. An overview of the scenario parameters is given in the 

Appendix A-3. The section continues with a description of the regarded CCU technologies and 

CO2-sources to supply secondary carbon to the CPUW-System. Finally, the future availability 

of the basic resources for sustainable CCU processes, CO2, and renewable electricity, is 

projected for Germany.  
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 Scenario Assumptions  

The following parameters are identical in all scenario cases: (1) The development of 

production volumes and the trade balances is assumed to be constant, projecting the past 

trends between 2012 and 2018. The respective economic data is based on federal statistics 

(Destatis 2019b) and production statistics from the German Association of Chemical Industries 

(VCI 2012-2018). (2) Biogenic carbon input is limited to the amount used today, due to 

sustainability reasons. (3) For the CO2 sequestration from industrial point sources a maximum 

sequestration rate of 90 % according to Bui et al. (2018) is considered.  

In contrast, the development of material recycling rates, the application rate of 

CCU technologies and net additions to the anthropogenic stock are modified to calculate the 

following scenarios for the years 2030 and 2050.  

The Low Circularity (LC) Scenario represents a business-as-usual development. The rates for 

material recycling are developing as they did in the past five years (+0.5 %/a). As a minimum 

goal, the recycling rates demanded by actual German legislation are reached 

(German Bundestag 2017a). CCU technologies are slowly applied and the net additions to the 

anthropogenic stock gradually decline from 48 % (2017) to 20 % (2050).  

The High Circularity (HC) scenario represents an ambitious development where a completely 

regenerative (secondary input + biogenic input) carbon supply for the system is reached by 

2050. Therefore, the annual growth rates for material recycling are twice as high (+1 %/a) 

compared to the LC scenario and the application of CCU technologies is accelerated. A flow 

equilibrium is reached for the net additions to the anthropogenic stock by 2050, as expected 

by Deilmann et al. (2009) and Gruhler and Böhm (2011) for the German building sector. To 

avoid an oversupply of carbon in the model, it was assumed that primary fossil carbon input 

is substituted by secondary carbon input. Also, increased material recycling substitutes the 

production of primary chemicals which leads to a reduced carbon demand of the chemical 

industry while the production volume of the polymer industry remains constant. 

 CCU Technologies 

Base chemicals like MeOH, olefins and aromatics represent the first production step in the 

chemical industry. They are synthesized out of crude oil and natural gas derivates and serve 

as the basis for other synthesis steps and chemical products. Instead of using fossil energy 

carriers they can be synthesized directly or indirectly using CO2, H2O, and electricity as process 

input (Figure 2-3). According to recent studies the TRL of the available technologies lie 
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between 1 and 8 (European Commission 2019; University of Sheffield 2017). This means, that 

there are already market ready technologies while at the same time fundamental research 

and upscaling of technologies is in progress.  

To address the uncertainty of future development and to take possible future energy 

efficiency gains into account, two different CO2-based process routes were considered. They 

substitute the fossil-based production of base chemicals in the model, where technologically 

feasible. For the first process route CO2-based production of MeOH in combination with the 

MeOH-based production of olefins and aromatics is considered. This process route represents 

the state of the art (TRL 8-9). For the second process route, the direct synthesis of MeOH, 

olefins, and aromatics, using CO2 and H2 is considered. The respective synthesis processes 

require stoichiometrically less H2 and therefore less energy but are currently only available at 

lab scale (TRL 4). Details about the considered processes are given in the Appendix A-4.  

 

Figure 2-3: Material and Energy flows for the CO2-based production of base chemicals. 

 CO2 Sources 

CO2 can be sequestered from the atmosphere via Direct Air Capture (DAC) as well as from a 

variety of high concentrated industrial point sources. The availability of CO2 in the atmosphere 

is hardly limited and the utilization can be considered as sustainable and circular. However, 

the sequestration process is comparably energy intensive because of the low 

CO2-concentration in the atmosphere. DAC technologies using solid amine-based filters were 

already demonstrated on a high TRL (7-8) but only in cases where cheap excess heat is 

available (Fasihi et al. 2019). For CO2 point sources, the CO2 sequestration based on aqueous 



First Publication – CO2 as raw material 

17 
 

monoethanolamine absorbents is already used in various industrial applications with a 

TRL of 9 and a comparably high sequestration rate of 90 % (Bui et al. 2018). Therefore, it was 

assumed that this technology or a different technology with a similar sequestration rate can 

be applied for all cases presented in Table 2-1. However, the availability of a specific point 

source for CCU technologies was determined by certain criteria to ensure that emissions 

avoidance has a higher priority than emission utilization. CO2 point sources whose only 

function is the burning or processing of fossil energy carriers, like coal, lignite and natural gas 

fired power plants or refineries are not considered. Their future substitution in Germany is 

probable and necessary to reach the GHG reduction goals. In 2017, these sources accounted 

for a total emission volume of 478 MtCO2/a (DEHSt 2018) or 60 % of the total CO2-emissions in 

Germany (UBA 2019b). Furthermore, CO2-emissions from the remaining point sources are 

distinguished into energy and substance related emissions according to UBA (2019b). Energy 

related emissions usually result from the incineration of fossil fuels, and thus are neither 

regarded as sustainable sources of CO2. Substance related emissions have their origin in the 

processing of materials and the related stoichiometry (Table 2-1).  

Table 2-1: Industrial point sources for substance related CO2-Emissions. 

Substance Related CO2 

Source 

Cause of Emission Avoidable 

[yes/no] 

Ammonia Production Production of H2 via Steam Reforming and Water Gas Shift 

Reaction: 

CH4 + H2O → CO + 3 H2; CO + H2O → CO2 + H2  

N2 + 3 H2 → 2 NH3 

yes 

Biogas Production The product gas of the fermentation process contains 

between 30 % and 50 % of CO2 (FNR 2016). 

no 

Cement or Limestone 

Production 

Calcination reaction: CaCO3 → CaO + CO2 no 

Glas and Ceramics 

Production 

Carbonates are used as raw material. The contained CO2 

gets emitted during the melting process (UBA 2019b). 

no 

Iron and Non-Iron Metal 

Production (Primary 

Production) 

Use of carbon (coke) as reduction medium to reduce the 

metal-containing oxides (UBA 2019b). 

yes 

Petrochemical 

Processes 

Part of non-energetically used energy carriers which 

cannot be utilized for material production and gets 

burned without energy recovery (UBA 2019b). 

yes 

Soda Production CaCO3 is used as raw material. The contained CO2 is only 

partly bounded in the product (Na2CO3) (UBA 2019b). 

no 

Waste Incineration Incineration of carbon containing solid waste. no 
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Currently, substance related emissions usually come along with energy related emissions 

(except for Biogas Production) because of the energy requirement of the respective process. 

The energy related emissions can be avoided by substitution of the energy supply (or higher 

energy efficiency). In contrast, substance related emissions can only be avoided if the basic 

technology for the provision of materials such as cement and biogas is substituted as well. In 

2017 the substance related emissions in Germany accounted for 85 MtCO2/a (Appendix A-5) or 

11 % of the total CO2-emissions in Germany (UBA 2019b). 

Three of the possible substance related point sources are also considered as avoidable in the 

longer term. The respective emissions are considered as an available CO2 source in 2030 but 

not in 2050. First, the substance related emissions of ammonia (NH3) production can be 

avoided by using electrolysis instead of methane to produce the required H2. Therefore, the 

substance related emissions of the ammonia production are considered avoidable. Second, 

the non-energy related emissions of petrochemical processes will be avoided if CO2 is used as 

a carbon source instead of fossil energy carriers. Third, substance related emissions of iron 

and non-iron metal production with coke as a reduction medium can be avoided using direct 

reduction technologies via H2 (ArcelorMittal 2019).  

The future amount of CO2-emissions from the considered point sources was derived from the 

economic development of the industries based on Billig et al. (2019) for biogas production 

plants and Pfluger et al. (2017) for the other sources except for waste incineration. For biogas 

production plants, the mean amount of emitted CO2 is lower than 2 ktCO2/a which is at least 

two magnitudes lower than for the other point sources. Therefore, these point sources are 

categorized as small point sources while the other point sources are categorized as large point 

sources.  

The future development of waste flows is uncertain due to the development of the addition 

to the anthropogenic stock and recycling technologies. Therefore, a range for the emissions 

from waste incineration was calculated. Values from an actual study from the German 

Environment Agency serve as lower limits as they extrapolate the current development into 

the future (UBA 2018). As the upper limit serve the values which have been calculated in the 

scenario analysis taking changes in the stock accumulation and recycling technologies into 

account. Detailed information about the actual and future emission volumes of the considered 

substance related CO2 point sources are given in the Appendix A-5.  
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Since one objective of the scenario analysis is to assess whether sufficient long-term 

CO2 sources are available to cover the CO2-demand, there is no general economic or 

environmental merit order in the usage of the CO2 point sources. All considered large sources 

are expected to get used by the same percentage of their total emission volume. The only 

assumptions are, that small point sources are getting used with a lower percentage because 

of their comparably very low emission volume. Furthermore, because of the comparably high 

energy demand, DAC is only considered if the CO2-requirement is higher than the availability 

of point sources.  

2.2.4 Renewable Electricity 

To estimate the supply of REE a literature review of available energy models for Germany was 

conducted. The following criteria were applied to choose the respective energy models from 

which the REE availability was derived for 2030 and 2050:  

- Fulfillment of GHG emissions reduction goals for Germany (-55 % by 2030 

and -95 % by 2050 compared to 1990 (Bundesregierung 2018b) 

- Phase out of coal and lignite fired power plants at the latest by 2038 (BMWI 2019) in 

combination with a share of 65 % renewable energy for the gross electricity 

consumption in Germany in 2030 (Bundesregierung 2018a) 

- Consideration of non-energetic usage of energy carriers such as crude oil derivatives. 

The last criterion could only be fulfilled for the energy model chosen for 2050 but not for 2030 

since non-energetic usage is hardly considered in current energy models. For 2030 a domestic 

availability of REE (net amount) of 374 TWh/a was derived from an official forecast scenario 

of the German transmission grid operators (ÜBN 2019). For 2050 an availability of 777 TWh/a 

was derived from an cost optimized and multi-sector energy model used in a recent study 

form the Federal Environment Agency (UBA 2019a).  
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2.3 Results 

In this section, the status quo for material carbon flows in the CPUW-System as well as the 

results of the described scenario calculations are analyzed and assessed. 

2.3.1 Status Quo 

In 2017, the carbon flow in the CPUW-System was mostly fossil-based as well as linear (Figure 

2-4).  

 

Figure 2-4: Carbon flows for material use in the CPUW-System for the year 2017. Carbon Flows < 0.1 Mt are not shown. 
(C = Chemical Production, P = Polymer Production, D = Domestic Use, W = Post-Consumer Waste Management including 
Recycling processes, R (ind.) = industrial Recycling). 

In total 19 MtCarbon(including recycled carbon) were converted and used as material in the 

system. Fossil resources accounted for 89 % (crude oil derivates: 81 %; natural gas: 8 %) and 

biogenic sources for 11 % of the carbon input. Two thirds of the carbon are used to produce 

polymers and polymer products while one third is used in form of non-polymer products such 

as paints, coatings, carbon black, cosmetic products or washing powder. The net-addition to 

the anthropogenic stock of 7 MtCarbon shows that a high share of the carbon input is 

additionally accumulated in the economy. The highest losses (5 MtCarbon) occur in waste 

management due to waste incineration. The dissipation into the environment also accounts 

for significant losses (2 MtCarbon). It occurs using chemical products, for example, when the 

solvent component of a coating evaporates after its application. Even though there is recycling 

of industrial and PC-waste, the amount of carbon recycled is rather low compared to the 

primary input. 
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Table 2-2 shows the results for the circularity indicators of the CPUW-System. They express 

the strong linearity of the system as well as differences between the industries. All values for 

the SI-Rate are below 10 % or even 1 %. Comparison of the SI-Rates shows that the share of 

used secondary material is significantly higher in the polymer industry than in the chemical 

industry. The R-Rates for industrial recycling are higher with a factor 3.5 to 4 than for 

PC-recycling. This is a result of purer waste streams within the industry. However, the high 

recycling rates within the industry do not have a significant influence on the overall R-Rate 

(18 %) because of their comparably low magnitude. Especially for the chemical industry, the 

existing recycling flows hardly have a relevance. Additionally, more than half of the carbon 

input is lost in the form of emissions caused by waste incineration, dissipation, and foreign 

trade. The latter accounts for only 28 % of the losses. Therefore, 72 % of the losses, or 41 % of 

the total system input, are definitively lost for further use if CCU technologies are not 

considered.  

Table 2-2: Circularity indicators for the status quo of the carbon flows for material use in the CPUW-System. Summation errors 
are caused by rounding differences. (C = Chemical Production, P = Polymer Production, D = Domestic Use, W = Post-Consumer 
Waste Management). 

Sub Aggregate SI-Rate R-Rate Losses 

[MtCarbon] 

L-Rate Share of 

overall losses 

Chemical Production 0.2 % 68 % 0.3 1 % 3 % 

Polymer Production 9 % 78 % 0.2 1 % 2 % 

Domestic Use -- -- 2.3 12 % 20 % 

PC-Waste Management -- 18 % 5.4 28 % 47 % 

Domestic Losses -- -- 8.2 43 % 72 % 

Net Export -- -- 3.2 17 % 28 % 

Overall System 6 % 19 % 11.4 60 % 100 % 

 

2.3.2 Scenario Results 

The scenario results can be structured in two parts. In the first part the resulting material flows 

as well as the respective circularity indicators are presented. In the second part the availability 

and the requirement of CO2 as well as renewable electricity are compared to each other.  
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 MFA and Circularity Indicators 

The scenario analysis outlines a broadening corridor of potential future development (Table 

2-3). In the LC scenario only a moderate circularity for carbon used as material can be 

achieved. Although the circularity indicators are much higher in 2050 than in the status quo, 

about two thirds of the carbon input of the overall system would still be primary and fossil. 

Additionally, in none of the industries a SI-Rate greater than 50 % is achieved. In the HC 

scenario a completely regenerative carbon input is achieved for the whole system. This means, 

that no fossil carbon input is necessary anymore. This is caused by the utilization of CO2 as 

carbon source as well as the increased rates for recycling in combination with the absence of 

a net addition to the anthropogenic stock. The latter implies higher amounts of waste streams 

which can be recycled.  

Table 2-3: Circularity indicators in 2030 and 2050 of the carbon flows for material use in the CPUW-System based on scenario 
calculation (LC = Low Circularity; HC = High Circularity). Regenerative Input = Secondary Input + Biogenic Input. 

Indicator 2017 2030 2050 

LC HC LC HC 

SI-Rate Chemical Production 0.2 % 5 % 27 % 18 % 89 % 

Rate of regenerative Input Chemical 
Production 

10 % 14 % 36 % 28 % 100 % 

SI-Rate Polymer Production 10 % 22 % 45 % 43 % 100 % 

SI-Rate overall System 6 % 15 % 36 % 34 % 92 % 

 

Figure 2-5 shows the carbon flows in the HC scenario for 2050. The carbon input of the 

chemical industry is reduced to 15 MtCarbon with CO2 as the main carbon source. Only for the 

polymer sector material recycling plays a significant role as a carbon source. Since carbon 

losses are not completely avoided, a closed carbon cycle is not possible. Therefore, other 

substance related point sources and DAC are used to compensate the losses.  
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Figure 2-5: Carbon flows for material use in the CPUW-System for the year 2050 in the High Circularity (HC) scenario. Carbon 
Flows < 0.1 Mt are not shown. (C = Chemical Production, P = Polymer Production, D = Domestic Use, W = Post-Consumer Waste 
Management including Recycling, R (ind.) = industrial Recycling, CCU = Carbon Capture and Utilization) 

 

 CO2-Demand vs. Availability 

To compare the CO2-availability with the CO2-requirement and to gain information about 

which CO2 sources would be necessary to fulfill the different scenario requirements, the 

CO2-availability is subdivided. For the subdivision, the emission volumes of the CO2 sources 

given in Appendix A-5 are distinguished between their avoidability, the scale of the specific 

emission volume and the development of waste flows: 

- Substance related emissions – lower limit (large sources): Unavoidable substance 

related emissions of large point sources + low amount of waste flows 

- Substance related emissions – lower limit (all sources): Unavoidable substance 

related emissions of large and small point sources + low amount of waste flows 

- Substance related emissions – higher limit: All substance related emissions of large 

and small point sources + high amount of waste flows 

To calculate the CO2-requirement, the efficiency losses in the sequestration process were 

added to the CO2-demand of the applied CCU processes. 
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If the lower limit is considered, the CO2-availability (33 MtCO2/a) would not suffice to fulfill the 

CO2-requirement in 2050 in the HC scenario (53 MtCO2/a), even if small point sources are also 

considered (44 MtCO2/a) (Figure 2-6). However, if the higher limit (59 MtCO2/a) is considered, 

the CO2-availability of the respective point sources would be higher than the CO2-requirement 

in all cases. Nevertheless, in the HC scenario DAC is considered as a CO2 source in 2050 

(5 MtCO2/a) since it is assumed that less than 100 % of the point sources’ emissions are 

available for CCU processes out of technical reasons. For the LC scenario, the availability of 

the lower limit of large sources would suffice to fulfill the CO2-requirement for both scenarios 

in 2030 (LC: 3 MtCO2/a; HC: 19 MtCO2/a) as well as for the LC scenario in 2050 (13 MtCO2/a). 

 

Figure 2-6: CO2-Availability vs. Requirement in 2030 and 2050. (LC = Low Circularity; HC = High Circularity). 
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 REE-Demand versus Domestic Supply 

With the currently known CCU Technologies to produce base chemicals a maximum SI-Rate of 

65 % can be achieved. The production of high-volume base chemicals like buta-1,3-dien and 

butylene or other chemical products like carbon black cannot be substituted with CO2-based 

processes, yet. Thus, it was analyzed how high the SI-Rate could be using the available REE to 

produce the H2-demand for the described CCU process routes.  

 

Figure 2-7: Renewable Electricity (REE)-Supply vs. Demand (SI-Rate = Secondary Input Rate). 

The results show that the use of CO2 as raw material at large scale would require significant 

amounts of REE. In 2018, the total net REE-supply in Germany would have been required to 

achieve a SI-Rate between 44 % and 50 % (Figure 2-7). Due to the growing national production 

of REE, in 2030 the maximum SI-Rate of 65 % could be achieved only for processes of direct 

synthesis using 80 % of the domestic supply. For MeOH-based processes, the REE-demand lies 

at 103 % and would therefore exceed total domestic REE-supply. In 2050, 50 % of domestic 

REE-supply would be needed for the MeOH-based processes and 41 % for the processes of 

direct synthesis. In general, between 1.2 to 1.6 % (2030) and 0.6 to 0.8 % (2050) of the 

domestic REE-Supply would be necessary to raise the SI-Rate of the chemical production 

by 1 %. At the same time, MeOH-based processes require 22 % more REE compared to the 

processes of direct synthesis.  
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2.4 Discussion 

This article quantifies and evaluates for the first time the circularity for carbon used as material 

in the German chemical and polymer industries and the possible contribution of CCU 

processes to enhance the circularity. In general, the results of this article imply, that the 

utilization of CO2 as a carbon source can lead to a more circular use for carbon used as material 

in the German chemical and polymer industries. However, the required resources are limited 

in Germany. The authors will shortly discuss the reliability of the used data, the comparability 

of the results with other studies and implications for practice. 

The main data sources are federal statistics for Germany and Europe, recent scientific 

publications, or life cycle databases. Therefore, data reliability as well as temporal and 

geographical correlation can be regarded as very good. Nevertheless, due to the combination 

of databases with different system boundaries and data gaps several uncertainties had to be 

considered. They are described in detail in the Appendix A-6. However, these uncertainties do 

not affect the order of magnitude and main ratios of the shown material flows in the system 

but should be addressed in further research. 

The SI-Rates for carbon used as material of 0.2 % (Chemical Production) and 9 % (Polymer 

Production) together with the PC-Recycling Rate of 18 % show the high linearity of the carbon 

flows. The linearity is also illustrated by a comparison with other material flows in Germany. 

For instance, the SI-Rate for steel in Germany of 45 % (BDE 2018) shows, that the SI-Rates for 

carbon in the polymer industry and especially in the chemical industry are significantly lower 

than for other materials.  

The availability of CO2 to fulfill the industries’ demand for carbon used as material depends 

on the selection criteria for the CO2 sources. If all avoidable and non-avoidable substance 

related CO2-emissions of industrial point-sources are considered, the CO2-requirement for a 

largely closed cycle can be fulfilled within Germany. Even without considering fossil fired 

power plants and refineries. This confirms the results of Von der Assen et al. (2016). However, 

the CO2 emissions from ammonia production, iron, and non-iron metal production as well as 

petrochemical processes may not be considered as long-term CO2 sources for CCU processes. 

Technologies for the substitution of carbon as reduction agent or hydrogen carrier already 

exist on low TRLs wherefore the long-term focus should be on emission avoidance instead of 

utilization. If only non-avoidable CO2-emissions are considered for CCU processes, the 

CO2-availability from point sources would not necessarily fulfill the CO2-requirement to close 
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the carbon cycle in 2050. In all other and less ambitious cases, the long-term non-avoidable 

CO2 sources would be sufficient to fulfill the carbon demand for CCU processes. This shows 

that the necessity of DAC application depends on how effective the CO2-emissions form 

non-avoidable point sources are used, the development of waste streams as well as the 

targeted level of circularity. 

For several reasons, the most critical factor for the utilization of CO2 as a carbon source is the 

high requirement of REE. The results of this article confirm the results of previous studies. 

Geres et al. (2019) calculated an even higher energy requirement (665 TWh/a) for the German 

chemical industry to substitute the non-energetical use of fossil hydrocarbons in 2050. On 

global scale Kätelhön et al. (2019) concluded, that between 18 and 32 PWh/a would be 

required to produce the 20 base chemicals with the highest production volume on basis of 

CO2 in 2030. This corresponds to 67 % and 119 % of the actual global electricity production of 

27 PWh/a (IEA 2019a). Moreover, the use of REE for CCU may not provide the highest 

environmental benefit. For example, the direct utilization of REE for battery electric vehicles 

or heat pumps would have a higher GHG mitigation potential (Sternberg and Bardow 2015). 

Another constraint for the planning of CCU installations is that in the current models for the 

future German energy system, the chemical industry is hardly seen as a consumer of REE to 

produce non-energetically used hydrocarbons. If CCU productions plants are built in Germany, 

there will be a competition for REE between the chemical industry and other sectors like 

transport or heating. This needs to be considered in future scenarios for sustainable energy 

and material supply. Furthermore, the limited availability of REE will also have a limiting 

impact on the CO2-requirement. Therefore, it seems probable that the existing non-avoidable 

substance related point sources will fulfill the future CO2-requirement for CCU processes 

based in Germany. In contrast, the application of DAC as a CO2 source in Germany seems 

unlikely. 

In general, the chemical and polymer industries will have to consider the possible future role 

of CO2 utilization and the options for a more circular use of carbon. On the one hand, the 

analysis clearly showed that due to non-avoidable dissipative losses in the use phase and a net 

export, recycling of waste flows is by no means sufficient to secure a regenerative supply of 

carbon. The use of CO2 as a carbon source is necessary to compensate these carbon losses. 

Furthermore, the expansion of material recycling processes is already critical and uncertain 

due to technical constraints (Rudolph et al. 2017). On the other hand, there are barriers for 
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the application of CCU processes. First, they require high amounts of the scarce resource REE, 

since the energy hitherto bound in fossil energy carriers must be provided in a renewable way. 

Second, actual estimations of production costs for CO2-based base chemicals are much higher 

than for fossil-based alternatives (Hoppe et al. 2018). This is mainly caused by high energy 

costs and the still small scales. Third, chemical recycling processes such as pyrolysis or 

gasification also offer the potential to recycle carbon in waste flows which cannot be 

materially recycled (Stapf et al. 2019). However, this technology is limited to waste flows and 

cannot compensate dissipative losses. Therefore, ecological, and economical aspects of CCU 

as well as material and chemical recycling technologies need to be compared systematically 

to identify favorable application fields. Additionally, there are regions with higher availability 

and lower costs for REE than in Germany, for example the Maghreb region (Agora 2018). Here, 

the production of CO2-based chemicals is likely to be more competitive than in Germany. 

Hence, it is unlikely that the German chemical industry will produce all required CO2-based 

chemicals on itself but import relevant shares. However, the targeted transition of the current 

energy system towards mostly renewable energy sources requires concepts for efficient and 

large-scale energy storages. Synthetic gases like H2 or CH4 as well as synthetic Hydrocarbons 

like MeOH are discussed as options to store volatile electricity production from renewable 

energy sources (Specht et al. 2009). Hence, the CO2-based production of chemicals could be 

used to produce sustainable raw material for the chemical industry while delivering storage 

services to the energy system at the same time. The technical and economical parameters of 

such a system integration should be part of further research.  

To achieve a broad market penetration of CCU technologies their future cost competitiveness 

will be crucial. High prices for crude oil or a carbon price on non-energetically used fossil 

hydrocarbons could accelerate the development and the application of CCU technologies. A 

respective carbon price could be introduced by integrating the non-energetical use of fossil 

hydrocarbons into existing emission trading schemes. However, the latest price decline on the 

global oil markets (IEA 2020b) as well as the general decline of the global economy due to the 

Covid-19 pandemic (Nicola et al. 2020) could hinder this development. Therefore, economic 

incentives become even more important to motivate the necessary investments. For that 

purpose, economic instruments such as carbon pricing for all fossil-based uses and funding 

schemes for sustainable carbon processing technologies might have to be integrated into 

policy programs. 
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2.5 Conclusions 

The results in this article show, that the actual carbon flows for material use in the German 

chemical and polymer industries are highly linear. Compared with other industries, for 

instance metal production, the circularity for carbon used as material is significantly lower. 

Most of the carbon losses occur as emissions after waste incineration. Additionally, dissipative 

use of carbon containing products cause relevant losses. This shows the requirement as well 

as the potential for enhanced and additional recycling of carbon used as material in order to 

develop towards a circular economy. CCU technologies can enhance the circularity of carbon 

used as material by creating additional recycling cycles and also compensate dissipative losses. 

However, the high REE-requirement of CCU processes implies that CO2 should only be used if 

material recycling, in particular of polymers, can hardly be applied. 

With respect to the necessary resources in Germany, the situation is different for CO2 and REE 

now and in the future. Even if only non-avoidable substance related CO2 point sources are 

regarded, the CO2-requirement is mostly fulfilled while DAC technology or imports could fill 

the remaining gap. In contrast, REE-availability is limited and REE will remain a scarce resource 

in the future. A competition between chemical and polymer industries with other production 

sectors and with transport for REE can be expected. The application of CCU technologies to 

produce base chemicals for the German market will mostly take place at international 

locations with better conditions for REE production.  

Further research is advisable to enhance the results of the MFA, and to shed light on 

dissipative losses of carbon used as material and about carbon stocks within the society. 

Furthermore, the environmental and economic performance of CCU processes should be 

compared to material as well as chemical recycling to identify the most efficient way to recycle 

carbon used as material. At the macro level, the production of base chemicals should be 

included in future energy models for Germany, which need to be developed towards 

integrated energy and material supply models, considering REE-availability and requirements 

of all economic sectors. Finally, possible international production locations should be 

identified and compared with locations in Germany with respect to environmental and 

economic conditions.  
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Abstract 

The utilization of CO2 in combination with renewable energy and water is a promising 

alternative for the use of fossil hydrocarbons in the chemical industry. In countries like 

Germany, the required amounts of renewable energy for a large-scale production will most 

probably exceed their availability. To gain more information about the environmental impacts 

and economic parameters of a potential import of CO2-based chemicals, 19 representative 

international production locations were identified considering energy, CO2, and water 

availability and compared to 2 locations in Germany. Life cycle and economic assessments 

were done for all locations for CO2-based MeOH and naphtha. The results show that 

location-differences determine environmental impacts and economic parameters with a 

tendency of wind-based locations outperforming those using photovoltaic cells. Comparing 

both chemicals, MeOH shows better results in every category with the examined German 

locations showing promising results. While a decrease of the climate footprint can be reached 

for both chemicals at all locations in relation to the conventional alternatives, they also show 

a trade-off between the climate footprint and at least two other environmental impacts which 

raises the risk of problem shifting. The economic results imply that for some locations a 

competitive production is in range in the medium term even without changed policies. At the 

same time, the inclusion of chemicals into carbon pricing schemes may not be sufficient for 

every production location since the calculated break-even carbon prices for MeOH range from 

284 to 1.619 €/tCO2-avoided in the status quo and from 11 to 735 €/tCO2-avoided in 2030. The high 

variances of the environmental and economic results indicate the necessity for a careful 

selection process of production locations. Importantly, desalination of water did not 

significantly raise the environmental impacts or production costs. Therefore, it might be 

promising to develop production plants in regions with very good conditions for renewable 

 
3 This chapter is reproduced from the already published article (DOI:10.1039/D1GC01546J) with permission from 
the Royal Society of Chemistry. Layout and formatting of the original article were adapted. 

https://doi.org/10.1039/D1GC01546J
https://doi.org/10.1039/D1GC01546J
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energy production while planning to use saline water to avoid additional pressure on water 

systems. 

3.1 Introduction 

The most challenging environmental problems of the contemporary economy are caused by 

the use of fossil energy carriers as the main energy source and the highly linear utilization of 

resources. To reach the Paris Goals for global warming and to protect natural resources, a 

combination between a cross-sectoral phase out of fossil hydrocarbon use and a more circular 

use of materials is highly necessary (IRP 2019).  

In the chemical industry, fossil hydrocarbons represent an important feedstock for energy and 

material purposes. In both cases their use ultimately causes greenhouse gas (GHG) emissions. 

First, they are consumed as energy carriers to produce electricity and heat which causes more 

than 0.7 GtCO2-eq/a of GHG emissions (IEA 2021a). Second, hydrocarbons constitute the most 

important carbon source to produce organic chemicals, which causes GHG-emissions in waste 

management (Geres et al. 2019). For example, in the German chemical industry, more than 

90 % of the carbon input is based on fossil sources (Kaiser and Bringezu 2020) causing an 

annual GHG emission volume of 112 MtCO2-eq of which 56 MtCO2-eq are end of life emissions 

(Geres et al. 2019; UBA 2018). Especially for the use of carbon as material, the replacement of 

the fossil-based feedstock and thus the avoidance of end-of-life emissions is difficult. This is 

because a decarbonization, i.e., the avoidance of carbon utilization, is not possible. At the 

same time, the current secondary input rate for material carbon is below 1 %, evidencing 

markedly low carbon circularity in this industry sector (Kaiser and Bringezu 2020). Thus, to 

reduce GHG emissions and to achieve a regenerative supply for material carbon, the 

development of new carbon sources is required.  

The utilization of CO2 as a carbon source is a promising option. It could help to replace fossil 

carbon sources and effectively close the carbon cycle (Bringezu 2014). In combination with 

electricity and water, large shares of the portfolio of organic chemicals can be synthesized 

based on CO2 (Mikkelsen et al. 2010) without requiring large shares of agricultural land, as it 

would the case if the fossil carbon feedstock was substituted with biogenic carbon 

(Gabrielli et al. 2020). Environmental assessments showed the potential of Carbon Capture 

and Utilization (CCU) processes to reduce the climate impact of the production of base 

chemicals (Sternberg et al. 2017; Von der Assen et al. 2013), polymers (Hoppe et al. 2017; 

Meys et al. 2020; Turnau et al. 2020; Von der Assen et al. 2015) or fuels (Liu et al. 2020; 
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Van der Giesen et al. 2014). A premise for a climate impact reduction is the utilization of low 

carbon electricity. Kätelhön et al. (2019) calculated a future GHG reduction potential for the 

global chemical industry by the application of CCU technologies of 3.5 GtCO2-eq corresponding 

to a demand of 18 PWh/a of renewable electricity. In addition, the marginal climate benefit 

of CCU technologies per MWh renewable electricity is lower than for other technologies 

(e.g. heat pumps) (Sternberg and Bardow 2015). Therefore, the availability of renewable 

electricity is a crucial factor for a sustainable application of CO2-based chemical production as 

well as the exploration and exploitation of its potential.  

The economics of CCU processes in general and the production costs of CCU processes in 

particular are also highly affected by their energy demand. Hoppe et al. (2018) and 

Hank et al. (2018) showed that the production of CO2-based chemicals is not yet competitive 

compared to the fossil alternatives. The authors identified the costs for electricity and the 

capital expenditures for electrolysis as the main cost drivers. Nevertheless, since both factors 

are expected to decrease in the future (IRENA 2020; NOW GmbH 2018), a competitive 

production is probable in the future. Beside the production costs, capacities for renewable 

energy production constitutes a major problem in industrialized countries with a high 

population density. For example, Kaiser and Bringezu (2020) showed that between 45 – 50 % 

of the available renewable energy in Germany would be necessary in 2050 to replace 65 % of 

the fossil sources for material carbon in the German chemical industry with CO2. At the same 

time, it is very unlikely that comparable shares will be available for chemical production  

(DENA 2018; Hoffmann et al. 2015; UBA 2019a) . Furthermore, the direct import of electricity 

is complex and cost intensive, compared to the import of liquid or gaseous energy carriers 

(Saadi et al. 2018). Therefore, the import of CO2-based chemicals is considered as an 

requirement to reach climate neutrality in the German chemical industry (Geres et al. 2019; 

Gerbert et al. 2018; Prognos et al. 2021). In addition, international production locations offer 

higher capacity factors for renewable energy than in Germany due to higher wind speed or 

solar radiation intensity (IRENA 2020) which could lead to lower electricity costs. Thus, the 

construction of renewable energy plants to produce CO2-based chemicals at international 

production sites as proposed by Agora (2018) could help to reduce production costs and 

secure a future supply for CO2-based chemicals in Germany.  

While the import seems reasonable for economic reasons, the ecological impacts of imported 

CO2-based chemicals from different regions have not been examined yet. However, 
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environmental problem shifting, and higher production costs are possible, for example, due 

to already existing environmental trade-offs, the requirement of freshwater sources, the 

possible lack of high concentrated and unavoidable point sources for CO2, as well as 

long-distance transport. These gaps in current understanding of the environmental impacts, 

its drivers, and the economic parameters of internationally produced and imported as well as 

domestically produced CO2-based chemicals are analyzed and evaluated in this article. To do 

this, production locations which represent best-cases for the possible technological system 

types are identified internationally and in Germany. Subsequently, the respective production 

and transport of CO2-based chemicals is analyzed via life cycle assessment and costing. The 

analysis is done for MeOH and naphtha because they offer large potentials to substitute the 

current fossil feedstocks. While CO2-based naphtha could be used as a drop-in for steam 

cracker processes, CO2-based MeOH could substitute fossil-based MeOH and become a new 

base chemical for the production of olefines or aromatics (Bazzanella and Ausfelder 2017).  

3.2 Methods and Data 

3.2.1 Location Analysis 

To identify representative production locations for CO2-based chemicals, the geospatial 

availability of renewable energy, CO2, and water (i.e., within major water sheds) was examined 

for over 10.000 regions with the help of Geographic Information Systems (GIS) (Figure 3-1). 

The delineation of the regions was done according to the watersheds described by 

Boulay et al. (2018) since they represent the coarsest resolution of the data sets. The energy 

availability was evaluated based on geospatially-explicit data for the capacity factor of 

onshore wind energy and Photovoltaic (PV) plants. To evaluate the CO2 availability in a region, 

existing large scale industrial CO2 point sources and their locations were identified on a global 

Figure 3-1: Combination of different data layers on global scale to assess the regional resource availability for solar and wind 
energy, water, and CO2 point sources. Data sources can be found in Appendix B-1. 
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scale. To avoid lock-in effects, only non-avoidable and substance related CO2 point sources 

such as cement plants, waste incineration and steel plants using a blast furnace were 

considered as available point sources (Kaiser and Bringezu 2020). The AWARE 

(Available Water Remaining) Method from Boulay et al. (2018) was applied to evaluated the 

water availability in every region. With the help of this method, the specific availability of 

freshwater and its consumption by all existing users such as ecosystems and socioeconomic 

systems are compared, and regionalized characterization factors are calculated. If a region 

shows an AWARE factor of more than ten it means that the availability of additional 

freshwater in this region is ten times smaller than the world average. In consequence, it is 

generally assumed that such a region suffers water scarcity. To avoid additional pressure on 

the water balance, it was considered that no freshwater is available for CCU processes in this 

case. Further details about the GIS Analysis as well as data sources can be found in 

Appendix B-1.  

After the characterization of the regions, an identification procedure was developed to 

identify suitable regions for further analysis. Since the availability and cost of renewable 

electricity are the main motivations to search for international locations, only regions with a 

higher capacity factor either for wind or PV than in Germany are considered. A lack of water 

or CO2 availability was assumed if the region suffers under water scarcity or has no CO2 point 

source. In this case, the use of a seawater desalination plant was considered as well as the 

CO2-capture via direct air capture to provide the necessary water or CO2, respectively. The 

corresponding transport distance for each region was calculated in a simplified way using the 

Euclidean distance between the centroids of a region and Germany. In the next step, the 

calculated distances were categorized into short (continental Europe including 

Cyprus; <2,600 km), medium (2,600 – 9,000 km) and long (> 9,000 km). The best-case 

production locations for all 24 possible combinations of energy (wind/PV), 

CO2 (Point Source/DAC), and water (Freshwater/Seawater) sources for all distance categories 

were identified according to the procedure described in Appendix B-1. The resulting 

production locations cover the best cases for all possible system types and allow a cross 

comparison to identify the factors which mainly determine location performance with respect 

to environmental impacts and economic parameters. Subsequently, the energy and material 

requirement of the CO2-based processes and the location specific factors were used to 

calculate respective system types (i.e., location specific production plant configurations). 
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3.2.2 Life Cycle Analysis 

 Scope and Data 

The life cycle analysis (LCA) was carried out in accordance to international standards 

DIN EN ISO 14040, DIN EN ISO 14044 and specific guidelines for the LCA of CO2-based 

processes (Müller et al. 2020a; Müller et al. 2020b). In our study, the use and end-of-life phase 

of the produced CO2-based chemicals do not differ in comparison to the fossil alternative. 

Therefore, a cradle to gate system boundary was chosen (Figure 3-2). As functional unit, one 

Megajoule (MJ) of bound and transported energy based on the lower heating value (LHV) was 

selected for two reasons. First, the lack of availability of renewable energy in Germany is the 

main driver for potentially imported CO2-based chemicals. Hence, the bound and transported 

energy is the main function of the product. Second, it enables the comparison of the two base 

chemicals despite their different in compositions. This procedure is in line with previous 

studies (Artz et al. 2018; Sternberg and Bardow 2015; Van der Giesen et al. 2014). The 

production systems were modelled with the open-source software OpenLCA using the 

ecoinvent 3.5  database (Ecoinvent 2018) as the background system. In contrast to other 

studies, the material demand for the electrolyzer and the CO2 capture plant are explicitly 

included into the model. The following secondary metal input rate are considered for the 

metal demand in the product system: aluminum (46 %) (Passarini et al. 2018), copper (35 %) 

(Glöser et al. 2017) and steel (22 %) (Broadbent 2021). For each region, the parameters of the 

Figure 3-2: Description of the product system for the environmental and economic assessments. (RSWO = Reverse Seawater 
Osmosis). 



Second Publication – Import of CO2-based Chemicals 

36 
 

foreground system are regionalized according to the specific resource availability. For the 

background systems, the respective regions in the ecoinvent 3.5 database were chosen. In 

case no regionalized background data were available for a specific region, the global average 

was used. Furthermore, transport of hydrocarbons via tanker was considered.  

The production scale for CO2-based MeOH was assumed as 100 ktMeOH/a. Compared to fossil 

MeOH production, this value represents a small-scale production location. Nevertheless, the 

scale is about two magnitudes higher than the production volume of existing plants for 

CO2-based MeOH production, and compares to the largest new production plant currently 

under construction (CRI 2020). When using one MJ as functional unit, the amount of 

renewable energy which is bound in the yearly production volume of the produced chemicals 

must be comparable. Thus, a production volume of 50 ktNaphtha/a was chosen for the naphtha 

production based on the LHVs for MeOH (21 MJ/kg) and naphtha (44 MJ/kg). All plant 

components were depreciated linearly according to their individual lifetime. For the whole 

plant, a lifetime of 20 years was assumed. If a component consists of a lifetime of smaller than 

20 years, its replacement was regarded in the ecological and economic assessment. 

 Impact Assessment and Contribution Analysis 

The impact assessment was carried out using the climate footprint and three resource 

footprints (Table 3-1). The term “climate footprint” was selected instead of “carbon 

footprint”, because the use of the latter often only includes carbon-based GHG gases 

(Wright et al. 2011). While the climate footprint serves as an output-oriented indicator 

measuring the environmental pressures of GHG emissions, the three resource footprints 

(Material, Water, and Land) estimate the pressures of natural resource extraction at the input 

side of the production system. With the combination of these four footprints more than 84 % 

of the possible environmental impacts of a production system can be covered 

(Steinmann et al. 2016; Steinmann et al. 2017). Therefore, the use of this set of indicators 

constitutes an efficient and effective way to estimate environmental pressures and impacts in 

life cycle assessment.  

To assess the water consumption of CO2-based chemical production, two different indicators 

are important. First, the indicator Water Incorporation which measures how much freshwater 

equivalents are incorporated in the produced chemical. This freshwater is then exported and 

ultimately removed from the region where the production process takes place. For locations 

where seawater is used as input due to water scarcity as well as for the fossil-based 
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production, no freshwater is incorporated in the product. Second, the indicator Water 

Evaporation measures the water equivalents lost due to evaporation by the production 

processes along the whole supply chain. It complements the first indicator by measuring the 

indirect water consumption of upstream processes.  

Table 3-1: Indicators used in the impact assessment 

 

With the help of a contribution analysis, the drivers of environmental impacts as well as 

potential for improvements can be identified and located along the supply chain. In case of 

the climate footprint, the emissions of all related processes of the product systems were 

classified according to the scoping method developed by the World Resource Institute 

(WRI and WBCSD 2015). It is assumed that no energy is externally bought and that the 

Footprint Names of applied indicators Measured pressures Sources for 

Characterization 

Factors 

Climate 

Footprint 

Global Warming Impact  

(100 a) 

Global Warming caused by the 

emission of greenhouse gases over 

100 years 

IPCC (2014a) 

Water 

Scarcity 

Footprint  

a) Water Incorporation 

b) Water Evaporation 

Risk for onsite and remote 

freshwater scarcity due to  

a) incorporated and exported water 

in products and  

b) evaporation losses  

using spatially explicit data for 

freshwater availability. 

Boulay et al. (2018); 

Schomberg et al. 

(2021) 

Material 

Footprint 

a) Abiotic Raw Material 

Input (RMI) 

 

b) Abiotic Total Material 

Requirement (TMR) 

Environmental pressures due to 

(a) turnover of primary raw 

materials used as input of the 

subsequent process chain and 

(b) the overall excavation and 

translocation of primary material in 

natural landscapes extracted to 

supply the raw materials 

Mostert and 

Bringezu (2019) 

Land 

Footprint 

Land Occupation Additionally occupied land to deploy 

the technologies of the production 

system 

Ecoinvent (2018) 
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generation facilities within the product system belong to the system operator. Therefore, no 

scope 2 emissions appear. Additionally, the scope 3 emissions were divided in indirect energy 

supply, material supply, and transport. For the material footprint, the application of different 

types of materials and their contribution to the overall RMI were assessed. Therefore, the 

material flows were subdivided in the categories Metal ores, Fossil Fuels and Minerals. This 

allows the evaluation of the effect of an increased use of secondary material for CO2-based 

chemical production. For the water footprint, the processes contributing to the indicator of 

water evaporation were investigated in more detail, to evaluate the water consumption along 

the whole supply chain. Since the general system setups between CO2-based MeOH and 

naphtha production are similar and the LCA results show the same trends, it was assumed that 

the characteristics of their supply chains are similar as well. Hence, the contribution analysis 

was done only for the MeOH production. 

 Process description for MeOH and FT-Synthesis 

The production processes for CO2-based MeOH (M) and naphtha (N) were modelled based on 

literature data (Table 3-2). The following overall reactions were assumed. 

 

M: CO2 + 3H2   ⇄ CH3OH + H2O  ∆H0 = -91 kJ/mol  (3.1) 

N: nCO2 + 3nH2 ⇄ (CH2)n+ 2n H2O         ∆H0 = -128 kJ/mol  (3.2) 

 

Both process routes include the sequestration of CO2, the production of hydrogen, a reverse 

water gas shift reaction for the production of synthesis gas, and a synthesis step. The required 

electricity was supplied either by onshore wind plants or PV solar panels, depending on 

characteristics of the production locations. For the production of hydrogen, a Proton Exchange 

Membrane electrolyzer was considered due to its ability to work under fluctuating electricity 

supply, typical for renewable electricity production (NOW GmbH 2018). The CO2 was supplied 

either by amine scrubbing for CO2 point sources or with solid amine-supported filters to 

sequester CO2 from the atmosphere. If no freshwater was available for the process, Reverse 

Seawater Osmosis (RSWO) was applied to produce freshwater from seawater. Before the 

extracted or produced freshwater is used as input for the electrolyzer, it is deionized in an 

additional process step.  
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The energy efficiency of the production processes is calculated by dividing the LHV of the 

chemical product i by the sum of the energy input flows (𝐸𝑖𝑗). For the provision of required 

thermal energy, an efficiency of 60 % was assumed. 

ƞenergy = 
LHV𝑖

∑ 𝐸𝑖𝑗
𝐽
𝑗=1

     (3.3) 

As reference flows, the conventional, fossil-based production of MeOH and naphtha were 

regarded. Thereby it was assumed that both CO2-based products are functionally equivalent 

to the fossil counterpart. For conventional naphtha, which is not a specific molecule like 

MeOH, but a coarsely defined mixture of hydrocarbons with differing characteristics, e.g., the 

distribution of the chain lengths, a functional equivalency can be assumed due to the 

FT-process. It enables the production of similar product mixtures, which can also be modified 

via the applied catalyst and the reaction parameters (Abraham 2017). The conventional 

references were modelled based on data from Ecoinvent (2018). 

In general, all system elements were assumed to operate dynamically following the electricity 

supply. This simplification of a real production plant was necessary due to a lack of data for 

location-specific load curves with high temporal resolution, which is required to calculate 

storage capacities for electricity or hydrogen. To be independent of periodical fluctuations of 

the regional resource availability, only data sources which depict long-term yearly averages 

were used.
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Table 3-2: Process and Flow Data for the CO2-based production processes (PEM = Proton Exchange Membrane Electrolyzer, 
PV = Photovoltaic). 1The assumed minimum includes heat recovery (" –" = no Value available). 

Process Description Parameters Input Range for 
Monte Carlo 
Analysis 

Sources 

Electricity 
Production 
(Wind) 

4.5 MW Onshore 
Wind Plant 

– – Ecoinvent (2018) 

Electricity 
Production (PV) 

Ground Mounted 
Photovoltaic Plant  
(570 kWp, Multi 
Silicon Layers) 

– – Frischknecht et al. 
(2015), 
Ecoinvent (2018) 

Seawater 
Reverse Osmosis 

Operation Pressure: 
83 bar 
 
Recovery Rate: 55 % 
 
Salt Content 
Seawater: 3.5 % 

2.73 
kWhel/m³Freshwater 

 
1.8 
m³Seawater/m³Freshwater 

2.5 – 3 
kWhel/m³Freshwater 

 
– 

Nassrullah et al. 
(2020), 
Ecoinvent (2018) 
 

Water 
Purification 

Production of 
ultrapure water by 
electro deionization 

1.001 
m³Freshwater/m³UPW 

 
0.05 
kWhel/m³Freshwater 

– 
 
 
– 

Ecoinvent (2018) 

PEM Electrolysis Operation Pressure:  
30 bar 
 
Operating 
Temperature: 60 °C 

55 kWhel/kgH2 
 
9 lWater/kgH2 

50 – 58 kWh/kgH2 
 
– 

Bareiß et al. 
(2019), 
 NOW GmbH 
(2018) 

CO2 Capture 
(Point Source) 

CO2 Capture from a 
cement kiln  

0.136 kWhel/kgCO2 
 
1.01 kWhth/kgCO2 
 

– 
 
 
0.67 – 1.25 
kWhth/kgCO2

1 

Fröhlich et al. 
(2019), 
Engin and Ari 
(2005) 

CO2 Capture 
(DAC) 

CO2 Capture from 
the atmosphere  

0.4 kWhth/kgCO2 

 
 
1.7 kWhel/kgCO2 
 

0.2 – 0.7 
kWhel/kgCO2 

 
1.5 – 2.2 
kWhth/kgCO2 

Fasihi et al. (2019),  
Lozanovski (2019) 

MeOH Synthesis Operating 
Temperature: 220 °C 
 
Operating Pressure:  
50 bar 
 
CO2 Conversion 
Rate: 97 % 
 

1.42 kgCO2/kgMeOH 
 
 
0.197 kgH2/kgMeOH 
 
 
1.37 kWhel/kgMeOH 
 

1.37 – 1.46 
kgCO2/kgMeOH 
 
0.189 – 0.205 
kgH2/kgMeOH 
 
– 

Rihko-Struckmann 
et al. (2010), 
Sternberg et al. 
(2017) 

Fischer-Tropsch 
Synthesis 

Operating 
Temperature: 220 °C 
 
Operating Pressure:  
30 bar 
 
CO2 Conversion 
Rate: 87 % 

3.7 kgCO2/kgNaphtha 
 
0.62 kgH2/kgNaphtha 
 
1.2 kWhel/kgNaphtha 
 

3.2 – 3.5 kg 
CO2/kgNaphtha 
 
0.46 – 0.5 kg 
H2/kgNaphtha 

Artz et al. (2018), 
Geres et al. (2019), 
Liu et al. (2020), 
Van der Giesen et 
al. (2014) 
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3.2.3 Uncertainty and significance 

To analyze the uncertainty and statistical significance of the results, Monte Carlo Analysis 

(MCA) and a Multivariate analysis of Variance (Manova) were conducted.  

An MCA allows the evaluation of complex processes with different value distributions by 

conducting a high number of randomized sample calculations. Thereby, the following 

parameter distribution were applied. For the background processes, the underlying lognormal 

uncertainty distributions in the ecoinvent database were used. For the modelled foreground 

processes such as the electrolysis, triangle distributions were introduced as approximation for 

the real distribution functions which is a generally applied procedure for processes were few 

data are available. The distribution parameters were chosen in the following way. As 

minimum, the thermodynamic limit or, if not available, the lowest value calculated in the 

literature, which also takes future developments into account, was set. Thus, further possible 

process developments are also considered in the analysis. The modus is represented by the 

lowest value for the state of the art. As maximum the highest value found in the literature was 

set. To assess the overall uncertainty and the distribution of the indicator results for a product 

system, MCA with 1000 runs were conducted in OpenLCA. The uncertainties caused by system 

parameter variation and those due to location specific factors, were compared by contrasting 

the resulting distributions for the climate and material footprint. Since the assumed system 

parameter variations are identical for each location type, it was regarded as sufficient to 

analyze only one wind and one PV-based location which use DAC as CO2 and RSWO as water 

source. For those system types, the highest uncertainty in the results is expected because of 

the higher energy and material requirements as well as parameter variations. For the water 

and land input of the system, no parameter variation is assumed. Therefore, no MCA was 

conducted for those footprints.  

A Manova is applied to detect significant impacts from independent and nominally scaled 

variables on dependent and metrically scaled variables. In this study a Manova according to 

Messer and Schneider (2019) was used to examine whether the energy (PV/Wind), CO2 (Point 

Source/DAC) and water (Freshwater/RSWO) source as well as the transport distance 

(short/medium/long) has a significant influence on the environmental impacts and economic 

factors. The former group represents the independent and the latter the dependent variables. 

The Manova was done with the software SPSS Statistics by IBM, version 26.  
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3.2.4 Economics 

To enable a sound comparison with the LCA results, identical system boundaries were chosen 

for the economic analysis as proposed by Zimmermann et al. (2018). For the economic 

assessment of each production location, the Levelized Costs of Energy (LCOE), the 

CO2 avoidance costs (AC) as well as the Net Present Value (NPV) for the two chemicals were 

calculated for the status quo4, as well as for a 2030 scenario. The calculation formulas and a 

detailed list of the considered cost parameters and their values in the status quo and in 2030 

can be found in Appendix B-2.  

LCOE are a measure of the average net present costs of energy generation or transformation 

(Konstantin 2017). They are used to compare energy plants based on the average production 

costs over their whole lifetime. In this study, they are expressed as € per GJ of energy bound 

in the produced chemical including the transportation costs. The interest rates were 

differentiated between locations and energy sources based on empirically determined 

weighted average costs of capital (WACC) for renewable energy projects in the respective 

regions taken from Steffen (2020).  

The AC were calculated based on the LCOE and the results for the GWI from the LCA. They 

express the necessary costs to avoid the emission of one ton of CO2-equivalents and therefore 

represent a combination between the ecological and economic assessment. As costs for fossil 

fuels, the average market price of the last 5 years is considered in the status quo. For the 

future different development scenarios from the International Energy Agency for the oil price 

were used in the calculations resulting in yearly price changes of -1 % (decreasing prices, DP), 

+2 % (increasing prices, IP1) and +4 % (IP2). The scenarios differ with respect to the expected 

oil demand and the implemented climate protection policies and a probable corridor for the 

oil price development (IEA 2020c). 

The NPV expresses the actual net value of an investment considering all cash flows 

(expenditures and income) along the lifetime of a project. It allows to evaluate the viability of 

a project also taking possible future developments of the price for fossil fuels and the carbon 

price into account. To calculate the yearly income it was assumed, that the CO2-based 

chemicals are sold at the existing market price also considering the avoided emissions in 

 
4 In the context of this dissertation, the term status quo refers to the economic situation in the year 2020 
using five-year averages (2016 – 2020) as market prices for fossil fuels and derived products. These 
prices also serve as the basis for further projections for the years 2030 or 2050. 
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combination with the carbon price. If a plant component was not fully depreciated at the end 

of the lifetime, e.g., due to a replacement during the assumed 20 years, the residual value was 

assumed as income. Other end of life costs were not included due to a lack of reliable data. 

Thus, the NPV enables to show the effects of different carbon prices as well as developments 

for fossil fuel prices on the investment value of the production plants for each location and 

chemical.  

3.3 Results 

According to the location selection process, a total of 19 international and 2 German locations 

were identified as suitable for possible production. The international production locations are 

based in South America (8), Africa (4), Middle East (3) Europe (3) and Asia (1). The capacity 

factor for renewable energy generation of the locations ranges from 19 – 27 % for PV and 

52 – 75 % for onshore wind. Because of the much lower capacity factors, the required capacity 

for electricity generation and the following production steps is about three times higher on 

average for PV-based systems than for wind-based systems. For German locations PV shows 

a capacity factor located in the lowest quartile of all 11,000 regions, while the capacity factor 

for wind is in the top quartile. Therefore, it was not regarded as useful to analyze a PV-based 

system in Germany because wind energy is clearly the better option as renewable energy 

source. Detailed information about the chosen locations, their characteristics and the 

respective system parameters can be found in Appendix B-3.  

3.3.1 Life Cycle Assessment 

The climate footprint of CO2-based MeOH ranges between -0.05 and -0.01 kgCO2-eq/MJ, while 

the fossil-based production has a GWI of 0.03 kgCO2-eq/MJ. For CO2-based naphtha the GWI 

ranges between -0.06 and 0.002 kgCO2-eq/MJ with 0.01 kgCO2-eq/MJ for the fossil-based 

production (Figure 3-3). Hence, for both chemicals the GWI for all production locations is 

lower than for the fossil alternative. The mean and median values for MeOH 

(-0.034 and -0.036 kgCO2-eq/MJ, resp.) are slightly lower than for naphtha 

(-0.032 and -0.034 kgCO2-eq/MJ, resp.) while the variance is higher for naphtha with a lower 

minimum and a higher maximum. The former can be explained by the higher energy density 

in combination with a higher CO2-input, and the latter by the lower energy efficiency of the 

FT-process, which causes a higher sensitivity of naphtha production to the location specific 

GWI of the electricity supply. Since the GWI of the fossil alternative is higher for MeOH than 
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for naphtha, the overall GWI reduction potential is also higher for MeOH. Furthermore, the 

German production locations show a higher climate reduction potential than most of the 

studied international locations since they are in the lower half for both MeOH and naphtha. 

In case of the material footprint the results show a different picture. For CO2-based MeOH, 

the RMI ranges between 0.04 and 0.09 kgMaterial-eq/MJ while the fossil-based production shows 

a RMI of 0.05 kgMaterial-eq/MJ. For CO2-based naphtha, the RMI ranges between 

0.05 and 0.12 kgMaterial-eq/MJ with a RMI of 0.03 kgMaterial-eq/MJ for the fossil-based production. 

The median RMI of the CO2-based production is higher than for fossil-based MeOH. An RMI 

reduction compared to the fossil-based production up to 20 % can be achieved for the two 

wind-based locations with the highest capacity factor which both use DAC as CO2 source, as 

well as for the location in Germany which uses a point source and the PV-based system with 

the highest capacity factor also using a point source. However, none of the production 

locations show a lower TMR than the fossil alternative. Nevertheless, the locations with a 

lower RMI show a TMR value at the same level as for the fossil reference so that the trade-off 

between climate pressure and material resource requirements is balanced. This difference 

between RMI and TMR results is founded in the relation between used and unused extraction, 

which is significantly higher for metal mining than for fossil fuel production. For naphtha, all 

production locations show a higher RMI and the median RMI is at least twice as high as for the 

Figure 3-3: LCA results for CO2-based MeOH and naphtha production at international (i) and German (g) production locations 
in comparison with the fossil (f) based production. (GWI = Global Warming Impact; RMI = Raw Material Input). 
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fossil alternative. Like for the climate footprint, the RMI for fossil-based production of MeOH 

is higher than for naphtha. The RMI values of the national production locations are below the 

mean value (MeOH) or the median (naphtha) of the international production locations. 

The two water footprint indicators show comparable results for the comparison between 

MeOH and naphtha, as well as CO2-based and fossil-based production. For the water 

evaporation, values range from 0.4 and 6 lWater-eq/MJ for MeOH and 0.5 and 9 lWater-eq/MJ for 

naphtha. The fossil-based production shows a water evaporation of 0.4 lWater-eq/MJ for MeOH 

and 0.3 lWater-eq/MJ for naphtha. The values for water incorporation show a range of 0.04 to 

0.5 lWater-eq/MJ for MeOH and 0.05 to 0.5lWater-eq/MJ for naphtha. The higher water footprint 

for naphtha is caused by the higher H2-demand. The results show that the water evaporation 

is higher for both chemicals and all considered production locations, compared to the 

fossil-based production. Additionally, the direct water export has a lower impact than water 

losses due to evaporation. Furthermore, production locations using PV as energy source show 

significantly higher impacts than locations using wind as energy source.  

In case of land use, the results show a similar pattern as for water evaporation. All CO2-based 

production systems show higher values than the fossil alternative for both chemicals. At the 

same time, the median land occupation for PV-based systems is more than a magnitude higher 

than the land occupation for wind-based systems for both chemicals. Therefore, additional 

pressure on land use systems can be expected for the production of CO2-based MeOH and 

naphtha. The results for TMR, Water Incorporation and Land Occupation can be found in the 

Appendix B-4 but are also discussed below. 

A comparison of the overall energy efficiency for MeOH and naphtha production shows 

several differences between plant configuration and chemicals. First, the energy efficiency for 

production systems using a point source is 4 % (naphtha) to 6 % (MeOH) higher than for 

systems using DAC. Second, the application of RWSO to provide the necessary fresh water 

leads to an efficiency loss of only 0.03 %. Third, the energy efficiency for MeOH production 

using a point source (42 %) is 11 % higher than for naphtha production (31 %). Because of the 

lower efficiency, the required plant capacities are 30 % higher for energy plants and 37 % 

higher for the electrolyzer plants for naphtha production. In combination, naphtha production 

can be considered as more energy and material intensive than MeOH production. 

The results of the contribution analysis (Appendix B-5) explain the drivers of the 

environmental impacts and identify potentials for improvement. They show a large potential 
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for further optimization in case of scope 1 and scope 3 emissions. The resulting negative 

climate footprint could be twice as high if the whole supply chain and the CO2-capture process 

would be defossilized. Furthermore, an increased use of secondary material and a 

defossilization of the global energy system will be important to reduce the material and water 

footprint. 

3.3.2 Uncertainty Analysis for MeOH production  

For the climate footprint, the comparison of uncertainty types shows a clear picture (Figure 

3-4). The variation caused by the uncertainty of system parameters are smaller than the 

variations caused by the location choice for Wind and PV. This can be derived from the values 

for the standard deviation, which are less than half for the MCA results. The distribution of 

the results for all considered locations shows the largest range and standard deviation with a 

median value of -0.73 which is the same as the maximum value for all wind locations. For the 

material footprint, the range of the variation caused by the system parameter uncertainty is 

higher for Wind and equal for PV than the range caused by the location specific factors. 

However, the standard deviation is lower in both cases. This can be explained by higher 

extreme values in combination with denser overall distributions for the system parameter 

uncertainty. The result distribution for all considered locations shows a median value of 1.05 

which is higher than 75 % of the wind-based production systems. 

The comparison of different types of uncertainty shows two important things. First, even if 

only best cases are considered, the choice of the location and the respective type of 

production system has a higher influence on the environmental impacts than the uncertainty 

of system parameters. Nevertheless, the latter also have a decisive impact and can offset 

differences between production locations if two locations for the same system type are 

compared. Second, the source for renewable electricity itself is identified as the most 

important influence factor for the environmental impacts. In general, the result distributions 

for wind-based systems show mean values which are 87 % (GWI) and 35 % (RMI) lower than 

for PV-based systems. The comparison of different types of uncertainty shows two important 

things. First, even if only best cases are considered, the choice of the location and the 

respective type of production system has a higher influence on the environmental impacts 

than the uncertainty of system parameters. Nevertheless, the latter also have a decisive 

impact and can offset differences between production locations if two locations for the same 

system type are compared. Second, the source for renewable electricity itself is identified as 
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the most important influence factor for the environmental impacts. In general, the result 

distributions for wind-based systems show mean values which are 87 % (GWI) and 35 % (RMI) 

lower than for PV-based systems. 

In conclusion, the results of the life cycle and uncertainty analysis reveal a high probability of 

trade-offs between the climate impact and other impact categories, advantages of MeOH 

production compared to FT-Synthesis, as well as the high impact of the energy source and the 

respective supply chain as driver for environmental impacts.  

 

 

  

Figure 3-4: Comparison of result variations caused by the uncertainty of system parameters and location specific factors for 
the CO2-based MeOH production. (MCA = Monte Carlo Analysis, PV = Photovoltaic, GWI = Global Warming Impact, RMI = Raw 
Material Input).  
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3.3.3 Economics 

 The LCOE show a high variance for both chemicals in the status quo and in 2030 (Figure 3-5). 

A viable production compared to market prices for fossil fuels could not be reached in 2020. 

In 2030, increased energy efficiency and lower investment costs would lead to the reduction 

of the mean LCOE by 34 % (naphtha) and 40 % (MeOH). Locations in Germany, South America 

and northern Europe show the lowest LCOE for CO2-based MeOH and naphtha production . In 

general, the production of MeOH shows better results than for naphtha due to a lower median 

LCOE and a higher market price. Both leads to a smaller price gap than for naphtha. The main 

cost driver (77 – 95 % of total costs) are the production costs for H2 which range from 

4 to 7 €/kgH2 in 2020 and 2 to 4 €/kgH2 in 2030 (B-6). The H2 production costs are mainly driven 

by electricity costs, and investment costs for the electrolyzer. This also explains the higher 

production costs for naphtha, because H2 is used less efficiently compared to the MeOH 

production. The variation of the LCOEs is caused by the varying location-specific conditions for 

renewable electricity generation as well as the different capital costs which range from 3 % in 

Germany and 10 % in Morocco. Wind-based systems generally show lower LCOE than 

PV-based systems because of smaller overcapacities which leads to lower overall investment 

costs. Despite the comparably low capacity factor for wind energy locations in Germany, they 

provide the minimum LCOE in all cases, showing the influence of significantly lower capital 

costs compared to the other regions. For example, the capacity factor for locations in 

Figure 3-5: Levelized Costs of Energy (LCOE) for MeOH and naphtha in the status quo and in 2030. For fossil fuels, a range 
according to IEA (2020c) was assumed. 
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Argentina is about 50 % higher than in Germany, while the capital costs are more than 3 times 

higher in Argentina.  

 

The higher production costs of CO2-based chemicals might be offset by ecological benefits if 

the negative externalities of GHG-emissions are internalized. To compare economic costs and 

possible climate benefits the average AC were calculated for each production location over 

the whole lifetime also considering different oil price scenarios (Figure 3-6).  

The results for naphtha, which are generally higher than for MeOH can be found in 

Appendix B-6. The difference can be explained by the lower GWI and LCOE values for MeOH 

in combination with higher market prices for the fossil alternative.  

The development of prices for fossil fuels has a significant influence on the viability in general 

and the avoidance costs in particular. If their yearly growth rate is below zero, the AC would 

rise significantly, which makes it more difficult for CO2-based chemicals to reach viability.  

Furthermore, the AC differ significantly between the production locations with wind-based 

locations showing lower AC than PV-based locations. For plants being built in 2030, the 

average AC are more than 50 % lower than in 2020. For wind-based MeOH production, the 

lowest AC are achieved for locations in Germany, northern Europe, or Argentina and for 

PV-based MeOH production locations in Saudi Arabia or Chile show the lowest values. . The 

resulting NPVs (Appendix B-6) show two general things. First, a carbon price below 

100 €/tCO2-avoided would not lead to a positive NPV for the analyzed production systems in 2020. 

In 2030, this carbon price would lead to positive NPVs for wind-based MeOH production 

Figure 3-6: CO2-avoidance costs for CO2-based MeOH production for the status quo and 2030 and for different scenarios for 
the oil price development according to IEA (2020c). (IP = increasing oil price, DP = decreasing oil price). 
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locations with production costs below 755 (IP1) or 601 €/tMeOH (IP2) in case of increasing oil 

prices. For decreasing oil prices, a carbon price above 193 €/tCO2-avoided would be necessary to 

reach a positive NPV. In case of naphtha production, a positive NPV could not be reached with 

a carbon price below 100 €/tCO2-avoided, neither in 2020 nor in 2030. Second, the oil price 

development has a high impact on the NPV. On average, the NPV is 17 % (IP1) or 32 % (IP2) 

higher in the case of an increasing oil price. Thus, a decreasing oil price would require more 

policy measures for CO2-based chemical production to become competitive than an increasing 

oil price.  

The results of the environmental and economic assessment showed large differences between 

the production locations. In general, the energy source was identified to have a high impact 

on both, environmental impacts, and costs. It was further analyzed if this impact is statistically 

significant and if the used source for CO2 and water has a significant impact on the results, 

independent from the energy source (Table 3-3). If so, product systems using DAC and RSWO 

would show significantly higher environmental impacts and LCOEs than production systems 

using CO2 point sources or freshwater.  

Table 3-3: Results of the Manova for MeOH production. If an independent variable has a significant impact, the respective 
value is named. The arrow shows the direction of the impact on the respective dependent variable. (p ≤ 0.05, n = 21, 
GWI = Global Warming Impact, RMI = Raw Material Input, WE = Water Evaporation, LO = Land Occupation, LCOE = Levelized 
Costs of Energy, n.s.= no significant impact). 

Variables GWI RMI WE LO LCOE 

Energy Source Wind ↓ Wind ↓ Wind ↓ Wind ↓ Wind ↓ 

CO2 Source Point Source 

↓ 

Point Source 

↓ 

n.s. n.s. n.s. 

Water Source n.s. n.s. n.s. n.s. n.s. 

Transport Distance n.s. n.s. n.s. n.s. n.s. 

It is important to note that the application of water desalination neither shows a significant 

impact on the ecological indicators nor the production costs. Even though RSWO application 

is seen as an energy intensive process (Pistocchi et al. 2020a), the additional energy required 

to apply this technology is very low (0.03 %), compared to the total energy required to 

produce the regarded CO2-based chemicals. Therefore, RSWO could enable the construction 

of CO2-based production systems in regions suffering water scarcity without putting additional 

pressure on the local water system due to water exports. Furthermore, a trade-off between 
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freshwater conservation and economic competitiveness with locations providing a better 

water but suboptimal energy availability could be avoided. 

In case of the energy source, the use of onshore wind power has a significant influence on all 

tested independent variables. The environmental impacts as well as the LCOE are significantly 

lower compared to PV-based systems. This is caused by the higher material and climate 

footprint of PV-based electricity in general as well as the higher required overcapacities for 

PV-based systems. Furthermore, the water intensive silicon wafer production for the 

PV-panels is one reason for the significantly higher water evaporation. The use of a point 

source instead of DAC has an influence on the ecological impacts GWI and RMI, but not on the 

Water evaporation or the LCOE. This can be explained by the higher energy requirement of 

DAC in combination with a lack of CO2 point sources in regions with very good conditions for 

renewable energy. The transport distance did not show a significant impact on any of the 

dependent variables.  

The sensitivity analysis (Appendix B-7) shows that the specific capacity factor of the energy 

source has an important impact as well. For the CO2-based MeOH production, a 1 % increase 

in the capacity factor leads to a decrease in environmental impacts between 3 % and 6 % for 

PV-based systems and 0.7 % and 1.1 % for Wind based systems. While an increase of the 

capacity factor causes lower LCOE for PV-based systems, it has the opposite effect for 

wind-based systems. For the latter, the impact of differing WACC outweighs the impact of the 

capacity factor. If a constant WACC of 5 % is assumed for all locations, an 1 % capacity factor 

increase leads to a 0.1 % LCOE reduction for wind-based systems as well. The effect was not 

observed for PV-based systems, since the WACC does not vary as much between the selected 

locations as it does between wind-based locations. CO2-based naphtha production shows 

similar trends although with higher sensitivities. 
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3.4 Discussion 

In this article representative international and German locations to produce CO2-based MeOH 

and naphtha are assessed with respect to their environmental impacts and economic factors. 

The results show that the regional resource availability at the production locations has a 

decisive impact on environmental and economic parameters, especially the considered 

sources for renewable energy and carbon. Furthermore, it was shown that there is a trade-off 

between the reduction of the climate footprint and the resource footprints for material, 

water, and land for almost all production locations. The following discusses in brief the 

comparability of the results with other studies, implications for practice and further research 

requirements. Note, that an assessment of data quality can be found in the Appendix B-8, 

which provides confidence in the results and interpretations. 

In recent studies, the calculated climate footprints for CO2-based MeOH production 

(Artz et al. 2018; Hoppe et al. 2017; Sternberg et al. 2017; Sternberg and Bardow 2015; 

Von der Assen et al. 2015) and FT-Synthesis (Artz et al. 2018; Liu et al. 2020; 

Van der Giesen et al. 2014) are also lower than for the fossil alternatives if renewable energy 

is used. Furthermore, the trade-off between climate footprint reduction and the increased 

material footprint shown by Hoppe et al. (2017) and Turnau et al. (2020) is mostly confirmed 

by the results of this study. However, some wind-based production systems show a lower RMI 

for MeOH production than the fossil alternative and hence partly avoid this trade-off. This is 

possible due to the utilization of wind electricity with a high capacity factor for all electricity 

inputs instead of just for the electrolyzer. In addition, the results reveal further trade-offs 

between the reduction of the climate footprint and the water and land footprint for all 

locations and chemicals. Most recently, similar results were shown by Bachmann et al. (2021) 

who calculated trade-offs for CO2-based polyurethane production in 9 of 12 impact categories, 

Bargiacchi et al. (2020) who showed a trade-off between climate mitigation and freshwater 

ecotoxicity as well as land use for the production of CO2-based methane.  

As the main drivers for the environmental impacts, the carbon and material intensity of energy 

used in the production were identified in previous studies (Artz et al. 2018; Hoppe et al. 2017). 

The results of this study support this aspect and provide additional knowledge about the 

specific impact drivers and implications. For example, the further development and 

application of heat pumps in the capturing process, which is proposed by Artz et al. (2018) 

could reduce the climate footprint by more than a third. Thereby, the reduction potential 
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strongly depends on the climate footprint of the electricity supply (Deutz and Bardow 2021). 

Furthermore, the resulting climate footprint of CO2-based MeOH production could be cut by 

50 % on average with the help of a defossilization of the supply chain. The large material 

footprint, partially driven by a high demand for metals, could be reduced further by drawing 

from secondary sources (i.e., recycled metal).  

The location-specific analysis shows that wind-based systems cause less environmental 

impacts than PV-based systems even if the availability of CO2 or water is suboptimal and DAC 

or RSWO is applied. Therefore, the analyzed production systems in Germany would cause less 

environmental impacts than the international PV-based production locations, while 

wind-based locations in Northern Europe, Africa or South America show lower or similar 

environmental impacts than production systems in Germany. Since the transport distance 

does not have a significant influence on the environmental impacts, wind-based production 

locations with higher capacity factors than in Germany may be prioritized to minimize the 

environmental impacts revealed in this study. Nevertheless, the existing environmental 

trade-offs imply, that a switch from fossil-based chemicals to CO2-based chemicals involves a 

high risk of problem shifting. The avoidance of emissions in Germany could lead to increased 

environmental pressures in other regions due to material extraction, water consumption and 

land occupation. To dissolve environmental trade-offs and problem shifting, the realization of 

a global defossilization of the energy sector in combination with higher recycling rates for 

metals are crucial.  

The use of seawater with the help of desalination technologies has the potential to avoid 

additional environmental pressures due to water incorporation without generally causing 

significantly higher environmental impacts or production costs. This highlights the potential 

and relevance of RSWO for the future production of CO2-based chemicals in regions suffering 

under water scarcity, and the freshwater supply in general. Seawater desalination in 

combination with renewable electricity is seen as an important option to supply CCU 

production systems. Furthermore, the freshwater accessibility in regions with water stress 

could be enhanced and an increase of the installed global capacity of desalination would be 

an important factor to reduce the overall costs of RSWO (Caldera and Breyer 2017). Hence, 

the deployment within the production of CO2-based chemicals could help to indirectly 

increase the global accessibility of freshwater without mandatorily causing higher production 

costs for the chemical production. Additionally, a co-use of desalination plants for the 



Second Publication – Import of CO2-based Chemicals 

54 
 

production processes and to supply freshwater to communities could also help to lower water 

scarcity levels. However, region-specific impacts such as the effects of large scale brine 

deposition on ecosystems as shown by Aende et al. (2020) were not included in this study. To 

minimize such effects and to satisfy environmental quality standards proper brine 

management methods would be necessary (Pistocchi et al. 2020a; Pistocchi et al. 2020b). 

Therefore, further site-specific environmental and economic assessments are necessary to 

avoid negative impacts, satisfy quality standards and calculate the specific desalination costs.  

The results of the economic assessment clearly show cost drivers and barriers for the 

production and use of CO2-based chemicals. The ranges of the calculated production costs 

(44 – 83 €/GJMeOH; 62 – 118 €/GJNaphtha) are in line with other studies, and in both cases the 

minimum value is at least twice as high as the actual price for the fossil alternative 

(15 €/GJMeOH, 9 €/GJNaphtha). A review of 21 recently published studies of production costs for 

CO2-based MeOH show a range of 10 – 76 €/GJMeOH (IRENA and Methanol Institute 2021). 

Hank et al. (2020) calculate the cost for CO2-based MeOH production and import to Germany 

from Northern Africa at 37 €/GJMeOH. For CO2-based naphtha no specific studies exist, but 

Agora (2018) calculate a range of 42 – 61 €/GJNaphtha for FT products imported to Germany 

from Northern Africa or the Middle East. A direct comparison between the results is difficult 

due to different assumptions for the CO2 and electricity supply as well as process parameters. 

Nevertheless, the results of this and other studies have in common that a viability for 

CO2-based production is highly improbable for the status quo without either policy support or 

expectations of increased rents by customers willing to pay more for more sustainable 

products.  

Since the decisive cost driver is the provision of H2, wind-based systems show better economic 

results than PV-based systems due to higher capacity factors, lower overcapacities, and 

therefore lower investment costs. These results are supported by a recent study in which the 

cost effects of different load curves on the H2 production costs were compared 

(Machhammer and Henschel 2021). Therefore, locations with high capacity factors for wind 

energy offer comparative advantages regarding ecological and economic aspects independent 

from the CO2 or water source.  

A combination of different sources of renewable electricity as well as the integration of 

storage options for electricity or H2 could help to optimize plant capacities and reduce 

production costs (Hank et al. 2020; Mallapragada et al. 2020) but storage options potentially 
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raise the system Capex (Hank et al. 2018) or require specific geological conditions 

(Hank et al. 2020; Mallapragada et al. 2020). Furthermore, technologies for energy storage 

can also cause significant environmental impacts, especially in case of battery systems 

(Mostert et al. 2018). Therefore, it cannot be stated that storage options would generally lead 

to reduced costs and environmental impacts in the status quo. Nevertheless, they could offer 

the potential for future cost reductions and should be considered in future system 

optimization analysis. 

A possible future broad viability of CO2-based chemical production is dependent on multiple 

technical, economic and policy factors. The combination of increased process efficiency, 

further Capex reduction and an increased oil price could lead to a viability for MeOH in 2030 

which was also shown by Hank et al. (2018). For CO2-based naphtha a viability can only be 

expected later. The inclusion of GHG emissions related to the use of hydrocarbons as 

feedstock into carbon pricing schemes could help to reduce the cost difference between 

CO2-based chemicals and fossil-based chemicals. However, the calculated range for 

CO2-avoidance costs shows, that the current carbon prices of 11 (global average) and 

25 €/tCO2-avoided (European Union) (World Bank 2021) would not be sufficient. If there is no 

increase in carbon prices within the next decade, it is improbable that competitiveness for 

CO2-based chemical production will be broadly achieved by 2030 without additional policy 

support complementary to a carbon price. Furthermore, decreasing prices for fossil fuels 

would aggravate the economic situation for CO2-based chemicals. Therefore, additional 

policies should not only focus on the aspect of climate mitigation but also on the provision of 

recycled carbon. Imposing secondary input rates for carbon containing products and 

considering CO2-based chemicals as regenerative carbon sources at the same time could help 

to create a demand despite the higher production costs. Another meaningful action would be 

the introduction of instruments to reduce the investment risks in those countries which show 

promising conditions for renewable electricity and high WACC rates. State guarantees or 

co-projects between the producing and receiving states could help to reduce the WACC, and 

thus also the LCOE, and explore the regions potential from which all involved parties could 

benefit. At the same time, some companies have already decided to invest into CO2-based 

production, expecting that, even without further policy support, customers might be willing 

to accept reasonably higher prices for more sustainable products (TotalEnergies 2020). 
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Further analysis is required in different academic fields to complement the results of this and 

similar studies, and to address limitations. The societal aspects of the installation of 

CO2-production plants such as the creation of jobs must be analyzed, as well as the net 

availability of renewable energy for export after the domestic demand has been satisfied. The 

question if CO2-based MeOH or naphtha should be used to substitute fossil-based chemicals 

cannot be fully answered based on this analysis since the chemicals cannot easily substitute 

each other, but the potential for MeOH to substitute naphtha as base chemical for the 

production of olefines (Tian et al. 2015) or aromatics (Bazzanella and Ausfelder 2017) has 

already been shown. Especially regarding the limited capacities for renewable energy in 

Germany in combination with a probable future competition for renewable fuels or chemicals, 

energy efficiency will be a crucial factor. Therefore, it could be reasonable on the long-term 

to invest in MeOH-based production plants to substitute conventional steam crackers. At the 

same time, the further production steps of MeOH-based processes are still comparably 

inefficient, which could offset the efficiency advantage in the synthesis step. A more 

comprehensive analysis is a necessary next step to compare whole production systems serving 

bundles of various functional units and to identify promising compound solutions.  

While the import of H2 in combination with CO2 capture and further processing steps in 

Germany is another option to import renewable energy without the requirement for CO2 

sources, the transport of H2 without pipeline construction requires either a liquification, or 

hydrogenation and dehydrogenation steps, which cause efficiency losses, investment costs, 

and requires special infrastructure at the production and the target location (Hank et al. 2020). 

In contrast, the import of renewable energy via hydrocarbons offers an attractive drop-in 

solution with no major changes in the transportation infrastructure. A comparative ecological 

assessment of the different transport routes is fundamental to further assess import 

pathways.  
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3.5 Conclusions 

The high variance in terms of environmental and economic performance shows the 

importance of well-chosen locations for production sites for CO2-based chemicals. 

Wind-based systems with a high capacity factor may be preferred to minimize the 

environmental impacts as well as production costs. For MeOH and naphtha, the CO2-based 

production, independent from the production location, could potentially lead to 

environmental trade-offs and problem shifting between national emission reduction and 

other environmental impacts in several of the assessed cases. Nevertheless, there are 

locations where the trade-off between lower climate pressure and higher material resource 

requirements can be balanced. Moreover, a broad defossilization of the global energy system 

in combination with higher recycled secondary input rates for metals could help to 

significantly reduce the environmental impacts of CO2-based chemical production, and 

potentially lead to reduced material resource requirements as well. Furthermore, the 

production of CO2-based chemicals within Germany was found to be promising, since it offers 

environmental and economic advantages compared to most of the analyzed international 

production locations.  

Freshwater scarcity in regions with favorable conditions for renewable electricity generation 

does not need to be regarded as fundamental impediment, since the application of seawater 

desalination did not show a significant impact on the environmental and economic results in 

this study. 

With respect to the overall economic situation, the authors expect that a competitiveness and 

large-scale market entry for CO2-based chemicals will require companies to explore the 

margins of customers’ willingness to pay for more sustainable products. Further policy support 

might be helpful.  

From the perspective of a combined renewable energy and material import, MeOH could be 

preferred due to the better results for environmental impacts and economic performance. 

However, an expansion of the analysis of the production system is necessary to thoroughly 

assess the substitution of naphtha with MeOH. This should be part of further studies as well 

as the combination of imported H2 with CO2 sources located in Germany. Additionally, this 

study should be complemented with an analysis of offshore wind power plants, detailed load 

curves for renewable energy generation, and optimization steps for the production systems. 
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Furthermore, the regional impacts of water desalination should be assessed in more detail to 

avoid and manage potential shifting of environmental pressures. 
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4 Third Publication – Combination of imported H2 with local CO2 

sources 

Environmental and Economic Performance of CO2-based Methanol Production Using 
Long-Distance Transport of H2 in Combination with CO2-Point sources: A Case Study 

for Germany5 
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Energies 2022, 15 (7), 2507 
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Abstract 

The use of CO2-based hydrocarbons plays a crucial role in reducing the climate footprint for 

several industry sectors, such as the chemical industry. Recent studies showed that regions 

which are favorable for the production of CO2-based hydrocarbons from an energy 

perspective often do not provide concentrated point sources for CO2, which leads to an 

increased environmental impact due to the higher energy demand of direct air capture 

processes. Thus, producing H2 in regions with high renewable power potential and 

transporting it to industrialized regions with concentrated CO2 point sources could provide 

favorable options for the whole process chain. The aim of this study is to analyze and compare 

pathways to produce CO2-based MeOH in Germany using a local CO2 point source in 

combination with the import of H2 per pipeline or per ship as well as H2 produced in Germany. 

The environmental and economic performance of the pathways are assessed using life cycle 

assessment and cost analysis. As environmental indicators, the climate, material, water, and 

land footprints were calculated. The pathway that uses H2 produced with electricity from 

offshore wind parks in Germany shows the least environmental impacts, whereas the import 

via pipeline shows the best results among the importing pathways. The production costs are 

the lowest for import via pipeline now and in the near future. Import via ship is only 

cost-efficient in the status quo if waste heat sources are available, but it could be more 

competitive in the future if more energy and cost-efficient options for regional H2 distribution 

are available. It is shown that the climate mitigation effect is more cost-efficient if the H2 is 

produced domestically or imported via pipeline. Compared to the import of CO2 based MeOH, 

the analyzed H2 import pathways show a comparable (pipeline) or worse environmental and 

economic performance (ship). 

 
5 This chapter is reproduced from the already published article (DOI: 10.3390/en15072507) with permission from 
MDPI. Layout and formatting of the original article were adapted. 

https://doi.org/10.1039/D1GC01546J
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4.1 Introduction 

The dominant role of fossil resource use in the global energy and industry sectors continues 

to cause the major share of greenhouse gas (GHG) emissions and a highly linear use of 

resources (IPCC 2014b; IRP 2019). This strongly impels climate change in combination with a 

depletion of finite resources. Thus, the dismissal of fossil resource use is required to reduce 

GHG emissions and to use resources in a more circular way. 

Two different concepts are discussed to end fossil resource use in industrial processes, namely 

decarbonization and defossilization. The former describes a reduction of carbon use in general 

and aims at processes where the carbon use can be substituted by different technologies, e.g., 

in the electricity sector (Bataille et al. 2016; Wimbadi and Djalante 2020). The latter describes 

a substitution of fossil carbon sources with different carbon sources, such as CO2 or biomass 

(Kaiser and Bringezu 2020). 

Hydrogen (H2), produced with renewable electricity, is considered an important factor for 

decarbonization and defossilization strategies in multiple industry sectors. H2 is produced via 

the electrolysis of water and represents an energy carrier that can be combusted without the 

emission of CO2. Thereby, it offers options for long-term storage and long-distance transport 

of volatile renewable electricity. Furthermore, it is required to substitute fossil resources in 

sectors where hydrocarbons cannot be directly substituted with electricity, e.g., in the 

chemical (IEA 2019b) or steel (Bampaou et al. 2021; Matino et al. 2021) industry. Thus, it is 

fundamental for climate neutral energy and industry sectors, and a significant growth in the 

global H2 demand from 90 MtH2 (2020) to 175 MtH2 (2030) up to 570 MtH2 (2050) is estimated 

within the coming decades (IEA 2021b). Independent from the subsequent application, a low 

climate footprint of H2 is a necessary premise to achieve climate benefits compared to fossil 

hydrocarbons (Bareiß et al. 2019). Hence, regions with favorable conditions for renewable 

electricity generation are seen as promising locations for H2 production and export 

(IEA 2019b). However, the production and especially the transport of H2 are still economically 

and technically challenging (Reuß et al. 2017). Further technological progress and cost 

reductions are necessary for H2 value chains to become a viable alternative to fossil fuels. 

For the chemical industry, which is responsible for more than 12 % of global crude oil use and 

around 1 Gt of direct CO2 emissions per year (IEA 2018), neglecting fossil resources constitutes 

a challenge in two fields (Bazzanella and Ausfelder 2017). First, fossil-based heat and 

electricity production must be decarbonized using renewable energy sources. Second, 
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fossil-based hydrocarbons must be substituted as carbon sources to produce organic 

chemicals. For the latter, a broad defossilization is necessary, which requires the exploration 

of new carbon sources (Meys et al. 2021). Here, the use of CO2 is considered an important 

step to abate fossil carbon sources via Carbon Dioxide Capture and Utilization (CCU) 

technologies (Kätelhön et al. 2019). The use of CO2 opens up a broad field of possible synthesis 

pathways (Mikkelsen et al. 2010), while protecting biodiversity and the natural resources of 

land and water, whose use would be intensified in an unsustainable way if the chemical sector 

increases the use of biomass as a carbon source (Bringezu et al. 2021; Engström et al. 2020; 

Galán-Martín et al. 2021). In addition, a recent study found that the application of CCU 

technologies could contribute to several other Sustainable Development Goals of the United 

Nations (Olfe-Kräutlein 2020). For the production of CO2-based chemicals, the use of 

renewable electricity (Wyndorps et al. 2021) or H2 produced with renewable energy is 

elementary (Hoppe et al. 2017; Sternberg et al. 2017; Von der Assen et al. 2013). Therefore, 

the demand for H2 by the global chemical industry, which is already the largest consumer, is 

expected to double from 70 MtH2 in 2020 to 140 MtH2 in 2050. In addition, the current H2 

sources, mainly natural gas, need to be substituted, which makes the chemical industry one 

of largest consumers for low-carbon H2 now and in the future (IEA 2019b). Furthermore, 

unavoidable CO2 point sources or direct air capture should be used to source the necessary 

CO2 to avoid lock-in effects and the delay of emission reductions (Kaiser and Bringezu 2020). 

From an economic perspective, CO2-based chemicals are not yet competitive, but expected 

cost decreases in plant and energy costs could lead to a viable production in the near future 

(Hoppe et al. 2018; Kaiser et al. 2021). At the same time, the use of CO2-based chemicals in 

high-value markets could make their production viable already today without causing 

significant cost increases at the end of the value chain (Kaiser et al. 2022). 

For the German chemical industry, which constitutes the largest chemical industry in Europe 

and the fourth largest in the world (VCI 2020), this imposes specific opportunities and 

challenges. The use of CO2 as a carbon source offers the chance to decrease the respective 

GHG emissions of more than 100 MtCO2-eq/a, especially in the field of scope 3 emissions, which 

account for about 50 % of the total emissions. Furthermore, the current rate of secondary 

carbon input, which is below 1 % (Kaiser and Bringezu 2020), can be increased. Due to the high 

rate of industrialization in Germany, unavoidable CO2 point sources will most likely continue 

to be available, offering sufficient amounts of CO2 in comparably high 
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concentrations (Müller et al. 2020b). However, the substitution of fossil carbon sources with 

CO2 would require renewable energy in a quantity that corresponds to the current net 

production of electricity in Germany and most probably exceeds the future availability of 

renewable electricity (Ausfelder and Dura 2021; Geres et al. 2019; Kaiser and Bringezu 2020). 

Thus, the import of CO2-based chemicals seems like a promising pathway, even though 

domestic production offers environmental and economic advantages (Kaiser et al. 2021). 

Other options to counter this bottleneck for renewable energy are the construction of 

offshore wind parks owned or financed by specific industry sectors or the import of H2 from 

regions with favorable conditions for renewable electricity production. Major chemical 

companies in Germany currently pursue both options. The company BASF is constructing a 1.5 

GW wind park in the North Sea together with Vattenfall. The company Covestro signed a 

long-term purchase agreement of 100 ktH2/a that will be produced in Australia 

(BASF 2021; Chemie Technik 2022). Furthermore, a consortium of several European grid 

operators for natural gas is planning to convert part of the current natural gas transportation 

and distribution pipelines into H2 pipelines and combine them with new pipelines that also 

connect countries in Northern Africa to the European grid (Wang et al. 2020). These options 

both enable the combination of local CO2 sources with imported H2 or offshore electricity 

production. Compared to the import of hydrocarbons, this offers a higher domestic value 

creation and supply security for carbon. In addition, CO2 point sources are rare in regions 

favorable for renewable electricity production (Kaiser et al. 2021), wherefore the necessity to 

source CO2 from the atmosphere is avoided, which significantly reduces the environmental 

impacts of CO2-based chemical production. 

However, the environmental impacts as well as the economic situation of H2 production with 

electricity from offshore wind parks or its import to Germany in combination with a further 

use in chemical production have not been studied yet. Therefore, the research question of 

this article is the following: What are the environmental impacts and production costs related 

with the combination of imported H2 and a CO2 point sources in Germany, compared to the 

use of H2 produced in Germany using electricity from offshore wind parks? As a case example, 

the production of CO2-based MeOH was chosen due to its broad application options as a base 

chemical. 

This study extends the existing research by combining the analysis of spatially distributed H2 

production and transport with that of CCU technologies. The presented results allow a 
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thorough characterization of CO2-based MeOH production using H2 transported over a long 

distance from an environmental and economic perspective. The analysis has the following 

structure: (1) Description of the production systems and assessment methods. (2) Assessment 

of the environmental and economic performance using Life Cycle Assessment (LCA) and cost 

analysis. (3) Uncertainty assessment using Monte Carlo and sensitivity analysis. 

4.2 Materials and Methods 

4.2.1 Location Selection 

The analysis of possible export countries for H2 or hydrocarbons to the German or European 

market was part of several studies in the past (Jensterle et al. 2020; Merten et al. 2020; 

Perner and Bothe 2018). The studies assessed the potential for renewable energy, which could 

be available for exports, economic aspects, technical aspects such as the availability of export 

infrastructure, as well as sociopolitical aspects such as the quality of bilateral relations or 

security. With respect to the necessary long-distance transport, three technologies are 

available, namely transport via H2 pipelines and via ship using Liquefied H2 (LH2) or Liquefied 

Organic Hydrogen Carriers (LOHC) ) (Heuser et al. 2019; Krieg 2012; Wulf and Zapp 2018). Each 

of the technologies offers specific advantages and disadvantages. On the one hand, transport 

via pipeline offers economic and environmental advantages compared to ship transport 

(Wulf and Zapp 2018), but its construction requires a lead-time of several years and limits the 

available export options. On the other hand, import via ship is more flexible, with shorter 

lead-times, and it enables longer transport distances (Merten et al. 2020). Furthermore, LH2 

is more costly than ship transport via LOHC but causes less environmental impacts. 

For the analysis in this article, Australia and Morocco were chosen as export countries. Both 

countries were identified as highly suitable for the import of H2 to Germany in the studies 

listed above. Furthermore, the combination of both countries allows a thorough comparison 

between the import via Pipeline (Morocco) and ship using LH2 and LOHC (both Australia) for 

the same use case. The exact locations for the H2 production systems were derived from 

Gerhardt et al. (2020) for Morocco and from Geosience Australia (2021) for Australia. They 

are located in Southern Morocco and Western Australia. Both regions offer comparably 

high-capacity factors for wind and photovoltaic (PV) plants, which enables high-occupancy 

rates for the electrolyzer using hybrid wind-PV plants for electricity generation. This results in 

lower H2 production costs (Fasihi and Breyer 2020). In addition, Western Australia is 
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geologically suitable to use salt caverns as a storage option between H2 production and 

shipping (Geosience Australia 2021). Bremerhaven was chosen as the port of arrival in 

Germany. As transport distances, 2800 km (Morocco) and 18,000 km (Australia) were 

assumed. As input data for the capacity factors for the wind and PV plants, publicly available 

data from the global wind and solar atlas were used (DTU 2019; Solargis 2019). In general, the 

export from Morocco via ship would be possible as well. Because of the environmental and 

economic advantages of pipeline use (Wulf and Zapp 2018), however, this option is not 

regarded in this article. 

4.2.2 Environmental Assessment 

The environmental impacts of the product systems were analyzed using LCA. The LCA study 

was carried out in accordance with the international standards DIN EN ISO 14040 and 

DIN EN ISO 14044 as well as specific guidelines for the LCA of CO2-based processes 

(Müller et al. 2020a; Müller et al. 2020b). As functional unit, one kg of MeOH was considered. 

This base chemical is already used as feedstock for a variety of chemical or polymer products. 

Its importance is expected to further rise in the future, since it represents a promising option 

for the defossilization of the chemical sector (Olah et al. 2009). Neither the chemical 

composition nor the use or end-of-life phase differ between fossil- and CO2-based MeOH. 

Therefore, a cradle-to-gate analysis is sufficient in the context of this article. The 

environmental performance is analyzed by comparing the LCA results based on single impact 

categories. Like for the economic performance, a product system performs better if it shows 

lower values. The further calculation of an overall environmental performance that considers 

all impact categories in an aggregated manner was not part of this study. This would require 

the introduction of multi-criterial analysis, e.g., via the introduction of specific weighting 

systems, which would go beyond the scope of this study. 

For the system modeling, the software openLCA was used in combination with the LCA 

database ecoinvent 3.5 (Ecoinvent 2018). Two types of uncertainty were regarded in the 

analysis. To include parameter uncertainty, specific parameter distribution derived from the 

available literature were regarded in the foreground system, and Monte Carlo Analysis (MCA) 

with 1000 runs was conducted for each product system. In addition, the uncertainty of the 

technical development of the product system is regarded with the help of a scenario analysis 

that considers improved technical parameters for the electrolyzer and expected structural 

changes (Table 4-1). 
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Table 4-1: Considered structural changes in the scenario analysis. 1Data for the grid mixes can be found in Appendix C-1. 

System Element 2020 2030 

Grid Mixes1 
Based on actual data for grid  

composition in every country 

Based on the national energy and 

climate action plans 

Short Distance Transport Via tube trailers or trucks Via H2 pipeline distribution net 

CO2 Capture Heat provision via fossil fuels Heat provision via heat pumps 

 

The climate footprint and three resource footprints were applied as indicators for the impact 

assessment. Recent studies showed that this set of indicators is an efficient and effective way 

to estimate environmental pressures in LCA with comparably few indicators, because the 

combination of these four footprints covers more than 84 % of the possible environmental 

impacts of a product system (Steinmann et al. 2016). Thereby, the climate footprint estimates 

the environmental pressures of GHG emissions, and the three resource footprints 

(Material, Water, and Land) give information about the pressures of natural resource 

extraction (IPCC 2014a; Mostert and Bringezu 2019; Schomberg et al. 2021).As footprint 

indicators, the Raw Material Input (RMI) and Total Material Requirement (TMR) were used for 

the material footprint, the occupation of area for the land footprint, and the AWARE (Available 

Water Remaining) method for the water footprint. For the latter, only evaporation losses were 

considered, because water incorporation is not seen as problematic for CCU technologies 

(Kaiser et al. 2021), and the calculation of water dilution requires more detailed data than 

available. 
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4.2.3 Economic Assessment 

To enable a thorough comparison between the results of the LCA and economic assessments, 

identical system boundaries for both analyses were considered (Zimmermann et al. 2018). For 

the economic assessment, the production costs (PCo) and the CO2 avoidance costs (AC) were 

calculated for the status quo6, as well as for a 2030 scenario for each production pathway. 

 

𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝐶𝑜𝑠𝑡𝑠𝑖 = 
∑

𝐶𝑎𝑝𝑒𝑥𝑗+ 𝑂𝑝𝑒𝑥𝑗 

(1+𝑟)𝑗
𝑛
𝑗=1

∑
𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑉𝑜𝑙𝑢𝑚𝑒𝑗

(1+𝑟)𝑗
𝑛
𝑗=1

 [
€

𝑡𝑀𝑒𝑂𝐻
]     (4.1) 

𝐶𝑂2 − 𝐴𝑣𝑜𝑖𝑑𝑎𝑛𝑐𝑒 𝐶𝑜𝑠𝑡𝑖 = 
𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝐶𝑜𝑠𝑡𝑠i− 𝑀𝑎𝑟𝑘𝑒𝑡 𝑃𝑟𝑖𝑐𝑒𝑓𝑜𝑠𝑠𝑖𝑙  

𝐺𝑊𝐼i−𝐺𝑊𝐼𝑓𝑜𝑠𝑠𝑖𝑙 
 [

€

𝑡𝐶𝑂2 𝑎𝑣𝑜𝑖𝑑𝑒𝑑 
]  (4.2) 

 

i: Production Pathway 

j: Period 

r: Weighted Average Costs of Capital 

 

The PCo are expressed as €/tMeOH including the capital and operational costs for all required 

process steps. As capital costs, location-specific values were chosen based on an empirical 

analysis by Steffen (2020). The AC were calculated based on the PCo and the results for the 

climate footprint. They indicate the respective costs to avoid the emission of one ton of 

CO2-equivalents, i.e., the economic efficiency of climate mitigation measures. As costs for 

fossil MeOH, the average net market price of the last five years was considered in the status 

quo. For the future, a yearly price increase of 2 % was considered according to the stated 

policies scenario published by the Inernational Energy Agency (IEA 2020c). 

As for the LCA, the uncertainties of the parameters and the system development were 

regarded in the economic assessment. For each cost parameter, a range was derived from the 

literature for the status quo and the future that results in a minimum, mean, and maximum 

value for the PCo and AC. In the scenario analysis, structural changes were considered as well. 

A detailed list of the considered cost parameters and their values in the status quo and in 2030 

can be found in Appendix C-2. 

  

 
6 In the context of this dissertation, the term status quo refers to the economic situation in the years 2020 
and 2021 using the following five-year averages for fossil fuel prices: Methanol: 322 €/t and 
Naphtha: 414 €/t. These prices also serve as the basis for further projections for the years 2030 or 2050. 
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4.2.4 System Description 

The analyzed production systems consist of the process steps electricity generation, water 

production and purification, H2 production, H2 transport (long distance), H2 transport (short 

distance), CO2 capture and MeOH synthesis (Figure 4-1). If necessary, storage options were 

included as well. It was assumed that the CO2 capture process and the MeOH synthesis would 

take place at a cement plant in the middle of Germany. For the MeOH production, the 

following five pathways were considered for H2 provision: 

• Offshore: H2 production in Germany using electricity from an offshore wind park 

• Pipeline: H2 production and import via Pipeline from Morocco 

• LH2: H2 production and import via ship from Australia 

• LOHC: H2 production and import via ship from Australia 

• LOHCwh: H2 production and import via ship from Australia using a waste heat (wh) 

source in Germany 

In the following subchapters, the necessary processes are described in more detail. Further 

technical data and material balances can be found in Appendix C-1. 

 

Figure 4-1: System description for the CO2-based MeOH production considering different production and import pathways for 
H2. (DBT = Dibenzyl toluene, LH2 = Liquified Hydrogen; LOHC = Liquid Organic Hydrogen Carrier). 
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 Renewable Electricity Production 

To model the production of renewable electricity, data from UBA (2021) was considered. The 

study contains actualized material and energy balances for offshore and onshore wind as well 

as PV plants. The material demand of the respective plants was adjusted to local conditions, 

i.e., the Full Load Hours (FLH) (Table 4-2). For electricity production in Australia and Morocco, 

a joint onshore wind and on ground PV system was considered. For wind electricity, voltage 

(from high to low) and current transformation was assumed, and the calculation of the 

combined FLH includes an overlap of 15 % (Agora 2018). For Germany, an offshore wind plant 

in the northern sea was modeled 80 km from the coast. To model representative local 

conditions, an area of 100 km × 100 km within each region was considered, for which the 

mean FLH were calculated. 

Table 4-2: Considered full load hours (FLH) for the local electricity production. (PV = Photovoltaic). 

 

 Water production and purification 

According to Boulay et al. (2018), the selected regions in Morocco and Australia suffer under 

water stress. To avoid additional pressure on the water availability in those regions, the 

provision of tab water via reverse seawater osmosis was assumed. Data for the process was 

taken from the ecoinvent database. As water input for the electrolyzer, a further purification 

of tab water is necessary. The purification step is modeled via a process from the ecoinvent 

database. 

 Water Electrolysis 

To produce H2, a Proton Exchange Membrane Electrolyzer system was modeled. In 

comparison to other electrolyzer types, such as Alkaline or High Temperature electrolyzer, this 

system offers higher elasticities and shorter start-up periods (NOW GmbH 2018), which makes 

it more suitable to use renewable energies with a volatile electricity generation. The material 

balances for the plant and the stack are taken from Bareiß et al. (2019) and were specifically 

modeled according to the local conditions of renewable electricity production at every 

Country FLH Wind [h] FLH PV [h] FLH Combined [h] Data Sources 

Australia 3,162 1,861 4,270 DTU (2019), Solargis (2019) 

Germany 4,745 – 4,745 DTU (2019) 

Morocco 5,316 1,900 6,133 DTU (2019, Solargis (2019) 
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location. In the status quo, a system efficiency of 61 % based on the lower heating value of H2 

is assumed. The operation takes place with a pressure of 30 bar and at 60 °C. 

 Pipeline Transport 

For the transport of H2 via pipeline, a hub-to-point concept was considered (Krieg 2012). This 

assumes that the transmission pipeline and the demand location are directly connected 

without further distribution grids or lower pressure levels. As pipeline length, 2800 km were 

assumed, which would suffice to connect the assumed H2 production location in southern 

Morocco with a cement plant in the middle of Germany following corridors of the existing 

pipeline grid for natural gas in Europe (Iskov and Kneck  2017; Gerhardt et al. 2020). 25 km of 

this pipeline are assumed to be offshore, connecting Morocco with Spain. As the nominal 

operating pressure of the pipeline, 100 bar were assumed, with a pressure loss of 0.1 bar per 

km and a recompressing station every 500 km (Wang et al. 2020). At every station, 0.5 % of 

the transported H2 is lost due to leakage (Reuß et al. 2017). The stations are assumed to be 

located in Morocco (1 Station), Spain (2 Stations), France (3 Stations), and Germany (1 Station), 

and each is operated with the local grid mix. 

The pipeline was modeled according to concepts for H2 pipelines presented in the literature. 

It has a diameter of 1000 mm, a wall thickness of 2.3 cm, and is built with conventional 

X70 Steel, which is considered suitable for H2 pipelines (Cerniauskas et al. 2020; 

Fekete et al. 2015). To model the pipeline in OpenLCA, the existing processes for on- and 

offshore transmission pipeline construction in the ecoinvent database were modified 

accordingly. In addition, the pipelines are assumed to be coated with a tin coating to reduce 

H2 diffusion (Krieg 2012; Wulf et al. 2018).. A steel demand of 557 kg/m and a coating demand 

of 109 kg/m were assumed. In total, the modeled pipeline would have a H2 transmission 

capacity of 77 TWh/a. A lifetime of 40 years was assumed (Wang et al. 2020). 

 LH2 

To transport H2 as fluid, several process steps are needed after the production step. At first, 

the H2 is stored in a salt cavern to allow a decoupling of H2 production and ship loading. To 

model its storage in a salt cavern, data from Wulf et al. (2018) were used. As input pressure, 

85 bar are assumed, and as output pressure, 50 bar are assumed. Prior to the long-distance 

transport of H2, it needs to be liquefied to raise the energy density. For the liquefaction 

process, a H2 input stream at 20°C and 20 bar is cooled, then pressurized and expanded to 
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reach a temperature of −250°C and a pressure of 2 bar (Aasadnia and Mehrpooya 2018; 

Stolzenburg and Mubbala 2013). An initial compression is necessary due to the negative Joule 

Thompson coefficient of H2, which leads to a cooling of the gas while being compressed until 

reaching a temperature of −71 °C. After reaching this temperature, an expansion is necessary 

for further cooling. 

For the long-distance transport, a modified tanker for Liquefied Natural Gas with a transport 

capacity of 140,000 m³ H2 was considered (Ahn et al. 2017). During the transport, H2 losses 

occur due to imperfect tank insulation. The liquefied H2 warms up and switches to the gas 

phase, which raises the pressure in the tanks. The emerged gaseous H2 gets released and can 

be used as a substitute for ship fuel (Kamiya et al. 2015). These kinds of H2 losses are described 

as boil-off losses. In this article, a boil-off loss of 0.216 % per day was assumed. Together with 

a travel distance of 18,000 km (port to port) from Geraldton to Bremerhaven according to 

Sea Distance (2022) and an average speed of 12 knots, this leads to 34 days of travel time and 

thus 7.2 % of H2 losses per transport. To model the ship transport, an existing process in the 

ecoinvent database was modified. For every transport, two routes, one loaded and one 

unloaded, were considered. 

After the transport, the H2 is regasified, i.e., heated up using the ambient temperature 

(Reuß et al. 2017). The short-distance transport is assumed to happen on the road using tube 

trailers at 500 bar pressure (DOE 2015; Wulf and Zapp 2018). The trailer was modeled 

according to existing examples. The material balances can be found in Appendix C-1. As mean 

transport distance, 400 km were assumed. The different transport capacities between 

long- and short-distance transport also require an additional storage step, wherefore the 

storage in a salt cavern in northern Germany was assumed. 

 LOHC 

The transport of H2 using LOHC requires a H2 carrier as well as a hydrogenation step at the 

starting location and a dehydrogenation step at the final destination. As a carrier, 

dibenzyl toluene (DBT) was considered in this study, because it offers comparably high energy 

densities combined with low levels of flammability and toxicity, and low production costs 

(Niermann et al. 2021). The material balance for its production was derived from 

Wulf and Zapp 2018). In the hydrogenation step, the DBT is loaded with H2 in an exothermal 

reaction using platinum and aluminum as catalysts. Per kg DBT, 62 g of H2 can be stored 
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corresponding to 6.2 %wt. Before and after the loading, the LOHC is stored in chemical tanks 

at ambient pressure. 

It is assumed that the ship transport happens with common oil tankers with a transport 

capacity of 150,000 t at an average speed of 12 knots, resulting in 34 days of traveling time. 

To model the transport via ship, an existing process in the ecoinvent database was adjusted 

according to the respective transport volume, travel speed and transport distance based on 

data from  Adland et al. (2020). For each trip, two transports were considered, one with loaded 

LOHC and one with unloaded LOHC. The exchange of loaded with unloaded LOHC takes place 

at each port, wherefore two sets of LOHC and chemical storage tanks are required. Potential 

H2 losses were derived from an average value for losses occurring during crude oil transport 

of 0.2 % (Harrison 2016). The short-distance transport to the MeOH plant is modeled via an 

ordinary oil truck with a mean distance of 400 km. 

The endothermic dehydrogenation step takes place at the MeOH plant and requires 

temperatures above 300°C (Wulf and Zapp 2018). It is assumed that the necessary heat is 

either supplied by burning part of the transported H2 or by a waste heat (wh) source. For the 

former, around 27 % of the hitherto transported H2 is necessary (Niermann et al. 2021; 

Schneider 2015), and the dehydrogenation step would cause significant losses of H2. After the 

dehydrogenation, the H2 needs to be compressed from ambient pressure to 30 bar, which is 

the same output pressure as for the electrolysis step. The required electricity for the 

compressors is provided by the German grid mix. 

 CO2 Capture and MeOH Synthesis 

To model the CO2 capture process, the capture from a cement kiln in combination with heat 

integration from a MeOH synthesis reactor according to Meunier et al. (2020) was considered. 

For the MeOH synthesis, an operating pressure of 80 bar was assumed, which makes further 

compressing steps necessary for the CO2 input flow as well as for the H2 input flows for the 

offshore and LOHC pathways. The pipeline and LH2 pathways deliver the H2 at around 100 bar 

or 500 bar, respectively, and no additional compression is necessary. The required electricity 

for the compressors is provided by the German grid mix. As material input, 1.42 kgCO2 and 

0.197 kgH2 are required per kg MeOH (Otto 2015; Sternberg et al. 2017). For the scale of the 

plant, 100 ktMeOH/a were assumed, which corresponds to the largest CO2-based MeOH plant 

being built at the moment (CRI 2020). For the fossil-based MeOH production, a process for the 

German market from the ecoinvent database was used as a reference process. 
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4.3 Results 

4.3.1 Energy Balances  

 The results for the energy balances for the production of 1 kgMeOH show how much energy is 

directly required for each pathway and how much of it is lost in the production and transport 

processes (Figure 4-2). For the MeOH, a lower heating value of 21 MJ/kg was assumed. The 

balances are further differentiated in energy efficiency values, i.e., how much of the energy 

input is lost within the product system, and how much H2 is lost due to dissipation or its use 

in transformation processes.  

In general, at least half of the direct energy input is lost within the considered pathways in the 

status quo. The offshore pathway shows the lowest overall energy demand, the highest 

energy efficiency, and the least H2 losses per kg CO2-based MeOH. Here, H2 losses only occur 

in the MeOH synthesis step, and no transportation is required. If imported H2 is used, 

14 (pipeline) to 33 % (LOHC) more energy is required to produce the same product. Compared 

to the import via pipeline, the studied shipping pathways require more energy input and cause 

higher H2 losses due to the necessary transformation processes or the transport. Only if a 

source for waste heat is available, this pathway shows comparable values to the import via 

pipeline. For the future, efficiency gains between 1 – 5 % can be expected, mainly due to 

increased process efficiencies for the electrolyzer and the transformation processes, as well 

as fewer compressing steps for the short distance transport. 

Figure 4-2: Required direct energy Input, energy efficiency and process related H2 losses for the different H2 provision pathways 
for CO2-based MeOH production in Germany. H2 losses happen through dissipation or utilization as energy source in the 
transformation processes. (AUS = Australia, DE = Germany, FR = Fossil Reference, MA = Morocco, LH2 = Liquefied Hydrogen, 
LOHC = Liquid Organic Hydrogen Carrier, Offshore = H2 production with electricity from an offshore wind park, 
wh = waste heat usage). 
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4.3.2 Life Cycle Assessment 

 Environmental Footprints 

 The results for the environmental footprints show a trade-off between the different impact 

categories (Figure 4-3). 

On the one hand, all processes show lower climate footprints than the fossil reference with 

H2 production in Germany and with the import via pipeline clearly outperforming the import 

via ship. Furthermore, for all environmental footprints, the import pathways cause higher 

impacts than for the offshore pathway, with the pipeline route being the best import 

alternative in every category and the LH2 pathway outperforming both LOHC pathways. On 

the other hand, the CO2-based MeOH production generally causes higher environmental 

impacts for all other footprints. The only exception is the water footprint for the offshore 
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Figure 4-3: Results of A) the climate and material as well as B) the water and land footprint for fossil (FR) and CO2-based MeOH 
production in 2020 and in 2030, based on different production pathways for H2. For the fossil reference, no substantial deviations 
can be expected for the future, wherefore only the values for the status quo were considered. (AUS = Australia, DE = Germany, 
FR = Fossil Reference, MA = Morocco, LH2 = Liquefied Hydrogen, LOHC = Liquid Organic Hydrogen Carrier, Offshore = H2 production 
with electricity from an offshore wind park, wh = waste heat usage, GWI = Global Warming Impact, RMI = Raw Material Input, 
TMR = Total Material Input, AWARE = Available Water Remaining). 
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pathway; here, less evaporation losses occur than for the fossil-based production. In addition, 

the RMI of the offshore pathway is about the same as for the fossil-based production. The 

assumed structural changes in 2030 lead to generally lower environmental impacts, especially 

for the importing pathways. This is mainly caused by the more carbon-extensive grid mixes 

and more energy-efficient options for the short distance transport, which make the transport 

less impactful. Nevertheless, the existing trade-offs would not be avoided. 

 

 Process contribution to Footprints 

The results of the contribution analysis show the major drivers of the environmental impacts 

as well as the higher complexity of the import pathways (Figure 4-4). In general, H2 production 

and transport are the dominating factors. For the climate and especially for the material 

footprint, the electrolysis step, i.e., the production of the required electricity, contributes the 

major part to the footprints (GWI: 31 – 45 %; RMI: 48 – 69 %). The impact of the electrolysis 

step increases proportionally with the H2 losses within the pathways, wherefore this impact is 

generally higher for the import via ship. The more transformation and transport processes are 

required, i.e., the more complex the product system is, the higher the environmental impacts. 

In most cases, the electricity demand for compression steps is responsible for large shares of 

the impacts. Especially for the import pathways via ship, the multiple transformation and 
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Figure 4-4: Process contributions to A) the climate B) and material footprint for all considered MeOH production pathways. The 
legend refers to both graphs. (AUS = Australia, DE = Germany, MA = Morocco, LH2 = Liquefied Hydrogen, 
LOHC = Liquid Organic Hydrogen Carrier, wh = waste heat usage, Offshore = H2 production with electricity from an 
offshore wind park, GWI = Global Warming Impact; RMI = Raw Material Input). 



Third Publication – Combination of imported H2 with local CO2 sources 

75 
 

storage steps cause pressure losses that require additional and energy intensive 

recompressing. This was also shown by the results for the energy balances. For the 

hydrogenation and dehydrogenation steps of the LOHC pathways, the necessary platinum 

catalyst also significantly raises the material and climate footprint as well as the production of 

the required DBT as the carrier material. The short distance transport only matters for the 

import via the LH2 pathways, due of the pressure of 500 bar required for the transport in tube 

trailers. For the pipeline pathway, the contribution of the pipeline construction is below 3 % 

of the total impacts and thus plays a minor role compared to the impacts of the pipeline 

operation. The impacts of CO2 capture and MeOH synthesis are mainly caused by the German 

grid mix for heat and electricity. 

The results also show how sensitive the product systems are towards the environmental 

footprints of electricity provision, even though the electrolysis is assumed to be fully provided 

with renewable electricity. It is important to note that if the Australian grid mix is used for the 

local storage and transformation processes, the environmental impacts in general and 

specifically the climate footprint increase significantly. The climate footprint of the Australian 

grid of 0.97 kgCO2-eq/kWh would cause GWI values of 1.4 kgCO2-eq/kgMeOH (LH2) or 

0.4 kgCO2-eq/kgMeOH (LOHC), i.e., an increase by a factor of 20 (LH2) or 4 (LOHC). Whereas for 

the LOHC pathway, the climate footprint remains lower, this would cause a higher climate 

footprint than for fossil-based MeOH production for the LH2 pathway. Furthermore, for the 

import via pipeline the climate footprint would be raised by 17 % if the first compression step 

is provided by the Moroccan grid mix. Thus, the energy providers for the auxiliary processes 

have an important impact and need to be carefully examined in practice. 
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 Parameter Distribution  

The result distributions of the MCA show a difference between the pathways and enable a 

comparison between the impact of parameter uncertainty and technology selection (Figure 

4-5, Appendix C-3). If the standard deviations of the different production pathways are 

compared, the import via ship shows higher values, i.e., a higher uncertainty, than the import 

via pipeline or the offshore pathway. At the same time, the ranking of the pathways does not 

change if parameter uncertainty is considered. For all pathways, more than 75 % of the results 

are lower than the next worse alternative. Consequently, the parameter variation has a lower 

impact on the results than the selection of the technology to provide H2 for the MeOH 

synthesis. In the case of the climate footprint, the worst-case values for all pathways except 

LOHC are still lower than the climate footprint of the fossil alternative. For the LOHC pathway, 

few outliers provide higher values. At the same time, even in the best case, a trade-off 

between climate footprint reduction and an increase in the material footprint cannot be 

avoided for the import pathways. In contrast, for the offshore pathway, it is avoided in around 

25 % of the cases.  

  

Figure 4-5: Box plots showing the uncertainty distribution of A) the climate and B) the material footprint for all considered 
MeOH production pathways. Outliers are not shown for graphical reasons. (AUS = Australia, DE = Germany, 
FR = Fossil Reference, MA = Morocco, LH2 = Liquefied Hydrogen, LOHC = Liquid Organic Hydrogen Carrier, 
wh = waste heat usage, Offshore = H2 production with electricity from offshore wind park, GWI = Global Warming Impact, 
RMI = Raw Material Input). 

A) B) 
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4.3.3 Economic Results 

 Production Costs 

 The results for the production costs show a different picture than for the environmental 

impacts (Figure 4-6). Economic competitiveness compared to fossil-based MeOH can be 

reached neither now nor in the near future. In addition, the regarded import pathways via 

pipeline or LOHCwh are more promising than the offshore pathway. Furthermore, the 

differences in between the pathways are lower for the production costs than for the 

environmental impacts. The alternative with the lowest production costs in 2020 is the H2 

transport via pipeline (1333 €/tMeOH). Ship transport only shows lower costs than the offshore 

pathway (1616 €/tMeOH) if waste heat is available. The import of LH2 is the most expensive 

pathway in the status quo, mainly due to the costs for short-distance transport, which are 

dominated by the investment costs for the tube trailer (20 % of the total costs). For the 

offshore pathway and the import via pipeline, the electrolysis step is a more decisive cost 

driver (70 – 84 % of the total costs) than for the import via ship. Beside the lower technical 

complexity of these pathways, this is also caused by higher electricity costs (Germany) or 

higher capital costs (Morocco) than in Australia. For the import via ship, the H2 transport 
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causes 14 % (LOHCwh), 28 % (LOHC), or 43 % (LH2) of the total costs. Thus, competitive 

advantages in lower H2 production costs are partly or completely compensated. The CO2 

capture and MeOH synthesis together cause between 14 (LH2) and 22 % (LOHCwh) of the total 

costs. The cost ranges show that the production costs could be 20 % lower in the best case, 

but also 30 % higher in the worst case. In addition, the results of a sensitivity analysis further 

illustrate the high influence of the electrolysis step for all pathways, but also its reduced 

impact for the import via ship (Appendix C-4).  

In 2030, reduced electricity and plant costs as well as more energy-efficient short distance 

transport could lead to a reduction of production costs between 19 % (Pipeline) and 

33 % (LH2). Nevertheless, the cost ranking of the alternatives does not change. Despite the 

relatively higher cost reduction for the import pathways via ship, the LH2 and LOHC pathways 

still show higher costs than the offshore pathway. Due to the parameter uncertainty, no clear 

best alternative can be identified among the import pathways via ship without waste heat 

sources and the offshore pathway, because they all show similar value ranges. At the same 

time, the minimum and maximum values for the pipeline and LOHCwh pathways are clearly 

lower than for the other alternatives. Thus, in the status quo and the future, the LH2 and LOHC 

pathways are not competitive towards the offshore pathway either from an economic or from 

an environmental perspective.  

The mean costs for H2 provision at the MeOH plant range from 5.2 (Pipeline) up to 8.9 €/kgH2 

(LH2) in the status quo and 4.2 (Pipeline) to 5.6 €/kgH2 (LH2) in 2030. To achieve competitive 

MeOH production under the assumed circumstances, H2 provision cost below 0.4 (status quo) 

and 0.7 €/kgH2 (2030) would be necessary.  
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 CO2-Avoidance Costs  

If the climate footprint and the production costs are regarded in combination, it becomes clear 

that the import via ship shows significantly higher AC than the offshore and pipeline pathways 

now and, in the future, (Figure 4-7). In the status quo, the minimum avoidance costs are above 

500 €/tCO2-avoided but could be reduced to 330 (Pipeline) or 412 €/tCO2-avoided (Offshore) in the 

future. Thus, the climate mitigation effect for the offshore or pipeline pathway is and remains 

more cost-efficient than for the import via ship. 

In general, the AC for MeOH production strongly depends on the costs and the climate 

footprint of the provided H2 (Figure 4-8). In the status quo, avoidance costs below 

100 €/tCO2-avoided are only possible for H2 provision costs below 1 €/kgH2 in combination with a 

climate footprint below 2 kgCO2-eq./kgH2. At the same time, a climate footprint above 

9 kgCO2-eq./kgH2 would lead to higher climate footprint for the CO2-based production. The 

pathways analyzed in this article show a GWI of 1.8 (offshore) to 5.4 kg CO2-eq./kgH2 (LOHC). 
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Figure 4-8: CO2-Avoidance costs for CO2-based MeOH production in Germany, depending on the production costs and climate 
footprint of the used H2. (GWI = Global Warming Impact, IE = Increase in Emissions). 
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In the 2030 scenario, AC of 100 €/tCO2-avoided are possible for H2 provision costs up to 1.5 €/kgH2 

in combination with a climate footprint up to 2 kgCO2-eq/kgH2 (Appendix C-5). 

4.4 Discussion 

The German chemical industry needs sources for non-fossil carbon in combination with large 

amounts of renewable energy to defossilize the production of organic chemicals. Due to 

probable scarcities of sufficient renewable energy capacities in Germany, alternative 

pathways for the provision of renewable energy need to be considered. In this article, the 

production of CO2-based MeOH using unavoidable CO2 point sources in Germany in 

combination with imported H2 was analyzed for the first time. The import of H2 via pipeline or 

ship was compared with H2 production in Germany using offshore wind as an energy source 

and assessed environmentally and economically. The climate footprint of MeOH production 

can be reduced in every case, but the results show several trade-offs between the 

environmental impact categories as well as between the environmental and economic results. 

Though the offshore pathway shows the least environmental impacts, it is comparably 

expensive at the same time. Furthermore, the reduction of the climate footprint would lead 

to an increased use of other resources in almost every case. Among the import pathways, the 

import via pipeline is the most promising. An import via ship seems only reasonable if sources 

for waste heat or local H2 pipeline grids for short-distance transport within Germany are 

available. The following in brief compares the results of this article to the existing literature 

and discusses the implications for practice and future research. 

The analysis in the article for the first time combines the production and transport of H2 with 

CO2-based chemical production. For that reason, the results of this article need to be 

compared to the existing literature in both fields. Several studies analyzed the production and 

the transport of H2 from an environmental or economic perspective. Those studies mostly 

focused on the mere production and provision of H2 without a specific use case, its short 

distance distribution (Heuser et al. 2019; Niermann et al. 2021), or its use in the transport 

sector, as well as for energy storage (Reuß et al. 2017; Wulf and Zapp 2018). Transport via 

pipeline was identified as the alternative with the least environmental impacts 

(Wulf et al. 2018) and costs (Niermann et al. 2021). Furthermore, Wulf and Zapp (2018) also 

described the trade-off between environmental impacts and economic performance for 

transport via LH2 and LOHC. The authors calculated climate footprints between 
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1.5 (Pipeline) and 5.8 kgCO2-eq./kgH2 (LOHC), which are similar to the results of this article 

(1.8 to 5.4 kgCO2-eq/kgH2). The differences are caused through different assumptions for the 

transport distance and the electricity providers. Heuser et al. (2019) described the influence 

of transformation and transport processes on the import costs for LH2. They calculated costs 

of 4.4 €/kgH2, which differ from the results of this study for the status quo, because lower costs 

for electricity, a shorter transport distance, and no regional distribution after the ship 

transport were regarded in their study. For the 2030 scenario, the results are identical to the 

results of this article. Hank et al. (2020) calculated H2 provision costs for the import from 

Morocco to Germany via ship of 4.2 (LH2) and 5.1 €/kgH2 (LOHC). The differences compared to 

the results of this study can be explained by lower assumed electricity and capital costs as well 

as a shorter transport distance and the exclusion cost-intensive short-distance transport. 

Thus, the core results for H2 production and transport of this study are comparable with 

previous studies and complement the existing literature with a detailed and combined 

environmental and economic assessment of a concrete use case for imported H2 in the 

chemical industry. 

With respect to the MeOH production, the results of this study differ slightly from previous 

studies. For example, in case of the climate footprint, either lower (Wyndorps et al. 2021) or 

higher values (Hoppe et al. 2017) were hitherto calculated, with the results of this study lying 

within the existing range. The deviations can be explained by different assumptions for the 

electricity and CO2 source. With respect to trade-offs between environmental impact 

categories and the risk of problem shifting by importing CO2-based energy carriers or 

chemicals, a similar overall situation can be found in the literature (Bachmann et al. 2021; 

Hoppe et al. 2017). 

Compared to the import options analyzed in this article, the import options for CO2-based 

MeOH analyzed by Kaiser et al. (2021) offer a higher energy efficiency due to simpler and more 

efficient transport processes, which also reduces the environmental impacts. Regions with 

favorable wind conditions exhibit a better performance than all studied pathways using 

imported H2. Furthermore, the combination of local CO2 point sources with imported H2 shows 

a better or comparable performance for the pipeline pathway than MeOH imported from 

PV-based locations, especially if direct air capture is used as a CO2 source. In contrast, the 

import via ship without the availability of waste heat shows higher environmental impacts 

than all analyzed production locations for CO2-based MeOH, including those using direct air 
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capture as a CO2 source. For the 2030 scenario, the situation does not significantly change. 

With respect to the economic situation, the costs for most of the locations for the import of 

CO2-based MeOH are lower in the status quo (933 – 1666 €/tMeOH) and in 

2030 (588 – 889 €/tMeOH) compared to the calculated values for the production based on 

imported H2 in this article (2020: 1254 – 2709 €/tMeOH; 2030: 817 – 1645 €/tMeOH). Thus, the 

import of CO2-based MeOH would probably allow lower market prices and lower CO2 

avoidance costs. However, the use of imported H2 would enable a higher domestic value 

creation, because two main process steps (CO2 capture and MeOH synthesis) would take place 

in the importing country. In addition, the use of local sources could increase the independency 

from global markets and therefore lower supply risks for carbon. Nevertheless, to achieve a 

competitive advantage, the costs for H2 transport (long- and short-distance) need to decrease 

significantly. This could happen through process optimization and scale-up, as well as the 

integration of H2 transport pathways in the existing industrial infrastructure by using 

redesignated pipelines and potential sources for waste heat. 

Compared to the fossil-based production of MeOH, several approaches should be pursued to 

achieve economic competitiveness. First, the investment costs for all involved technologies 

need to be reduced significantly. Second, CO2-based chemicals should be used as input to 

produce high-value polymer products. This would allow a cost covering production without 

causing significant increases in production costs (Kaiser et al. 2022). Third, the externalities of 

fossil carbon use as material should be consequently internalized, e.g., by the introduction of 

input quotas for non-fossil carbon sources. These approaches require expenditures for 

research and development, the overtaking of investment risks by companies, as well the right 

policy instruments in the future. In addition, transparent certification methods must be 

developed to ensure the environmental benefits of CO2-based chemical production in general, 

and especially for H2-production and transport, because auxiliary processes can have a major 

impact on the overall performance. However, the integration of CO2-based MeOH production 

into emission trading schemes will most probably not be sufficient to enable competitiveness. 

The calculated CO2 avoidance costs are more than eight times higher than the actual 

(50 €/tCO2-avoided (Ember 2021)) and possible carbon prices in 2030 (85 €/tCO2-avoided (Krukowska 

2021)) within the European Union. Consequently, this policy instrument could possibly help 

to cover a minor part of the additional costs but is far from enabling competitiveness of 

CO2-based MeOH production alone. 
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In general, current studies suggest that H2 based on renewable electricity will most probably 

be a highly demanded resource in several industry sectors (IEA 2019b). This enables synergies, 

i.e., to share the costs to set up a transportation and distribution infrastructure between 

multiple sectors, which reduces the import costs. Nevertheless, the build-up of international 

trading and transport infrastructure will be required to connect producing and consuming 

locations. Here, transport via ship constitutes a comparably expensive option for the short 

term because it requires less lead-times, whereas transport via pipelines is more promising in 

the mid- and long-term perspective. Nevertheless, both options should be pursued, because 

synergies and cost reductions due to technical development and learning curves could help 

the shipping pathways to reduce the transport costs. In addition, a more diversified import 

structure would help to reduce the independence from one supply source, and thus level 

supply risks. 

The results of this study should be considered in the light of some limitations. First, the authors 

did not have access to the primary data of actual plants but had to derive the model 

parameters from literature data. In consequence, the modeling results can only approximate 

the described production processes, whereas in reality, different results may be reached. 

Nevertheless, the calculated uncertainty ranges help to understand in what range the real 

values would probably lie. Second, the concepts considered in this article are in part still 

hypothetical or only realized on a smaller scale. Scaling effects and synergies with other 

industries could lead to lower costs and a higher energy efficiency than the values considered 

in this study. Though scaling effects were estimated with the help of average scaling factors, 

market synergies were not part of the scope of this study. Furthermore, the effects of an 

increasing global demand for CO2-based chemicals, which is expected to happen in the near 

future (IEA 2020a), were not considered in this study. This could enable regions and processes 

showing comparably high production costs to become competitive, too. Third, only one base 

chemical was considered as a case example. Other synthesis pathways, e.g., the use of H2 and 

CO2 to produce synthesis gas, offer the possibility to produce a broad range of CO2-based base 

and high-value chemicals. They potentially provide a higher energy efficiency than 

MeOH-based synthesis and need H2 directly. This could provide an advantage for the H2 import 

pathways compared to the import of CO2-based MeOH.  
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4.5 Conclusions 

In this article, the combination of unavoidable CO2 point sources in Germany with different 

import pathways for H2 for CO2-based MeOH production was assessed environmentally and 

economically. As case examples for H2 provision, the hypothetical import via pipeline from 

Morocco and the currently under preparation import via ship from Australia were compared 

to possible domestic production using offshore wind as an energy source. 

The results of the LCA show trade-offs between climate mitigation and other environmental 

impact categories for every pathway. They further show significant differences between the 

assessed alternatives, with the pathway for H2 provision from electricity generation down to 

the delivery at the chemical plant being the most decisive factor. High transport and 

transformation efforts associated with the import of H2 partly levelized more advantageous 

conditions for renewable energies in the exporting countries. Compared to the domestic 

production, environmental problem shifting by the import options studied in this article would 

result under the conditions of the status quo and in the near future. 

From an economic perspective, production using electricity from an offshore wind park in 

Germany is more expensive than the import of H2 via pipeline. Nevertheless, the domestic 

production would offer lower costs than most import pathways via ship in the status quo. For 

the import via ship, liquefied H2 shows the highest costs. If the efforts for transformation 

processes and the short distance transport can be reduced in the future, all import pathways 

could exhibit lower or comparable costs than the analyzed production in Germany. With 

respect to climate change mitigation, import pathways via ship show the highest 

CO2 avoidance costs. Thus, the climate mitigation effect is more cost-efficient for the 

production of CO2-based MeOH using domestic H2 production or the H2 import via pipeline. 

Compared with the import of CO2-based hydrocarbons, the analyzed pathways show similar 

or higher environmental impacts and higher production costs now and in the near future. 

Thus, if CO2-based MeOH cannot be produced in Germany, its import might be more favorable 

than the import of H2 for chemical production. 

To improve economic and environmental performance, the energy efficiencies of H2-import 

pathways need to be increased in combination with a further decrease of investment costs 

along the whole value chain. Appropriate policies could complement this development and 

incentivize investments in this sector. For that, though, the hydrocarbon production pathways 
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using imported H2 must show that they can exhibit lower environmental impacts and costs 

than the import of CO2-based hydrocarbons. 

Future research should focus on technical development and process optimization as well as 

the analysis of suitable, effective, and economically efficient policy instruments. Furthermore, 

possible synergies with other industrial users of H2 to reduce import costs could be analyzed. 
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5 Fourth Publication – CO2-based Value Chains 

 

Environmental and economic assessment of CO2-based value chains for a circular 
carbon use in consumer products7 

 

Simon Kaiser, Stefan Gold, Stefan Bringezu 

Resources, Conservation & Recycling; 184, 106422 

DOI: 10.1016/j.resconrec.2022.106422 

Abstract 

The currently fossil-based production and highly linear use of polymer products generate 

significant amounts of CO2 emissions and irretrievably wastes resources. To address these 

challenges, effective and competitive technologies are required to enhance the circularity of 

carbon use. In this study economic and environmental effects of the use of CO2 as carbon 

source for polymer products such as packaging, construction material or medical products are 

analyzed. Thereby, the whole value chain, from the CO2 source to the market-ready product 

is considered. Material flow cost accounting is combined with environmental indicators to 

assess 28 possible CO2-based value chains. Data envelopment analysis is used to compare the 

alternatives and to identify the most eco-efficient examples considering production costs, 

CO2-emissions, energy demand and fossil carbon use. In all cases, a significant reduction of 

CO2-emissions is achieved compared to the conventional alternative. For subsequently 

produced consumer products with a high value, the additional costs for CO2-based value 

chains are between 0.7 – 4 % in the status quo and 0.1 – 1 % in a future scenario which enables 

a market entrance for CO2-based products with comparably small price premiums. 

Considering the studied assessment indicators, the use of CO2 can already lead to the same or 

a similar overall performance compared to fossil-based production. The choice of the right 

product and value chain set up is decisive, with economies of scale playing a significant role. 

The results further show that costs and benefits are currently imbalanced along the value 

chain, wherefore an effective cooperation is key to achieve market readiness.  

 
7 This chapter is reproduced from the already published article (DOI: 10.1016/j.resconrec.2022.106422) with 
permission from Elsevier. Layout and formatting of the original article were adapted. 

https://doi.org/10.1016/j.resconrec.2022.106422
https://doi.org/10.1016/j.resconrec.2022.106422
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5.1 Introduction 

The amount and the way how fossil hydrocarbons are consumed in the global economy raise 

multiple problems. Most importantly, the largest share of global Green House Gas (GHG) 

emissions origins from burning fossil fuels, which in turn is the reason for human-made climate 

change (IPCC 2014b). In addition, the mainly linear use of fossil resources leads to their 

irretrievable depletion (IRP 2019). Most recently, supply bottlenecks caused by disrupted 

supply chains due to global or regional crises led to significant price peaks for oil-based 

products and clearly showed the economic risks of supply shortages (S&P Global 2021). Thus, 

new options of hydrocarbon production and use must be developed which avoid 

CO2-emissions, enable a circular use of resources, and therefore contribute to a circular 

economy.  

For the chemical industry in general and specifically to produce organic chemicals, this 

requires a decoupling of the current material and energy supply which both use fossil 

hydrocarbons as the main input (Kaiser and Bringezu 2020). On a global scale, this leads to a 

direct emission volume of 0.7 Gt CO2-eq/a (IEA 2021a), for the production processes alone. 

Beside these direct energy and process related emissions during the production of chemicals 

and polymers, about the same amount of emissions takes place in the end-of-life (EoL) phase 

of material carbon (Schmidt et al. 2021). For example, in the German chemical industry, 56 

out of 112 MtCO2-eq/a are emissions which originate from waste management of polymer 

materials based on carbon from fossil sources (Geres et al. 2019; UBA 2018). While alternative 

technologies for the provision of energy enable the substitution of hydrocarbons and 

therefore also the avoidance of the related CO2-emissions (Bazzanella and Ausfelder 2017), 

the EoL emissions which originate from the material use of fossil carbon are harder to abate. 

Here, the carbon cannot be substituted but must be won from different sources.  

One promising option are Carbon Dioxide Capture and Utilization (CCU) technologies, i.e., the 

CO2-based production of chemicals. CO2 is used as a carbon source in combination with water 

and electricity which enables a fossil-free production for a broad range of organic chemicals 

(Mikkelsen et al. 2010). The required CO2 can be sourced from different point sources as well 

as the atmosphere (Von der Assen et al. 2016). According to Kaiser and Bringezu (2020) and 

Müller et al. (2020b) the use of only unavoidable and long-term available point-sources such 
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as cement or biogas upgrading plants alone could suffice the carbon demand of the chemical 

industry in the future. In addition, the technical feasibility to produce a major share of the 

currently produced base chemicals on the basis of CO2 has been demonstrated while the 

underlying technologies provide a high technological readiness level 

(Bazzanella and Ausfelder 2017; Geres et al. 2019). The climate impact of the production of 

chemicals and polymers could be significantly reduced, if the required electricity is won from 

renewable sources (Hoppe et al. 2017; Ravikumar et al. 2021; Sternberg et al. 2017). Thus, a 

broad defossilization of the global chemical industry via CCU technologies would significantly 

reduce CO2 emissions but require large amounts of renewable electricity 

(Kätelhön et al. 2019).  

Another challenge for the production of CO2-based chemicals is the economic viability. Recent 

studies showed that for the production of base chemicals, e.g., MeOH, competitiveness is not 

achieved at the moment but could be realized in the near future (Hank et al. 2018; 

Hoppe et al. 2018). The main cost driver are the costs for hydrogen via electrolysis and thus 

the costs for electricity and electrolyzer plants (Hank et al. 2020). The right location plays a 

significant role with wind-based locations outperforming Photovoltaic-based locations due to 

higher plant utilization (Kaiser et al. 2021). Furthermore, the respective rate of capital costs 

has a significant impact as well, wherefore production locations in northern Europe and South 

America are most likely to reach competitiveness in the near future. The focus on merely the 

production costs of base chemicals, however, leaves out the economic assessment from a 

value chain wide perspective as well as the possible contribution of CCU technologies to a 

circular economy. The latter is created by turning the mainly linear material flows into 

closed-loop value chains (Schenkel et al. 2015). This is especially necessary for the chemical 

and polymer sector, where less than 10 % of the carbon input originates from secondary 

sources (Kaiser and Bringezu 2020). The necessary transformation requires the development 

of new business models in combination with a reshaping of supply chains and value creation 

(Karayılan et al. 2021; Lüdeke-Freund et al. 2019). The production of CO2-based polymers 

could depict such a new business model which is based on a circular use of carbon. Their use 

in consumer products offers a higher value creation than the production of base chemicals 

since the share of feedstock costs on total costs decreases with increasing value creation and 

thus also the additional costs per product (Wilting and Hanemaaijer 2014). 



Fourth Publication – CO2-based Value Chains 

89 
 

At the moment, CO2-based chemical production shows a trade-off between climate mitigation 

and other environmental impact categories as well as cost efficiency. Hence, multiple 

assessment indicators are necessary for a thorough assessment. A sound combination of 

environmental and economic aspects within one analysis, however, can be difficult since the 

used indicators are not always comparable. To solve this problem and to identify the best 

overall alternative, suitable methods for multi criteria analysis are necessary (Zanghelini et al. 

2018). In recent literature, sophisticated weighting methods were developed and used to 

compare CO2-based chemicals, e.g. by Chauvy et al. (2019) or Pacheco et al. (2021). However, 

despite their complexity, the methods still involve a certain level of subjectivity to choose the 

respective category weights. To further eliminate subjectivity in the comparison, the approach 

of Data Envelopment Analysis (DEA) can be used. The method was developed by Charnes et 

al. (1978) and is applied to compare environmental with economic assessment indicators 

(Mardani et al. 2018; Song et al. 2012; Zhou et al. 2018) or to calculate eco-efficiency values 

(Thies et al. 2019) without the exogenous determination of weights or priorities. Nevertheless, 

the application of DEA also shows some drawbacks. For example, to generate valid results, a 

minimum number of alternatives is required, and the comparability of the compared objects 

must be thoroughly examined and assured with the help of suitable criteria. In addition, the 

DEA results do not show a clear priority sequence (Kerpen 2016; Liang et al. 2017). Practical 

examples for the application of DEA are the comparison of manufacturing sectors (Egilmez et 

al. 2013), supply chain management strategies (Gold et al. 2017) or the eco-efficiency of 

industrial parks (Hu et al. 2019; Wang et al. 2021). In the context of CCU technologies, the 

method has been used to compare solvents for CO2-capture (Limleamthong et al. 2016) but it 

has not yet been applied to calculate eco-efficiencies of CO2-based products.  

Based on the identified research gaps, this article addresses the questions of how CO2-based 

polymer production can be characterized as a circular economy business model (CEBM) and 

what the economic and environmental characteristics of a complete CO2-based value chain 

for consumer products could be. Thereby, it combines the analysis of several case examples 

for CO2-based value chains for status quo8 conditions and a future scenario with a DEA to 

identify promising constellations for a market introduction.  

 
8 In the context of this dissertation, the term status quo refers to the economic situation in the year 2020 
using five-year averages (2016 – 2020) as market prices for fossil fuels and derived products. These 
prices also serve as the basis for further projections for the years 2030 or 2050. 
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5.2 Methods and Data 

5.2.1 Case examples 

To identify representative case examples for consumer products the following categories were 

used: polymer type; polymer content, i.e., the mass share of polymer in the consumer product; 

functional value of the polymer, i.e., the share of product value which originates from the 

polymer in the product, expressed by the share of polymer production costs in the total 

production costs; sector of product application. The availability of detailed data for the 

polymer content of the products, e.g., via product information sheets, was another factor in 

the selection process. The analyzed case examples (Table 5-1) stem from six main application 

sectors for polymers (Lindner and Schmitt 2018). As polymer types, three mass polymers 

(Polyethylene (PE), Polypropylene (PP) and Polyvinylchloride (PVC)) and one technical polymer 

(Polyoxymethylene) (POM) were selected. The polymer content as well as the share of 

polymer production costs cover a broad range of possible combinations. Thereby, the share 

of polymer costs was calculated for each case example in the following way. First, the polymer 

content was determined with the help of product information sheets and own calculations. 

Second, the amount of polymer needed was combined with production costs for the 

polymers. Third the costs for the required polymers were compared to the production costs 

of the consumer product. The value chain for the polymer production was modeled for the 

fossil-based and four CO2-based alternatives, considering different CO2-sources (Cement, 

Waste Incineration, and Biogas upgrading plant as well as Direct Air Capture (DAC)). The CO2 

sources are differentiated because they provide different CO2 concentrations, specific 

emission volumes and capture costs. In total, 28 CO2-based values chains and 7 fossil-based 

values chains were considered for the analysis.  
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Table 5-1: Description of the analyzed case examples. (HDPE = High Density Polyethylene, LDPE = Low Density Polyethylene, 
PP = Polypropylene, PVC = Polyvinylchloride, POM = Polyoxymethylene). 

Product Description Application 

Sector 

Polymer Type Polymer 

Content 

(%wt) 

Share of Polymer 

Costs on Total 

Production Costs 

P1 Bottle for Disinfection 

Gel 

Packaging HDPE 12 % 0.6 % 

P2 Bubble Warp Packaging LDPE 100 % 19 % 

P3 Marker Body Home 

Appliance 

PP 18 % 0.3 % 

P4 Medical Syringe Health Care PP 70 % 1.4 % 

P5 Cable Mantle Electronics PVC 38 % 4 % 

P6 Pipe Construction PVC 100 % 2.9 % 

P7 Cog Wheel Machinery POM 100 % 1 % 

 

5.2.2 Material Flow Cost Accounting and Data Envelopment Analysis 

The systemic environmental and economic analysis of a value chain requires the combined 

modelling of material, energy, and cash flows. Therefore, a material flow cost accounting 

(MFCA) analysis was conducted in accordance with DIN EN ISO 14051 and complemented with 

environmental assessment indicators. The MFCA is conducted by defining a system boundary, 

system elements and their relations. Based on the flow analysis, economic and environmental 

assessment indicators are calculated. This method has been demonstrated on organizational 

and value-chain level e.g. to reduce costs related to material losses (Christ and Burritt 2015; 

Walz and Guenther 2021) or to compare different regional recycling networks (Walther 2010). 

Thus, it is a suitable tool to analyze and compare CO2-based value chains from an 

environmental and economic perspective.  

The assessment indicators were chosen with respect to the effect of a change in feedstock use 

for the chemical production which is the main difference between CO2 and fossil-based value 

chains. LCA and economic assessment studies were used, e.g., Hoppe et al. (2018), or 

Kaiser et al. (2021) as well as relevant environmental and economic targets and boundary 

conditions. As main effects of a feedstock change, the resulting CO2-emissions, the used 

carbon source, the energy requirement, and the production costs were identified. In addition, 

the reduction of CO2-emissions and primary energy use as well as an increased use of 

secondary carbon are important targets for companies according to actual policies (European 
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Commission 2021). Therefore, the polymer related CO2-emissions, the production costs, the 

fossil carbon input, i.e., the amount of carbon which is won from fossil sources, and the 

cumulative energy demand were chosen as assessment indicators and calculated for each 

value chain. 

For a further comparison of the results, DEA was applied. Thereby, each value chain was 

considered as a so-called Decision-Making Unit (DMU). The comparison is enabled by 

calculating and comparing the performance of all DMUs within an empirically determined 

technology area (Dyson et al. 2001). The technology area defines the technical capabilities of 

the DMUs in their entirety, while the performance of a single DMU shows how it utilizes these 

capabilities. To measure the performance of each DMU, a set of optimal weights for each input 

and output is determined. The weights are calculated endogenously by formulating and 

solving an optimization problem which considers all DMUs. To identify the most efficient 

DMUs, an efficiency score is calculated for every DMU using the specific set of optimal 

weights. As boundary condition, the maximum efficiency score is 1, i.e., 100 %. If one DMU 

shows an efficiency score of 1, it can be considered as relatively efficient compared to the 

other DMUs and thereby lies on the efficiency frontier. Vice versa, if one DMU shows a score 

below 1 despite the use of an optimal weighting sets, this means that there is at least one 

other DMU which is more efficient.  

As DEA model, an input oriented CCR (Charnes, Cooper, and Rhodes) model was chosen for 

the analysis. The described assessment indicators are considered as input variables and 

combined with the revenue per consumer product as output variable. These variables  

represent the main factors to describe the regarded transformation process for each value 

chain. CO2-emissions are counted as an input even though they are a physical output since 

they represent an undesirable output which uses the capacity of the environment for its 

disposal (Dakpo et al. 2016). In other words, every ton of emitted CO2 lowers the remaining 

carbon budget wherefore it can be seen as a scarce good. The DMUs can be regarded as 

comparable according to Dyson et al. (2001 and Kerpen (2016) since they fulfill the same 

function, namely to generate revenue, and thereby use the same resources and similar 

technologies in the same time period. The number of 35 DMUs fulfills the criteria for the 

minimum amount of DMUs necessary to achieve a reasonable level of discrimination 

according to (Cooper 2007; Dyson et al. 2001). Constant returns to scale were assumed to 

show the effect of different specific emission volumes, i.e., production scales, on the 



Fourth Publication – CO2-based Value Chains 

93 
 

performance of one value chain. In a model with variable returns to scale, differences in scale 

are leveled within the model to exclude them from the efficiency calculation. Therefore, a 

scaling effect would not be visible or distorted. The relative performance of each DMU is 

shown by the respective efficiency score which sets the studied environmental and economic 

indicators into relation.  

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑠𝑐𝑜𝑟𝑒𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑖 = 
𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑅𝑒𝑣𝑒𝑛𝑢𝑒𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑖

∑𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝐼𝑛𝑝𝑢𝑡𝑠𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑖
    (5.1) 

Solving the DEA problem identifies those value chains which produce one unit of revenue with 

the most efficient use of the available resources. The efficiency score can further be 

considered as eco-efficiency, if one of the environmental indicators is reduced, e.g., via the 

avoidance of CO2-emissions, compared to the fossil-based processes. The latter represent the 

prevailing alternatives and serve as a benchmark for the new value chains. They cannot be 

considered as eco-efficient due to the inherent use of fossil resources and the accompanied 

environmental problems. The modelling and solving of the DEA problem was done with the 

open source software OSDEA (Version 0.2) as well as R (Version 4.1.2) using the Benchmark 

and Frontier Analysis Package from Bogetoft and Otto (2020). The formal model can be found 

in Appendix D-1. 

To classify CO2-based value chains as CEBM and to compare them with existing regulation 

schemes, existing classification schemes from the literature were used. Further information 

can be found in Appendix D-2 while the results are presented in section 3 of this article. 

5.2.3 System Description 

To analyze and compare the value chains, an MFCA was conducted for each alternative. All 

necessary production processes, i.e., the CO2 capture and electrolysis (for CO2-based 

alternatives) or naphtha production (fossil-based alternatives), the production of chemicals, 

monomers, polymers, and the consumer products are regarded as system elements, as well 

as the product specific sales market and the EoL phase. Even though the last two elements do 

not belong to the value chain, they are important to calculate the input of the operative cash 

flow in form of market revenues and to achieve an equal carbon balance by also considering 

EoL emissions (Figure 5-1). The functional unit is defined as one produced unit of a consumer 

product. The carbon, energy, and cash flows of the system are used to calculate the 

assessment indicators per functional unit. Due to overall promising location factors, such as 

the availability of CO2 sources, chemical and polymer industries as well as markets for the 
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consumer products, the analysis focuses on value chains located in Germany. As background 

data, e.g., for the provision of energy from the grid or fossil feedstock prices, actual data for 

Germany was considered. Detailed process data for the fore- and background can be found in 

Appendix D-3. 

The study focuses on the effect of CO2-utilization as carbon source for polymer production. 

Therefore, the production of further ingredients or components of the products were not 

included, since they are not altered, and their modelling is not necessary to measure the 

effects of different polymer production technologies. The necessary production of H2 is 

assumed as a stand-alone process for which the use of electricity from renewable sources is 

crucial to reach an overall favorable ecological performance for CO2-based polymer 

production (Hoppe et al. 2017; Sternberg et al. 2017). Thus, energy provision via wind 

electricity was assumed. The wind electricity could be provided via the grid in combination 

with purchase power agreements or via additionally constructed capacity. Both strategies are 

currently pursued by companies in Germany to get exclusive access to renewable electricity 

(Axpo 2022; BASF 2021). Because there is a lack of transport infrastructure for CO2, H2, and 

some of the monomers, it was assumed that gaseous products are further processed onsite. 

Thereby, the necessary processes (CO2-capture, MeOH, and monomer synthesis) need to be 

integrated in already existing plants, wherefore the required process energy is provided by 

the grid. For the produced CO2-based MeOH and polymers, a transport to further processing 

Figure 5-1: System elements, flows and boundary for the material flow cost-accounting. (CS = Carbon Source, 
ES = Energy Source, C = Chemical Production, P = Polymer Production, M = Product Manufacturing, 
WM = Waste Management). 
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plants via road is assumed. Therefore, the specific emission volume of the considered CO2-

source determines the throughput of the value chain. As EoL process, waste incineration was 

considered. 

The production costs for CO2-based value chains were calculated using data from the recent 

literature for the plant costs and scales for every production step. The production costs for 

the fossil-based based chemicals, polymers and consumer products were approximated using 

average net market prices. It was assumed, that the net market prices include a margin of 

10 %, which was subtracted out to calculate the difference in production costs for polymer 

production (see Appendix D-3 for detailed cost data). The cost differences between fossil and 

CO2-based alternatives for the consumer products were calculated by comparing the 

production costs for the respective monomers (ethylene, formaldehyde, and propylene). It 

was further assumed that the CO2-based monomers are used as a drop-in and that the cost 

difference would be passed through the value chain to the consumer product.  

The CO2-emissions caused by the carbon and energy flows into and within the system are 

classified for each system element (Table 5-2). To compare the potential environmental 

benefits with the potentially higher production costs, CO2-abatement costs as well as carbon 

circulation costs are calculated. The former is defined as the additional costs per avoided ton 

of CO2 emissions and focusses on the costs for emission avoidance. The latter expresses the 

additional costs required to recycle one ton of carbon, i.e., to substitute one ton of fossil 

carbon as primary material. Both indicators give information about the cost effectiveness of a 

CO2-based value chain with respect to the environmental benefits and enable a comparison 

to other technologies aiming at emission abatement or carbon recycling. The calculation 

formulars can be found in Appendix D-3.  
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Table 5-2: Description of the different emission scopes used to classify the CO2 emissions of each system element. The 
classification is based on WRI and WBCSD (2011, 2015).  

Emission scope Description Application in this study 

Scope 1 Emissions from sources that are 

owned or controlled by a 

company. 

Direct emissions which are 

caused by a system element. 

Scope 2 Emissions from the generation 

of purchased or acquired 

electricity, steam, or heating.  

Emissions which are caused by 

the energy supplier for one 

system element.  

Scope 3 All other indirect emissions that 

occur in the value chain. 

Emissions from other system 

elements in the value chain 

(except the energy supplier). 

 

To explicitly show the structure of the cash flows on the value chain-level, one exemplary 

value chain with a production capacity for CO2-based MeOH production of 100 ktMeOH/a was 

considered. This capacity is derived from the largest existing CO2-based MeOH production 

plant (CRI 2020). Based on the emission volumes considered in this study, the respective 

CO2-demand of 147 ktCO2/a could be supplied by a cement or waste incineration plant. A 

cement plant was chosen as CO2-source because it offers lower capture costs. This supply 

volume of CO2 would enable the production of 38 (PE and PP), 65 (POM) or 

71 (PVC) ktCO2-based polymer/a. This corresponds to 2 % (PE and PP), 5 % (PVC) or 22 % (POM) of 

the domestic production volume in 2020 and 23 % (PE) 31 % (PVC), 67 % (PP) or 149 % (POM) 

of the average yearly production volume for a respective polymer producer in Germany 

(Destatis 2020). 
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5.2.4 Scenario analysis 

To factor in future developments, the different value chains were analyzed for the status quo 

as well as for the years 2030 and 2050 with the help of a scenario analysis. The input 

parameters with a relatively high influence on the results were identified via a sensitivity 

analysis and altered according to a possible development described in the literature. The 

described development path represents a progressive development and illustrates how the 

performance of CO2-based value chains could develop in a best-case scenario for cost 

parameters and the energy grids in Germany (Table 5-3). For the latter, climate neutrality is 

assumed for 2050. Currently, CCU technologies for chemical production are not creditable in 

emission trading schemes. In the scenario, it was assumed that the captured CO2 is credited 

in the emission trading scheme by 2030. The saved certificate costs for the otherwise emitted 

CO2 emissions are not accredited to the CO2-emitter but the base chemical producer who 

delivers the service of using the CO2. At the same time, emission costs are added to every 

downstream process with CO2-emissions (including EoL) to guarantee that every emission is 

accounted for. Due to the mentioned uncertainties for the oil price development, the scenario 

was further differentiated between increasing (I) and decreasing (D) oil prices. The effect of 

oil price fluctuations on polymer costs was estimated based on historical market data for 

crude oil as well as for the chemicals and polymer types regarded in this article. For the plant 

costs of CO2 capture, a reduction of 30 % until 2030 was considered according to IEA (2020a).  
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Table 5-3: Assumed development for the scenario parameters. For the electricity grid, climate neutrality was assumed in 2050. 
(FLH = Full load hours, GWI = Global Warming Impact). 

Parameter 2020 2030  2050  Sources/Assumptions 

GWI Electricity 

[kgCO2-eq/MJ] 
0.1 0.01 0 Prognos et al. (2021); UBA (2016) 

GWI Heat 

[kgCO2-eq/MJ] 
0.06 

0.004  

(Use of heat 

pumps) 

0 

(Use of heat 

pumps) 

BAFA (2020) 

Coefficient of performance for Heat 

Pumps: 3 (2030), 5 (2050) according to 

European Copper Institute (2018) 

Electricity Costs 

(Grid Mix) [€/MJ] 
0.05  0.05 0.05 DENA (2018) 

Electricity Costs 

(Wind Electricity) [€/MJ] 0.023 0.022 0.018 

Fraunhofer ISE (2021) 

Including transmission costs based on 

DENA (2018) 

Heat Costs  

[€/MJ] 
0.012 0.011 0.01 

Own calculation based on prices for 

fossil-feedstock or electricity 

Polymer Costs 

[yearly change] 

-- 
+ 1 % (I) 

- 0.3 % (D) 

+ 1 % (I) 

- 0.3 % (D) 

Calculation based on an increasing (I) 

and decreasing (D) oil price scenario 

from IEA (2020c). For monomers and 

polymers, it was estimated that an 

average of 30 % of the oil price 

deviation are passed on to polymer 

prices. 

System Efficiency 

Electrolyzer 
67 % 69 % 74 % 

Merten et al. (2020) 
Electrolyzer Capex  

[M€/MW] 
1.4 0.7 0.3 

Stack Lifetime 

[FLH] 
60,000 78,000 105,000 NOW GmbH (2018) 

Runtime 

[FLH/a] 

3,000 5,000 8,000 

The expansion of renewable energies 

in the grid allows a decoupling of the 

electrolyzer from site specific 

production curves and thereby 

increases the yearly runtime.  

H2-demand MeOH 

Synthesis [kgH2/kgMeOH] 
0.198 0.195 0.188 

Gradual decline to the theoretical 

minimum in 2050. 

MeOH-demand MTO  

[kgH2/kgMeOH] 
2.57 2.48 2.28 

Gradual decline to the theoretical 

minimum in 2050. 

Prices CO2-Certificates 

[€/tCO2-avoided] -- 85 255 

2030: Krukowska (2021) 

2050: A linear, yearly increase of 10 % 

is assumed from 2030 to 2050 
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5.3 Results 

5.3.1  CO2 emissions and energy requirement 

The system wide CO2 emissions can be significantly reduced for every product (Figure 5-2). 

The absolute emission volume as well as the relative reduction mainly depends on the chosen 

CO2-source. For biogas upgrading, cement and waste incineration plants a significant 

reduction can be achieved, while the use of DAC would lead to only minor reductions in the 

status quo. The highest reduction can be achieved using plants for biogas upgrading, due to 

the high CO2-content in feed gases. The used polymer type and the respective production 

process are decisive for the reduction potential as well. For PE and PP, a reduction of 73 % is 

possible, while the maximum values for PVC and POM are only 61 % and 56 %. To produce 

POM, the impact of the CO2-source is lower than for the other polymers, due to the more 

energy intensive polymerization step which leads to a higher impact of energy related 

emissions compared to the other polymers. Furthermore, the CO2-based MeOH is used as a 

drop-in, while for the other polymer types, the required ethylene or propylene is provided by 

an exothermal process substituting the endothermal and energy intensive steam-cracking 

process of naphtha which is used for the fossil-based production.  

Figure 5-2: A) Comparison of the system wide polymer related CO2 emissions for a value chain using a cement plant as CO2 
source. The differences between the CO2-sources are displayed with ranges. B) Relative Emission reduction potential compared 
to the fossil-based alternative. The characterization of the different products (P1-P7) can be found in Table 5-1. 

The CO2 balances of the value chains show in more detail, how the resulting emission 

reductions for CO2-based processes are achieved (Figure 5-3). Within the first two production 
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steps i.e., the provision of feedstock, the overall emissions savings of the value chain are 

caused via capturing and using CO2 in form of negative emissions. For the following production 

steps, the CO2-balances are similar to the fossil-based production. Even though the captured 

CO2 is ultimately released back into the atmosphere via waste incineration, wherefore CO2-

based polymers must not be considered as carbon sinks in general, the system wide emissions 

are significantly reduced due to the substitution of fossil feedstock by captured CO2. In both 

cases, the majority of polymer related emissions is caused in the EoL stage, but the total 

amount depends on the used carbon source. Hence, for producers of polymers and polymer 

products the cause and the release of the largest share of CO2-emissions related to their 

products lie in the up (cause) and downstream (release) processes and therefore out of their 

organizational boundaries.  

-0.05

-0.03

-0.01

0.01

0.03

0.05

0.07

FP MP PP PM EoL

C
O

2
Em

is
si

o
n

s 
[k

g]

Fossil (cumulated) CO₂-based (cumulated)

B)

Figure 5-3: A) Process specific CO2 balances for a CO2-based value chain; B) Comparison of cumulated CO2-emissions of a fossil 
and CO2-based value chain and Cumulative Energy Demand (CED) for C) a CO2-based and D) a fossil-based value chain. The 
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In contrast to the CO2-emissions, the CO2-based value chains require a higher cumulative 

energy demand than the fossil-based alternatives (Table 5-4). Instead of extracting energy-rich 

molecules from geological reservoirs by using fossil fuels, the energy must now be provided 

by renewable sources and transformed via multiple processes, which involve energy losses 

(Figure 5-3). For example, a third of the required energy is lost in the electrolyzing step alone. 

For products made of POM, the additional energy demand is significantly lower, because of 

the comparably high energy intensity of the fossil-based feedstock production, i.e., MeOH 

based on natural gas. It is noteworthy, that the CO2-source has a significant impact on the 

cumulative energy demand due to the different CO2-concentrations in the input gas. Using 

DAC as carbon source, the additional energy requirement is more than two times higher than 

using a biogas upgrading plant. The results for the process specific emissions and energy 

requirements can be found in the Appendix D-4. 

Table 5-4: Increase in Cumulative Energy Demand for the CO2-based alternatives, compared to the fossil-based production. 
The description of the different products can be found in Table 5-1. (DAC = Direct Air Capture). 

CO2-Source CO2 concentration 

in feed gas 

P1 P2 P3 P4 P5 P6 P7 

Cement 20 % 141 % 134 % 137 % 141 % 227 % 99 % 31 % 

Waste 

Incineration 

10 % 155 % 148 % 151 % 155 % 249 % 110 % 36 % 

Biogas  45 % 112 % 107 % 109 % 112 % 183 % 79 % 21 % 

DAC 0.04 % 281 % 268 % 274 % 281 % 443 % 198 % 81 % 

 

5.3.2 Economics 

While the single system elements of the examined CO2-based value chains follow a linear 

business model, the value chain as a whole can be regarded as a Circular Economy Business 

Modell (CEBM) which fits to the pattern of a recycling business model according to 

(Lüdeke-Freund et al. 2019). Compared to a fossil-based value chain, emission volumes and 

primary material use are reduced with the help of closed material loops. The provision of 

secondary carbon and the reduction of CO2-emissions depict valuable services, which are 

generated in addition to the mere provision of a product. Instead of the production of oil, the 

value creation process starts with capturing CO2 which will otherwise be (point sources) or 

was already (DAC) emitted into the atmosphere. Therefore, carbon is recycled while fossil 

resources are kept in the ground. The additional value can be captured by achieving a price 
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premium, i.e., a higher sales price than the fossil-based alternative, at the consumer market 

or by recognizing the provided services, e.g., in emission pricing schemes or input quotas. 

Thereby, the creation of the additional value is proposed at the start of the value chain by 

substituting fossil carbon sources, while the value capture takes place at its end. At the same 

time, the current regulation falls short to acknowledge the functions of CO2-based value 

chains. Therefore, the realization of a price premium is currently the only way to capture the 

additional value.  

For all case examples, the production costs are higher than for those processes using fossil-

based polymers. At the same time, the relative increases differ significantly (Figure 5-4) with 

the choice of the product being more relevant for the price premium than the choice of the 

CO2-source. For products with a comparably low functional value of the contained polymer 

(P1, P3, P4, P7) the mean cost increase lies between 0.7 % – 4 % using a cement plant as CO2 

source. For products with high functional value of the polymer (P2, P5, P6) the mean cost 

increase lies between 6 % and 47 % (Figure 5-4). If higher or lower production costs are 

assumed for the conventional products, the relative increases differ accordingly without 

changing the main aspects of the results. In general, those value chains using a cement plant 

as CO2-source show the lowest production costs for each product due to economies of scale, 

i.e., higher yearly emission volumes. The cost increase is 4 % (Waste Incineration), 24 % 

(Biogas) or 65 % (DAC) higher for each product for the other CO2-sources. The results for 

process specific costs can be found in the Appendix D-4.  



Fourth Publication – CO2-based Value Chains 

103 
 

The CO2-abatement costs range from 761 to 1,049 €/tCO2-avoided in the status quo. The 

differences can be explained by the CO2-source and the polymer type. Because only polymer 

related emissions are considered in this study, the product specific CO2-abatement costs do 

not differ between products if the same polymer type is used. As for the production costs, 
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value chains using a cement plant as CO2-source show the lowest CO2-abatement costs. They 

offer the best ratio between additional costs and the avoided emissions due to the higher 

scale of the value chain in combination with the second lowest CO2 capture costs. Even though 

a higher emission reduction and lower CO2-capture costs can be achieved using a biogas plant, 

the comparably small scale of the value chain causes higher production costs which result in 

higher abatement costs. However, using a biogas plant shows better results than a waste 

incineration plant, despite the higher scale of the latter. For the polymer types, POM shows 

the best relation between CO2-based (cement plant as CO2-source) and fossil-based 

production costs of 1.6, compared to 3.3 (PE), 3.5 (PP) and 2.8 (PVC). This partly compensates 

the higher emission reductions of PE and PP and leads to a different ranking for the minimum 

abatement costs than in case of the possible emission reduction: 761 (P7, POM), 1,017 (P1 

and P2, PE), 1,034 (P5 and P6, PVC), 1,049 (P3 and P4, PP) €/tCO2-avoided. Therefore, the 

throughput of the value chain, the possible emission reduction and the different production 

costs for polymers play the most important role to determine the abatement costs for a 

CO2-based value chain.  

The results for carbon circulation costs show a slightly different picture. Beside the production 

costs, the efficiency of carbon use i.e., the carbon losses due to process inefficiencies, has an 

important impact. The polymer production processes show carbon losses of 12 % (PE and PP), 

21 % (PVC) and 30 % (POM). Therefore, products 1 and 2 show the lowest circulation costs of 

3,836, compared to 3,958 (P3 and P4), 4,384 (P7) and 4,693 €/tcarbon-circulated (P5 and P6). In 

consequence, different products must be considered as the most cost-efficient case, 

depending on the pursued environmental goal. In case of the reduction of CO2-emissions, 

products such as POM-based P7 might be chosen, while for carbon recycling products like 

PE-based P1 and P2 would be the more cost-efficient alternatives. 

The analysis of the cash flows for the exemplary value chain shows the cost structure and sets 

the additional costs in relation to the potential market revenue (Figure 5-4). On the one hand, 

the results show the necessary investment requirements between 40 (CO2 capture) and 

359  M€ (H2 production), 504 M€ in total, for processes at the start of the value chain are 

necessary. In addition, operational expenditures from 9 (CO2 capture) 

to 110 M€ (H2-production) would arise per year. Within the production of CO2-based 

chemicals, the H2-production requires the highest share of investment (64 %) and operational 

expenditures (58 %). On the other hand, the provision of the CO2-based feedstock does not 
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require additional investment for the polymer producer and the product manufacturer. 

Nevertheless, it would lead to additional operational expenditures, i.e., material costs 

between 119 (POM) and 136 M€/a (PP) to enable a cost-covering production for the feedstock 

suppliers, compared to the use of fossil-based feedstock. Depending on the produced polymer 

type and the respective product these additional costs are faced with possible revenues 

between 0.3 and 17 billion €/a. The assumed production volumes of polymers would possibly 

saturate the polymer demand if only one single product is assumed. For example, 3 billion 

plastic bottles or 11 billion medical syringes could be produced which corresponds to roughly 

39 % or 480 % of their current domestic market volume (Destatis 2020). Thus, the use of a 

single CO2-source would suffice to provide enough secondary material for consumer products 

on several different markets.  

The results of the CO2-balances in combination with the economic analysis further reveal an 

imbalance between benefits and costs of a CO2-based value chain. The benefits, such as the 

reduction and the use of secondary carbon and the liquidation of a possible price premium 

are located at the end of the value chain. At the same time, the significant investment 

requirement in combination with higher production costs than for fossil-based base chemicals 

illustrate the risks of sunk costs and potential losses at the start. Thus, a successful 

introduction of a CO2-based polymer products requires value chain wide cooperation to 

balance the risks and benefits.  

The results of the scenario analysis further show that the future development of factors which 

indirectly influence the investment costs, such as the plant lifetime also have a decisive impact 

on the performance of the considered value chains. The declining Capex for electrolyzer in 

combination with increasing plant lifetimes and process efficiencies for the H2, MeOH and 

monomer production cause a significant decrease in production costs for CO2-based polymers 

while the electricity costs hardly change. The oil price development amplifies (increasing price 

(I)) or counteracts (decreasing price (D)) this trend. An average decrease of the cost difference 

for the consumer products by 42 % (D) to 49 % (I) in 2030 and 81 (D) to 85 % (I) in 2050 would 

be achieved. Nevertheless, the production costs remain higher for CO2-based value chains in 

all cases since the necessary break-even costs for H2 between 1.4 – 1.6 (2030) and 

2.8 – 3.2 €/kgH2 (2050) are not reached. Moreover, the inclusion of CO2-based polymer 

production into emission trading schemes would not suffice to enable competitive production 

costs under status quo conditions or in 2030, independent from the oil price 
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development (Figure 5-4). To reach competitiveness based on avoided emissions, certificate 

prices greater than 761 (Status quo), 328 (2030) or 57 (2050) €/tCO2-avoided would be necessary. 

Thus, only in the long-term, this could be an effective option. Break-even oil prices would lie 

between 199 (POM) – 610 (PP) €/Barrel under status quo conditions, 

132 (POM) – 343 (PP) €/Barrel in 2030 and 82 (POM) – 127 €/Barrel (PP) in 2050. Despite the 

assumed increases in process efficiencies, the CED for CO2-based processes remains higher 

(at least 28 % in 2050) than for the conventional production, so that CO2-based value chains 

will remain more energy intensive in the future. 

It must be noted that the values used in this study were derived from the literature and not 

specifically gathered as primary data. Hence, they involve uncertainties. The sensitivity of the 

economic results towards certain parameters shows the possible effect of parameter 

uncertainty as well as future potentials of process improvements. Here, the electricity prices, 

as well as the efficiencies of the electrolysis and synthesis processes have a high influence on 

the cost difference to fossil-based alternatives, i.e., the competitiveness of CO2-based 

processes. For example, an increase of the efficiency by 1 % could lower the additional costs 

for the CO2-based alternatives by 0.7 % (electrolyzer) or 1.2 % (MTO synthesis). At the same 

time, an increase in electricity costs by the same ratio would raise the cost difference by 0.6 %. 

A corresponding change in plant costs for the electrolyzer, which is the biggest investment 

position within the value chain, would alter the price difference about 0.4 %. Moreover, a 

deviation of the capital costs for new investments by 1 % would change the cost difference by 

1.6 %. In addition, a raise in market prices for fossil feedstocks would also significantly reduce 

the cost difference between fossil and CO2-based products, while the transportation costs and 

plant costs for CO2 capture play a minor role. In case of the CO2 emissions, the carbon intensity 

of the electricity supply, i.e., scope 2 emissions, is decisive. If the energy system is solely based 

on renewable energy, carbon neutrality, i.e., net zero emissions, can be reached for CO2-based 

polymers, while the emissions of fossil-based polymers would only slightly decrease. The use 

of the current grid-mix instead of wind electricity for the electrolysis step, however, would 

increase the system wide CO2 emissions in all cases, instead of decreasing them. 
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5.3.3 Eco-efficiency 

The efficiency scores are used to identify those value chains, i.e., DMUs, which use the 

available ecological and economic resources in the most efficient way, now and in the future 

(Figure 5-5).  

Figure 5-5: A) Efficiency scores for CO2-based value chains in the status quo for all case examples (P1 – P7). An efficiency score 
< 1 means, that there is at least one other value chain which uses the available resources more efficiently. B) Relation between 
efficiency score and the share of polymer costs for the status quo and the scenario, considering a cement plant as CO2-source. 
(DAC = Direct Air Capture, WI = Waste Incineration; Sq = Status quo; I = increasing Oil prices; D = decreasing oil prices). 

Calculating efficiency scores by the mutual comparison of all DMUs yields the following 

results. First, the share of polymer costs has a significant impact on the eco-efficiency of 

CO2-based value chains because it determines the resulting cost difference. For products with 

a low share of polymer costs, CO2-based alternatives (P1, P3, P4, P7) show high scores for the 

eco-efficiency of 1 or close to 1. For products with a higher share of polymer costs (P2, P5, P6), 

CO2-based production is comparably inefficient. Thereby, one product made of POM (P7), and 

one made of PP (P3) are the most eco-efficient CO2-based value chains (Figure 5-5). Second, 

future reductions in costs and energy requirements would lead to increasing eco-efficiency 

scores for all CO2-based alternatives. However, products with a higher share of material costs 

(P2, P5, P6) remain comparably inefficient. Therefore, certain CO2-based value chains already 

represent eco-efficient alternatives to the prevailing fossil-based alternatives, considering the 

current state of technology. In the future the existing differences for the other CO2-based 

value chains are expected to further decrease. Thereby, increasing oil prices would raise the 

eco-efficiency scores of all CO2-based value chains. Moreover, the mean deviation of the 

eco-efficiency score caused by the CO2-source (10 %) is lower than the mean deviation caused 
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by the product type (35 %). Thus, the choice of the product has a higher impact on the 

eco-efficiency than the choice of the CO2-source. At the same time, CO2-based value chains 

using a cement plant as CO2-source show the highest eco-efficiency score for all products, 

while using DAC as carbon source represents the most inefficient alternative in all cases. 

Therefore, the first choices for a CO2-based value chain should be for products with a low 

share of polymer costs in combination with a cement plant as CO2-source, if the described 

assessment indicators are used.  
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5.4 Discussion 

This article extends previous studies on the environmental and economic assessment of 

CO2-based chemical production by a widened value chain wide perspective. In total, four 

different CO2-based value chain setups based on state-of-the-art technologies were compared 

to the fossil-based alternative for seven different polymer containing consumer products. The 

value chains were assessed by their economic and environmental performance. The results 

show that CO2-based value chains offer environmental advantages while requiring additional 

energy and higher production costs. For the future, an increase of the environmental benefits 

can be expected in combination with lower production costs and energy requirements. The 

results further reveal that the choice of the polymer containing product and the CO2 source 

have a decisive impact on the ultimate price premium of the product. For certain consumer 

products, market readiness of a CO2-based production and thus an abandonment of fossil 

carbon could be reached with comparably small price premiums below 1 % of the current net 

market price.  

The results of this study extend the existing research in multiple ways. First, previous 

assessments of carbon recycling technologies, such as Faraca et al. (2019) or Meys et al. (2020) 

are complemented with an assessment of CCU technologies as carbon recycling pathway. 

Second, the cash flows of a CO2-based value chain calculated in this article quantify and 

confirm the qualitative results by Naims (2020). Based on an extensive literature review, the 

author showed that the creation of a CO2-based value chain helps CO2-emitters by using the 

otherwise emitted CO2, offers many investment opportunities for equipment manufacturers 

(e.g., manufacturers of electrolyzers), and provides improved product characteristics to the 

producers of consumer products. Building on that, the results of this article enable the 

organizations involved in CO2-based value chains to better understand and estimate the 

possible benefits as well as to calculate the required expenditures. Not only for the production 

of chemicals but also for the finally produced consumer products. Third, the impact of the 

yearly emission volume, i.e., the economies of scale, on the total production costs of chemicals 

and consumer products was calculated for the first time; this complements the known positive 

impact of the CO2-concentration within the feed gas on the possible emission reductions 

(Hoppe et al. 2017; Müller et al. 2020b)  as well as economic calculations considering the 

transport of CO2 (Psarras et al. 2017; Zang et al. 2021). The current analysis demonstrates the 
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importance to choose the right product and the right CO2-source to improve the 

environmental and economic performance of the value chain.  

If customers are willing to pay comparably small price premiums, the market potential for 

CO2-based polymer products is large. Compared to other sectors where the use of 

hydrocarbons will most likely continue to play a significant role (e.g., aviation, shipping, or 

transport on the road) the relative price premiums for the use of CO2-based hydrocarbons are 

much higher since the feedstock costs represent a higher share of the total costs. Previous 

studies showed that a price premium of 32 % for commercial flight tickets (McKinsey 2020), 

95 % up to 600 % for cargo costs via shipping (Lindstad et al. 2015; Stolz et al. 2022) or an 

increase in the total costs of ownership of 49 % for trucks and 165 % for passenger cars 

(Wietschel et al. 2019) would be necessary to enable a cost-covering provision of the same 

product or service without the use of fossil fuels. The higher value creation of the products 

analyzed here offers better options to pass the additional costs for feedstocks into the market 

without causing significantly increased prices for the product or services. Thus, the cost 

structure of certain polymer products offers an advantage to the chemical and polymer 

industry in the case of purchasing power for CO2-based chemicals. Since lower price premiums 

for sustainable products might lead to a higher willingness to buy sustainable products, the 

chances to become a successful business model are higher (Eyerund 2015). First collaborations 

of industrial partners and a supermarket chain are starting to explore this potential by 

producing CO2-based bottles for cosmetic products (TotalEnergies 2020) or detergents 

(MIGROS 2021), which underlines the practical significance of this study’s thrust of 

investigation. In addition, the setting of regional supply chains using local and unavoidable 

CO2-sources creates supply security. 

To further reach competitiveness for CO2-based value chains on a broad scale and therefore 

transform them into a successful CEBM, several market entry barriers described by 

Porter (2014) must be considered. Some of them could be overcome easily. For example, 

because of the comparably small differences between the production costs, the entry barriers 

caused by higher costs are nearly negligible for certain products. Moreover, the supply 

switching transaction costs, i.e., the costs for polymer producers to change their feedstock 

supply, are comparably low as well. In contrast to mechanical recycling, virgin material without 

quality degradation or impurities is provided and the existing transport and distribution 

infrastructure can be used. This makes CO2-based polymers suitable for application fields with 
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a high demand for product quality and purity, e.g., in the medical or nutrition sector. Here, a 

thorough comparison between CO2-utilization and chemical recycling, which could also 

provide feedstock for high quality polymers, is necessary to identify specific advantages and 

disadvantages and derive the most suitable application fields for the different carbon recycling 

technologies. 

Other market entry barriers are harder to overcome, and adjustments of the current policies 

might be helpful to improve the competitiveness of CO2-based value chains. First, the 

prevailing fossil industry is established for decades and provides high efficiencies and 

economies of scale. Second, the build-up of a CO2-based value chain requires high investment 

volumes and therefore possible sunk costs, i.e., high investment risks for some of the involved 

industries (Gao et al. 2020; IEA 2018). Third, the current regulatory policy favors the prevailing 

fossil production technology by not internalizing the environmental costs into the market. The 

acceptance of CO2-based polymers in the proposed recyclate input quotas 

(European Commission 2020b) for polymers could be an important step to incentivize the use 

of secondary carbon via CO2-based value chains. In contrast, the inclusion of CO2-based 

polymers in emission trading schemes would either have a minor effect or require much 

higher certificate prices (>700 €/tCO2-avoided) than currently the case (50 €/tCO2-avoided) 

(World Bank 2021). Further measures could also aim at the internalization of environmental 

costs for fossil fuel use, e.g., through the taxation of fossil fuels used as materials which is 

already the case for their use as energy carriers.  

Based on the results of this study, further research is necessary in several fields. First, a cross 

comparison with different recycling technologies like mechanical and chemical recycling 

would help to reveal advantages and disadvantages of the respective technologies in an 

in-depth manner. It should be examined which technology offers the lowest CO2-abatement 

and carbon circulation costs, also considering demands on product quality and purity which 

has been an issue for mechanical recycling. Second, concrete collaboration strategies and 

further policy measures should be examined in more detail for all involved industries to level 

the involved costs and benefits in a fair and competitive way. Third, the combination of 

non-avoidable CO2 sources in Germany with imported hydrogen could mitigate the 

competition for the required renewable energy while creating carbon supply security for the 

industry. The respective routes for hydrogen supply should be thoroughly assessed.  
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5.5 Conclusions 

CO2-based polymer production can become a viable business model for carbon recycling 

which contributes to the circular economy via closing technical carbon loops. Through a value 

chain analysis from the CO2-source until the polymer-based product, promising pathways for 

the use of CO2 as carbon source were identified. Even with state-of-the-art technologies and 

current regulation schemes, the production of products with a high value would require price 

premiums below 1 % compared to the use of fossil polymers. A multi criteria analysis showed 

that certain CO2-based products already constitute eco-efficient alternatives to a fossil-based 

production. For the future, the additional costs can be expected to decrease in combination 

with increasing process efficiencies which further improves the overall performance of 

CO2-based value chains. The investment risks and higher cost at the beginning are faced with 

possible benefits at the end of the value chain, wherefore costs and benefits are unevenly 

distributed. This unveils, that cooperation along the value chain is a key aspect to properly 

level the costs and benefits. Within CO2-based value chains, economies of scale tend to play 

an important role, wherefore the choice of the CO2 source has a significant impact on the 

resulting performance. Several options exist to accelerate the market introduction of 

CO2-based polymer products, e.g., by creating markets for secondary carbon via input quotas. 

The inclusion into emission trading schemes, however, would not have a decisive impact.  
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6 General Discussion 

In this dissertation, several aspects of CO2-based chemical production were analyzed to create 

a better understanding of the utilization of CO2 as carbon source in the German chemical and 

polymer industries. It was shown that the currently highly linear carbon flows require a 

transformation towards closed carbon cycles for chemical and polymer production. In 

addition, a decoupling of energy and material supply is needed for the production of organic 

chemicals. Here, the use of CO2 represents as a promising source for secondary carbon. 

Moreover, the production of CO2-based chemicals in Germany may show environmental and 

economic advantages compared to their import. At the same time, the import of CO2-based 

chemicals would be advantageous compared to combination of local CO2-point sources with 

imported H2. In general, the production costs of CO2-based chemicals are significantly higher 

than for the fossil alternatives, wherefore economic competitiveness is not reached in the 

status quo. Nevertheless, the use of CO2-based chemicals to produce high value consumer 

products would enable a cost-covering production without significantly raised production 

costs. In the following the contributions of this dissertation to the existing state of knowledge 

and its limitations are described. This is combined with a brief overall discussion of the 

research results as well as the implications for practice and further research. 

The research and the results of this dissertation complement the existing knowledge about 

the use of CO2 for the production of chemicals in several ways. First, the existing research 

about carbon flows in the chemical industry was updated and extended. Patel et al. (1999) 

provided a first material flow model for carbon in the German chemical and polymer industry. 

The model was designed to assess CO2 emissions from the non-energetical use of 

hydrocarbons and was later updated by Saygin and Patel (2009). The results of the model 

described in the first publication of this dissertation provide updated and additional 

information to the existing models. For example, the use of suitable indicators to measure the 

sectors carbon circularity, such as the secondary input rate. This enables a comparison of the 

chemical sector with other industry sectors with respect to the use of secondary material. The 

analysis also sheds light on the losses of material carbon in the system, which do not only 

occur in form of CO2 emissions but also in form of dissipation or export. Furthermore, with the 

results of the material flow analysis it is now possible to substantiate existing frameworks for 

the utilization of CO2 as carbon source (Bringezu 2014; Olah et al. 2009) by quantifying the 
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respective carbon flows for the chemical and polymer sectors and hence also the potentially 

required amounts of CO2 and renewable energy. This also allows a comparison with the actual 

and future availability of the required resources. 

Second, with respect to the import of CO2 based chemicals to Germany, the existing studies 

focus on the qualitative assessment of locations (Jensterle et al. 2020), or technical and 

economic aspects of import options mainly from Northern Africa (Hank et al. 2020; 

Agora 2018). Moreover, the previous work on life-cycle assessment of CO2-based chemicals 

mostly focusses on the process assessment without a regionalization of background 

processes, except for the respective electricity source (Hoppe et al. 2017; 

Sternberg et al. 2017; Van der Giesen et al. 2014; Von der Assen et al. 2013; Wulf et al. 2018). 

A combined assessment, which includes regional factors as well as an environmental and an 

economic assessment, has not been published so far. Thus, the research presented in this 

dissertation provides novelty in multiple fields. It combines LCA with an economic assessment 

for multiple global regions. Thereby, the analyzed processes are adjusted to the local resource 

availability at the production locations. In addition, the analysis is done for several import 

pathways and chemicals and for the first time compares the import of prefabricated chemicals 

with imported H2 in combination with a CO2 point source in Germany. This allows the 

calculation of life cycle wide CO2 avoidance costs and delivers new information to identify 

sensible regions for the import of CO2-based hydrocarbons in the future. Thereby, it can also 

be distinguished between environmentally or economically more favorable production 

locations. Furthermore, the significant influence of the different country specific capital costs 

on the production costs was shown for the first time.  

Third, the explicit analysis of a CO2-based value chain presents a different perspective 

compared to the analysis in the existing literature. Recent studies, e.g., Kuusela et al. (2021) 

or Sternberg et al. (2017) assessed CO2-based processes from a life cycle perspective which 

includes the modelling of all material flows and the respective supply chain in an aggregated 

manner. Based on these results, the total CO2-mitigation potential of CCU technologies has 

been estimated by extrapolating the results of process assessments to higher scales, i.e., the 

global production volume (Hepburn et al. 2019). However, a perspective focusing on the value 

chain level was still missing. In this dissertation, CO2-based value chains are evaluated with a 

focus on the direct carbon and energy flows of the whole value chain as well as the specific 

effects on the different production steps. Also, by adding further manufacturing processes 
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into the analysis, the system boundaries for the assessment of CCU technologies is extended 

from the production of base chemicals or polymers up to consumer products. Naims (2020) 

qualitatively analyzed economic aspects of CO2-based values chains including risks and 

opportunities for the involved production steps. The research in this dissertation 

complements this study since it allows a quantification of the existing qualitive analysis by 

modelling specific variants of value chains.  

In this dissertation it is shown that CO2 has a usage potential as carbon source for the German 

chemical and polymer industries at a multi-megaton scale. Due to dissipative losses and 

exports, material or chemical recycling pathways will not be able to fully supply their demand 

for carbon. At the same time, a possible extension of biomass use would counteract 

developments towards sustainable land use and cause additional problems, e.g., additional 

water demand for irrigation (Bringezu et al. 2021). In contrast, CO2 can be expected to be a 

sufficiently available source for secondary carbon inside Germany. Under the right conditions, 

its utilization would help substitute fossil carbon sources while avoiding the life-cycle-wide 

CO2 emissions which are related to chemicals and polymers as well as effectively closing 

carbon cycles. Thus, using CO2 would contribute to solve both, climate and resource related 

problems and could have a decisive impact for the development of a circular and climate 

neutral economy. Nevertheless, several challenges must be taken to develop this potential. 

Trade-offs with other environmental impact categories than climate mitigation, e.g., material 

or water use, can most probably not be avoided. Moreover, international problem shifting is 

probable for the import of CO2-based chemicals or H2. Therefore, thorough, and regional life 

cycle assessments are required a priori to detect and mitigate potential trade-offs and 

problem shifts, e.g., through increased material and energy efficiencies, and ensure a 

transformation towards a more sustainable resource use.  

In principle, the production of CO2-based chemicals in Germany can be competitive compared 

to international locations but its application will be highly limited by the availability of 

renewable electricity. On the one hand, the amount of non-avoidable CO2 point sources, good 

conditions for wind-based electricity production in several regions and comparably low capital 

costs enable an economically and environmentally favorable situation compared to many 

other global regions. In addition, multiple markets for high-value polymer products exist which 

offer market potential for CO2-based chemicals and derived polymers in the status quo 

already. At the other hand, the availability of renewable electricity must be considered as a 
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scarce good, now and in the future. Therefore, a high competition for it can be expected with 

other sectors. Applications which rely on direct electricity supply, without the possibility to 

import alternative energy carriers, will most probably consume large shares of the available 

electricity. This will also cause higher market prices for renewable electricity which impairs 

the economic competitiveness of CO2-based chemical production in Germany. Thus, the 

domestic production of CO2-based chemicals in large scales is improbable and the import of 

hydrocarbons will most probably remain an important factor for the supply of carbon 

feedstock. Nevertheless, the import of CO2-based hydrocarbons enables the creation of new 

and different trade relationships and trading routes since multiple countries seem promising 

as production locations. This could help to reduce the economic risks related to the 

hydrocarbon supply for the German chemical industry. A further reduction of import costs for 

H2 could also enable the use of domestic CO2 point sources and reduce supply risks for carbon 

even further. 

Independent from the production location, the economic competitiveness of CO2-based 

chemical production must be increased in order to undercut fossil-based alternatives. Here, a 

market introduction via high-value markets for polymer products seems like a promising first 

step. This could enable a cost covering production in the upscaling phase already and is 

currently tested by several companies in Europe. In contrast, a sole internalization of the 

externalities of fossil resource use, e.g., by carbon prices, might be helpful but will not be 

enough. It is unrealistic that the currently required carbon prices above 

300 or even 1.000 €/tCO2-avoided will be in place in near future. In addition, the integration of 

material carbon use into emission trading schemes is very complex due to the large variety of 

materials and use cases as well as international trading flows. Other options such as the 

introduction of secondary input quotas for carbon might be more effective options from the 

regulatory side since they create a direct demand for secondary carbon without a competition 

with incumbent fossil-based alternatives.  

In every case, new and substantial investment from the private sector is required to build up 

the necessary production capacities and achieve scaling effects. If the global economy 

continues to transform and heads towards climate neutrality, optimally to a state which is 

congruent with the Paris agreement, a complete phase out of fossil fuels is inevitable. Hence, 

large market volumes for CO2-based chemical production can be expected with potential 

first-mover advantages for companies and economies which start to invest in technologies for 
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CO2-based chemical production in early stages and build up the required infrastructure. For 

the German chemical industry, this represents an opportunity to reduce the high dependency 

from fossil fuel imports and to open up new export markets by developing the required 

technologies to produce CO2-based chemicals. Moreover, a substantial part of the existing 

capital stock of the German chemical industry was built around 40 years ago and has a lifetime 

between 40 to 50 years (Fraunhofer ISI 2013). Thus, substantial new investment is necessary 

in the near future to maintain the existing capital stock, anyway. The upcoming restart of 

investment cycles offers a chance to build new production plants together with the necessary 

infrastructure which aim at a circular use of carbon and also include CO2-based chemical 

production. Moreover, if this window of opportunity is used to reinvest in fossil-based 

technologies, it will cause substantial lock-in effects with stranded assets as probable 

consequence. 

The research results of this dissertation should be considered in the light of some limitations 

which are caused by the available data sources and the scope of the research. First, primary 

data was not available or raised as input data. The required data for the process modelling, 

the cost calculations, and the availability of energy, water, and CO2 was derived from recently 

published literature. In addition, to build the required models, different data sources had to 

be combined and harmonized. Therefore, the results for real systems may differ from the 

presented values. Nevertheless, the calculated uncertainty ranges and break-even values help 

to understand where the results will probably lie for real systems and which parameter values 

must be achieved, e.g., to reach competitiveness. Second, the analysis of global production 

locations only considered the main input factors for CO2-based chemical production. Thus, 

important economic and social factors like the regional demand for renewable energy, or 

security aspects as well as possible spill-over effects, e.g., job creation, or an additional public 

use of seawater desalination plants, were not included. For this reason, the results of this 

dissertation allow a statement about the most promising location types and where they can 

be found. To evaluate the application potential of a specific region, however, a widened 

research scope would be necessary which includes additional regional aspects. Third, the 

research results help to understand the current carbon flows in the German chemical and 

polymer industries, general aspects of CO2-based chemical production as well as promising 

pathways for their market introduction in Germany. The results, however, cannot be used to 

identify optimal transformation pathways from a linear towards a circular carbon use. Here, a 
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systematic optimization of carbon flows with different system boundaries and modelling 

approaches would be necessary. For that purpose, the production of organic chemicals and 

polymers, different recycling technologies, the underlying energy system and respective 

feedback cycles need to be collectively modelled. In addition, the spectrum of CO2-based 

chemical production pathways in the environmental and economic assessments is limited to 

two main base chemicals, MeOH and naphtha, in combination with olefine production based 

on MeOH-to-olefines processes. Nevertheless, further technological options exist on lower 

technological readiness levels which offer the potential for a direct and more energy efficient 

synthesis of organic chemicals, e.g., the use of CO2-based synthesis gas for a direct synthesis 

of olefines and aromatics, or electrochemical pathways. To identify optimal CO2 utilization 

pathways and the respective level of application, these technologies need to be regarded as 

well. Fourth, the economic results show that the inclusion of CO2-based chemical production 

into emission trading schemes is no suitable regulatory tool to effectively support its 

competitiveness. Moreover, the value chain analysis shows that cooperation along the value 

chain is decisive to level the uneven distribution of costs and benefits. Nevertheless, the 

question which regulatory measures or business strategies would be the most promising to 

achieve competitiveness is not part of the scope of the research framework.  

Based on the results and limitations of this dissertation, the following avenues for further 

research and development were identified. First, technologies for CO2-based chemical 

production must be thoroughly compared with other technologies for carbon recycling, such 

as mechanical and chemical recycling. This way, the advantages of each technological pathway 

can be identified to optimize material carbon flows from a system perspective. Second, it 

should be analyzed which CO2-based base chemicals are the most favorable to optimize the 

production of organic chemicals and derived polymers. Boundary conditions like the 

availability and costs for renewable energy, technology specific infrastructure and the 

suitability as drop-in solution should be regarded as well. An analysis which covers a broad 

spectrum of produced chemicals, multiple carbon recycling technologies and several different 

options for the supply of CO2 and renewable energy could help to optimize the use of material 

carbon from an environmental and economic perspective. Third, additional economic, 

environmental, and social factors on a regional level should complement the applied method 

to assess international production locations. This way, the regional application potential can 

be thoroughly assessed, and possible problem shifts can be detected. Both is necessary to 
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ensure that a shift away from fossil carbon sources effectively leads to a more sustainable 

resource use. Fourth, additional research is necessary to identify effective and efficient ways 

for the market introduction of CO2-based chemicals. It should be analyzed how companies 

could fairly share the costs and benefits along a CO2-based value chain, which regulatory 

instruments are the most suitable and how capital costs in countries with favorable conditions 

for renewable electricity could be effectively decreased to reduce the respective production 

costs for CO2-based chemicals. 
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7 Conclusions 

In this dissertation, the application potential for CO2 as a carbon source for the production of 

organic chemicals and derived polymer products was analyzed for the German chemical and 

polymer industries, in combination with an assessment of the competitiveness of CO2-based 

chemical production in Germany. The analysis was done with the help of multiple methods for 

system analysis such as Material Flow Analysis, Life Cycle Assessment and Material Flow-based 

Cost Accounting.  

In the status quo, material carbon is used in a highly linear way. The chemical and polymer 

industries provide values for circularity indicators which are much lower than for other 

industries. Furthermore, dissipative carbon losses require additional carbon sources, even if a 

theoretical recycling rate of 100 % is achieved. Thereby, the existing unavoidable CO2 point 

sources in Germany could suffice the actual and future carbon demand of the German 

chemical industry and substitute the currently used fossil carbon sources.  

From an environmental and economic perspective, the production of CO2-based chemicals in 

Germany can be competitive compared to international production locations. However, the 

limited availability of renewable energy capacities in Germany will most probably make 

significant imports necessary. As importing regions, Northern Europe or South America seem 

the most promising. The combination of imported H2 via pipeline or ship with local CO2 point 

sources was found to be less favorable than the import of CO2-based chemicals.  

Cost competitiveness with fossil-based chemicals can be achieved if energy and investment 

costs for CO2-based chemical production are further reduced. Thereby, CO2 pricing cannot be 

regarded as a suitable instrument to achieve a competitive production for CO2-based 

chemicals or polymers, now or in the near future. 

Market readiness, i.e., a cost covering production for CO2-based chemicals could be reached 

without significant price premiums, if the chemicals are used to produce consumer products 

with a high value but a low share of material costs. However, this requires the collaboration 

of different actors in order to split costs and benefits more equally and thereby incentive the 

necessary investment at the beginning of the value chain. 

Future research should focus on the identification of optimal application scales and 

technologies for CO2-based chemical production by thoroughly comparing different 

technologies for CO2 utilization with different recycling pathways for carbon. In addition, the 
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research should focus on the development of suitable strategies for companies and 

authorities to enable a competitive application of CO2-based chemical production. 
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Appendix A – First Publication 

A-1 Material Flow Model 

The following steps were done to calculate the carbon input and output of each process 

aggregate j of the MFA model on a yearly basis.  

1. Definition of the material input (MI) vector of the process aggregate j: 

𝑀𝐼𝑗⃗⃗ ⃗⃗ ⃗⃗ =  

(

 
 

𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝐹𝑙𝑜𝑤1
.
.
.

𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝐹𝑙𝑜𝑤𝑛)

 
 
 [𝑀𝑡]      (A.1) 

2. Definition of the carbon content vector (CCI) for the material input of process aggregate j: 

𝐶𝐶𝐼𝑗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ =  

(

 
 

𝐶𝑎𝑟𝑏𝑜𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑜𝑓 𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝐹𝑙𝑜𝑤1
.
.
.

𝐶𝑎𝑟𝑏𝑜𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑜𝑓 𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝐹𝑙𝑜𝑤𝑛)

 
 
 [%]   (A.2) 

3. Calculation of the total carbon input (TCI) for process aggregate j: 

𝑇𝐶𝐼𝑗 = 𝑀𝐼𝑗⃗⃗ ⃗⃗ ⃗⃗ ∗   𝐶𝐶𝐼𝑗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  [𝑀𝑡]       (A.3) 

 

4. Definition of the material output (MO) vector of the process aggregate j: 

𝑀𝑂𝑗⃗⃗ ⃗⃗ ⃗⃗  ⃗ =  

(

 
 

𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝐹𝑙𝑜𝑤1
.
.
.

𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝐹𝑙𝑜𝑤𝑚)

 
 
 [𝑀𝑡]      (A.4) 

5. Definition of the carbon content vector (CCO) for the material output of process aggregate 

j: 

𝐶𝐶𝑂𝑗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ =  

(

 
 

𝐶𝑎𝑟𝑏𝑜𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑜𝑓 𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝐹𝑙𝑜𝑤1
.
.
.

𝐶𝑎𝑟𝑏𝑜𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑜𝑓 𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝐹𝑙𝑜𝑤𝑚)

 
 
 [%]   (A.5) 

6. Calculation of the total carbon output (TCO) for process aggregate j: 

𝑇𝐶𝑂𝑗 = 𝑀𝑂𝑗⃗⃗ ⃗⃗ ⃗⃗  ⃗ ∗   𝐶𝐶𝑂𝑗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗  [𝑀𝑡]       (A.6) 

7. Boundary Condition for each process aggregate j: 

𝑇𝐶𝑂𝑗 − 𝑇𝐶𝐼𝑗 =    0        (A.7) 
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A-2 Material Flow Data 

The following Tables present the numbers as well as sources for raw data of the different 

material and carbon flows.  

Table A-5: Material carbon input of the German chemical industry in 2017. For ammonia production, only the fraction of the 
raw material and carbon input which is used as material for urea production is included. *Lower Heating 
Value = 10.4 kWh/m³; ρ = 0.76 kg/m³. 

Raw Material Amount [Mt] Carbon Content Carbon Amount 

[MtCarbon] 

Data Sources for 

Flow calculation 

Coal 0.026 68 % 0.018 AGEB (2017) 

Naphtha 9.574 87 % 8.296 

Fuel Oil (light) 0.590 86 % 0.51 

Fuel Oil (heavy) 1.342 87 % 1.167 

LPG 2.892 75 % 2.515 

Refinery Gases 0.432 56 % 0.365 

Other mineral oil 

products 
2.977 88 % 2.635 

Natural Gas* 2.279 75 % 0.709 

Biogenic Sources 2.693 63 % (mean value) 1.696 FNR (2018) 

Secondary Input 
0.036 72 % (mean value) 0.026 

Lindner and Schmitt 

(2018) 

Total   17.923  

 

Table A-6: Carbon content of material flows for the Category "Paints, Coatings and Putty". 

Category Mean Carbon 

Content 

Thereof Binders Thereof 

Solvents 

Sources 

Paints and Coatings 31.5 % 36.2 % 63.8 % Wekenmann (2002) 

Putty (e. g. Plaster, or 

Mortar) 

13 % -- -- Neroth et al. (2011) 
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Table A-7: Material carbon output of the German chemical industry in 2017. 

Category Gross Amount 

[MtCarbon] 

Net Amount 

[MtCarbon] 

Net Export 

[MtCarbon] 

 

Codes in Federal 

Statistics (Number of 

different Flows) 

Data Source for 

Flow calculation 

Base Polymers (without 

Chemical Fibres, Resins 

and Adhesives) 

11.243 10.544 0.698 2016 10 –  

2016 50 

(38) 

Destatis (2018, 

2020) 

Synthetic Rubber 1.058 1.061 -0.004 2017 10 (2) 

Body Wash, Washing 

Products, other 

products 

1.055 1.055 no Data 202, 204, 205 (no Data) 

Resins and Adhesives 

(without binders for 

“Paints and Coatings”) 

0.977 0.965 -0.012 2016 40 500, 

2016 40 305, 

2016 53 905, 

2016 56 705, 

2016 40 308, 

2016 55 500, 

2016 55 700, 

2016 56 300, 

2016 56 300, 

2016 56 508, 

2016 57 004, 

2016 57 009, 

2016 59 200 (13) 

Carbon Black 0.855 0.972 -0.116 2013 21 300 (1) 

Paints, Coatings and 

Putty 

0.751 0.741 0.010 203 (48) 

Other Adhesives  0.438 0.439 -0.002 2052 (6) 

Chemical Fibres 0.490 0.410 0.080 (1) 

Carbon Dioxide 0.314 0.204 0.110 2011 12 300 (1) 

Urea 0.292 0.287 0.005 2015 31 300 (1) 

Process Emissions 0.243 0.243 -- (1) UBA (2019c) 

Silicone 0.159 0.159 -- 2016 57 009 (1) Destatis (2018, 

2020) 

Process Waste 0.049 0.042 0.007 (1) Lindner and 

Schmitt (2018) 

Total 17.923 17.122 0.801 (124)  
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Table A-8: Material carbon in- and output of the German polymer industry in 2017. The output of the industry is clustered into 
use categories due the differing material lifetimes. The data is extracted from (Lindner and Schmitt 2018). 

Input Output 

Material Carbon 

Amount 

[MtCarbon] 

Use 

Category 

Gross 

Amount 

[MtCarbon] 

Net Export [Mt] Net 

Amount 

[MtCarbon] 

Polyethylene (PE) (Low 

Density)  

2.089 Packaging 3.447 0.965 2.482 

PE (Mid and High Density) 1.156 Construction 2.179 0.545 1.635 

Polypropylene (PP) 1.845 Automotive 1.176 0.376 0.799 

Polyvinylchloride (PVC) 0.761 Home 

appliances, 

Sport, Toys 

0.687 -0.034 0.721 

Polystyrene (PS) 0.668 Electronics 0.360 -0.101 0.460 

Polyethylene 

Terephthalate (PET) 

0.511 Agriculture 0.417 -0.041 0.459 

Polyurethane (PUR) 0.364 Furniture 0.340 -0.071 0.411 

PS (extruded) 0.321 Medicine 0.193 0.004 0.189 

Styrene Co-Polymers (ABS, 

ASA, ASN) 

0.285 Others 1.608 0.193 1.414 

Polyamide (PA) 0.160 Production 

Waste 

0.687 - 0.687 

Polymethyl Methacrylate 

(PMMA) 

0.079  

Other Polymers 0.544 

Other Thermoplastics 0.306 

Secondary Input 1.072 

Unspecific Import 0.929 

Total 11.092 Total 11.092 1.835 9.257 
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Table A-9: Calculation of the net addition to stock for the different use categories in 2017. 1If no exact data for waste flows 
were available, net additions to stock were calculated using the weighted mean for all use categories. 

Use Category Net Input Domestic Use 

[MtCarbon] 

Waste 

Flows  

[MtCarbon] 

Net Additions 

to Stock  

[% of Net input] 

Data 

Sources for 

Flow 

Calculation 

Polymer Products 

Packaging 2.482 2.436 2 % Lindner 

and 

Schmitt 

(2018) 

 

 

 

 

 

Construction 1.635 0.305 81 % 

Automotive 0.799 0.168 79 % 

Home appliances, Sport, Toys 0.721 0.234 68 % 

Electronics 0.460 0.116 75 % 

Agriculture 0.459 0.204 56 % 

Other (including Furniture and 

Medicine) 

2.015 0.479 52 % 

Total 9.257 3.944 48 % (weighted 

mean) 

 

Non-Polymer Products 

Synthetic Rubber 1.061 0.552 48 % Destatis 

(2020)1 Carbon Black 0.972 0.505 48 % 

Resins and Adhesives (without 

binders for “Paints and 

Coatings”) 

0.965 0.502 48 % 

Paints and Coatings (Binders) 0.740 (Binders and 

Solvents) 

0.212 

(only 

Binders) 

48 % 

Other Adhesives 0.439 0.228 48 % 

Chemical Fibres 0.410 0.213 48 % 

Silicones 0.159 0.083 48 % 

Total 4.746 2.295 --  
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Table A-10: Flows for carbon losses in 2017.  

Category Loss Flow 

[MtCarbon] 

Loss Category Data Sources for 

Flow calculation 

Waste Incineration Post 

Consumer 

5.058 Emissions into Air UBA (2018) 

Net Export Polymer Industry 1.835 Foreign Trade Lindner and 

Schmitt (2018) 

Body Wash, Washing 

Products, other products 

1.055 Emissions into Water Own calculation 

Net Export Chemical Industry 0.801 Foreign Trade Lindner and 

Schmitt (2018) 

Net Export Post-Consumer 

Waste  

0.551 Foreign Trade Lindner and 

Schmitt (2018) 

Paints and Coatings (Solvents) 0.431 Emissions into Air Destatis (2020) 

Microplastic 0.322 Emissions into the 

Environment 

Bertling et al. 

(2018) 

Urea 0.287 Emissions into Air Destatis (2020) 

Recycling losses (Post 

Consumer) 

0.275 Emissions into Air Lindner and 

Schmitt (2018) 

Process Emissions (Steam 

Cracker) 

0.243 Emissions into Air UBA (2019c) 

Carbon Dioxide 0.204 Emissions into Air Destatis (2020) 

Net Export Recyclate 0.202 Foreign Trade Lindner and 

Schmitt (2018) 

Recycling losses (Industry) 0.169 Emissions into Air Lindner and 

Schmitt (2018) 

Total 11.180 --  
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A-3 Scenario Parameter 

Table A-11: Scenario parameters. (LC = Low Circularity, HC = High Circularity, Mt/a = Megatons per year). Status quo = 2017.  

Parameter  2030 2050 

Status Quo LC HC LC HC 

Annual Production 

growth organic base 

materials 

0 % 0 % 0 % 0 % 0 % 

Annual Production 

growth Polymer Industry 

(p.a.) 

1.4 % 1 % 1 % 1 % 1 % 

Recycling Rate for Carbon 

– Chemical Industry 
68 % 74 % 81 % 84 % 95 % 

Recycling Rate for Carbon 

– Polymer Industry 
78 % 85 % 91 % 95 % 95 % 

Recycling Rate for Carbon 

– Post-Consumer Waste 

Management 

18 % 26 % 31 % 36 % 51 % 

Net Additions to 

anthropogenic stock (in % 

of domestic polymer 

consumption) 

48 % 37 % 29 % 20 % 0 % 

Used share of 

CO2-emissions of large 

point sources 

0 % 
5 % 

(3Mt/a) 

25 % 

(15 Mt/a) 

30 % 

(12 Mt/a) 

90 % 

(37 Mt/a) 

Used share of 

CO2-emissions of small 

point sources 

0 % 0 % 
10 % 

(2 Mt/a) 
0 % 

60 % 

(7 Mt/a) 

CO2-sequestration from 

DAC 
0 Mt 0 Mt 0 Mt 0 Mt 5 Mt 
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A-4 Process Data 

The following tables present data and sources for the CO2-based processes considered in the 

article. The amount of the required educts to produce 1 kg of the CO2-based chemical was 

calculated using stoichiometric data or the mass balance of the process. Since this article 

focuses on the requirement of electricity for CCU processes, the heat demand for 

CO2-sequestration is not considered. Proton-exchange-membrane (PEM) electrolyzers and 

alkaline electrolyzers are considered as substitutive technologies in the future. Therefore, the 

REE-demand to produce 1 kg of Hydrogen was not differentiated between the two technology 

options. It was assumed that the CCU-processes are applied dependent on their electricity 

demand. In case of energy scarcity, a CO2-based chemical with a lower energy demand is 

produced completely before the chemical with the next higher energy demand is produced.  

Table A-12: Process data for MeOH-based processes. 1If not exactly stated, the electricity requirement for utilities was assumed 
to be 10 % of the energy requirement for the required H2-production. 

Product Educts H2-Demand 

[kg/kgProduct] 

REE-Demand 

H2-Production 

[MJ/kgProduct] 

Total REE 

Demand 1 

[MJ/kgProduct] 

Data Sources 

Benzene 4.3 * MeOH 0.813 148.8 164.64 Bazzanella and 

Ausfelder (2017) 

Ethylene 2.67 * MeOH 0.505 92.4 102.12 Tian et al. (2015) 

MeOH 2 CO2 + 6 H2 0.189 34.6  

(Mean value 

from literature) 

38.25 

(Mean value 

from 

literature) 

Bazzanella and 

Ausfelder (2017); 

Hank et al. (2018); 

Hoppe (2018); 

Otto (2015); Rihko-

Struckmann et al. 

(2010) 

Propylen 2.67 * MeOH 0.505 92.4 102.12 Tian et al. (2015) 

Toluene 4.3 * MeOH 0.813 148.8 164.64 Bazzanella and 

Ausfelder (2017) 

Hydrogen H2O 1 183.1 183.1 See sources for 

MeOH 

Xylene 4.3 * MeOH 0.813 148.8 164.64 Bazzanella and 

Ausfelder (2017) 
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Table A-13: Process data for direct synthesis processes. 1If not exactly stated, the electricity requirement for utilities was 
assumed to be 10 % of the energy requirement for the required H2-production. 2If valuable side products are co-produced (e.g., 
methane), their respective enthalpy was subtracted from the energy requirement of the main product. 

Product Educts H2-Demand 

[kg/kgProduct] 

REE-Demand 

H2-

Production 

[MJ/kgProduct] 

Total Energy 

Demand1, 2 

[MJ/kgProduct] 

Data Sources 

Benzene 9 CO2 + 27 H2 0.698 127.6 102.74 Wang et al. (2014) 

Ethylene 2 CO2 + 6 H2 0.431 78.96 86.85 Gao et al. (2017) 

MeOH 2 CO2 + 6 H2 0.189 34.6 

(Mean Value 

from 

Literature) 

38.25 

(Mean Value 

from 

Literature) 

Bazzanella and 

Ausfelder (2017); Hank 

et al. (2018); Hoppe 

(2018); Otto (2015); 

Rihko-Struckmann et 

al. (2010) 

Propylene 3 CO2 + 9 H2 0.431 78.96 86.85 Gao et al. (2017) 

Toluene 9 CO2 + 26 H2 0.569 104.17 93.32 Wang et al. (2014) 

Hydrogen  1 183.1 183.1 See sources for MeOH 

Xylene 9 CO2 + 25 H2 0.475 86.93 86.4 Wang et al. (2014) 
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A-5 Considered industrial point sources in Germany 

Table A-14: Parameters for the considered CO2 point sources in Germany. Values for 2030 and 2050 were derived from the production level according to Pfluger et al. (2017)and 
own calculations (upper limit of waste incineration). Sources: 1Von der Assen et al. (2016), ² Billig et al. (2019), ³ FNR (2016), 4 DEHSt (2018),  5 Jacco et al. (1995), 6 IGES (2002), 
7 UBA (2018), 8 UBA (2019c).  
 

CO2 Source CO2- 

Concentration 

Number of plants 

in Germany 

Energy related 

emissions 2017  

[MtCO2/a] 

Substance related 

emissions 2017  

[MtCO2/a] 

Substance related 

emissions 2030  

[MtCO2/a] 

Substance related 

emissions 2050  

[MtCO2/a] 

Atmosphere 0.04 % -- -- -- -- -- 

Ammonia Production up to 100 %5 54 0.24, 8 4.28 4.2 -- 

Biogas production 30 - 50 %³ 9.209² No data 18² 15² 11² 

Petrochemical Processes 4 – 10 %5 1164 7.94, 8 0.98 0.9 -- 

Glas and Ceramic 

Production 

No data 82 (Glas)4 

143 (Ceramic)4 

4.14, 8 28 1.7 1.3 

Iron and Non-Iron Metal 

Production (Primary 

Production) 

17 – 35 %1 6 (Iron) 4, 8 

>7 (Non-Iron) 4, 8 

13.3 (Iron) 4, 8 

1.2 (Non-Iron) 4, 8 

18.1 (Iron)8 

1.4 (Non-Iron) 8 

15.4 (Iron) 8 

1 (Non-Iron) 8 

0.5 (Non-Iron) 8 

Limestone and Cement 

Production 

14 – 33 %1 764 9.74, 8 18.28 15.2 10.5 

Soda Production No data 64 0.14, 8 0.58 0.5 0.5 

Waste Incineration 10 %6 687 No data 217 20.57 – 26.9 20.17 – 35.5 

Total    36.5 84.3 74.4 – 80.8 43.9 – 59.3 
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A-6 Data quality and uncertainties in the MFA model 

The main data sources for the MFA model are federal statistics for Germany and Europe, 

actual scientific publications, or life cycle databases. Therefore, data reliability as well as 

temporal and geographical correlation can be regarded as very good. Nevertheless, following 

uncertainties must be considered.  

The exact amount of material flows from the refinery sector to the chemical industry for 

“heavy oil” as well as “other oil derivates” for non-energetical use from the refinery sector to 

the chemical industry was not available. Hence, plausible values had to be estimated 

according to background information of the statistics (AGEB 2015). The resulting amount of 

net fossil raw material input for 2017 (20.3 Mt)  is comparable to another study for 2018 

(19.1 Mt), in which non-public production data was used but presented in an aggregated form 

without detailed information about the specific flows (Geres et al. 2019).  

For the category “body care products, washing products and others” even mean values for the 

carbon content could not be found because of the variety of products additional to a lack of 

data about their composition. Since for the other input flows as well as for all other output 

flows of the aggregate Chemical Production valid data could be collected, the aggregated 

carbon flow for this category was determined with the help of the physical balance by 

calculating the difference between input and output flows.  

The accumulated flow for carbon used as material between the chemical industry and the 

polymer industry has a difference in its volume, depending on the used database. If it is 

calculated using all relevant categories from federal production data (Destatis 2020) it is 14 % 

(1.5 Mt) higher than using data from other studies (Lindner and Schmitt 2018). This can be 

explained by the existence of a material stock within the chemical industry, different system 

boundaries or data gaps for foreign trade data in federal foreign trade statistics, which could 

not be avoided completely.  

Using products such as body wash, cosmetics or washing powder, the carbon is emitted into 

water, which is not part of official emission statistics.  

Hence, the respective value of dissipative losses (1.1 Mt) could not be validated.  

To conclude, there are uncertainties due to the combination of databases with different 

system boundaries and data gaps. Nevertheless, these uncertainties do not affect the order 

of magnitude and main ratios of the shown material flows in the system. 
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Appendix B – Second Publication 

B-1 Method and Database for the GIS Analysis 

Step 1: Characterization of the regions 

The Geoinformation System (GIS) analysis was conducted with the software ArcGis, Version 

10.6. For the analysis, the different data layers described in Table B-1 were combined in a GIS-

model using Gauß-Krueger coordinates (WGS 1984). The different regions were delineated 

according to the watersheds described in Boulay et al. (2018). Since there is no varying of the 

AWARE factor within one watershed, a further differentiation was not possible. In case a raster 

point could not be unambiguously assigned to one region, it was completely assigned to the 

region in which the majority of its area is located. In the next step, the mean value, and the 

standard deviation for each capacity factor as well as the number of CO2-point sources were 

calculated for every region using the zonal statistics tool. The transport distance from each 

region to Germany was calculated using the Euclidean distance between the respective 

centroids. While the locations of waste incineration and cement plants could be directly 

extracted from the respective datasets, the locations of the steel plants were derived from 

company reports of the largest global steel producers and cross-checked with domestic 

production capacities.  

Table B-1: Parameters and Data used in the location analysis. (IEC = International Electrotechnical Commission). 

Resource Parameter Description Resolution/ 

Nr. of plants 

Data Source 

Wind Energy Capacity Factor IEC Class I 9“ x 9” DTU (2019) 

Solar Energy Capacity Factor kWh/kWp 9“ x 9” Solargis (2019) 

Water AWARE (Available Water 

Remaining) 

m³/m³ 0.5° x 0.5° Boulay et al. (2018) 

CO2 Number of industrial CO2 

Point sources 

Waste Incineration 

Plants 

177 ISWA (2012), 

(UBA (2018) 

Cement Plants 1561 Cemnet (2019) 

Steel Plants (Blast 

Furnace) 

115 OECD (2019), 

Worldsteel (2020) 
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Step 2: Selection of representative examples 

After the combination of the different data layers and the characterization of the different 

regions, best case examples for the possible system types and distance categories were 

identified according to the decision procedure described in Figure B-0-1. The selected regions 

were later used as representative locations in the environmental and economic assessments.  

 

  

Figure B-0-1: Selection procedure for the identification of best cases for the possible system types. 
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B-2 Calculation Formulars and Economic Parameters 

B-2.1 Levelized Cost of Energy (LCOE) 

𝐿𝐶𝑂𝐸𝑖𝑗 = 
∑

𝐶𝑎𝑝𝑒𝑥𝑡+ 𝑂𝑝𝑒𝑥𝑡 

(1+𝑟𝑖)
𝑡

𝑛
𝑡=1

∑
𝐸𝑡

(1+𝑟𝑖)
𝑡

𝑛
𝑡=1

 [€/GJ]      (B.1) 

𝑡: Period 

𝑖: Produced Chemical 

𝑗: Location 

Capex𝑡: Capital Expenditures (Investment Costs) 

Opex𝑡: Operation Expenditures (Maintenance, Fuel and Personnel Costs) 

𝐸𝑡: Cumulated Energy bound in the yearly production volume 

𝑟: project specific interest rate/weighted average costs of capital 

 

B-2.2 Avoidance Costs (AC) 

𝐴𝐶𝑖𝑗 = 
𝐿𝐶𝑂𝐸ij− 𝑀𝑃𝑓𝑜𝑠𝑠𝑖𝑙  

𝐺𝑊𝐼ij−𝐺𝑊𝐼𝑓𝑜𝑠𝑠𝑖𝑙 
 [

€

𝑡 𝐶𝑂2𝑒𝑞.𝑎𝑣𝑜𝑖𝑑𝑒𝑑
]       (B.2) 

𝑖: Produced Chemical 

𝑗: Location 

LCOE𝑖𝑗: Levelized Costs of Energy   

MP𝑓𝑜𝑠𝑠𝑖𝑙 : Net market price for fossil fuels in the status quo 

B-2.3 Net Present Value (NPV) 

𝑁𝑃𝑉𝑖𝑗 = −∑
𝐶𝑎𝑝𝑒𝑥𝑡+𝑂𝑝𝑒𝑥𝑡

(1+𝑟𝑖)
𝑡

𝑡
1 + ∑

(𝑀𝑃𝑓𝑜𝑠𝑠𝑖𝑙 ∗ (1+𝛥𝑃𝐹𝑡)
𝑡+ 𝐶𝑃𝑡∗𝛥𝐺𝑊𝐼)∗ 𝑃𝑉𝑡

(1+𝑟𝑖)
𝑡

𝑡
1 [€]    (B.3) 

 

𝑡: Period 

𝑖: Produced Chemical 

𝑗: Location 

𝛥𝐺𝑊𝐼: Avoided emissions [
 𝑡 𝐶𝑂2 𝑒𝑞.  𝑎𝑣𝑜𝑖𝑑𝑒𝑑

𝑡 𝐶ℎ𝑒𝑚𝑖𝑐𝑎𝑙
] 

𝑃𝑉𝑡: Yearly production volume [𝑡] 

𝐶𝑃𝑡: Carbon Price 

𝛥𝑃𝐹𝑡: Relative Price change for fossil fuels compared to the status quo 

𝑟: project specific interest rate/weighted average costs of capital 
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B-2.4 Economic Parameters 

Table B-2: Description of cost Parameters. (Sq = Status quo (2020), Capex = Capital Expenditures, Opex = operational 
expenditures, PV = Photovoltaic, FLH = Full load hours, PS = Point Source, DAC = Direct Air Capture, RSWO = Reverse Seawater 
Osmosis, WACC = Weighted Average Costs of Capital). 

Process Parameter Value Sq References Value 2030 References 

Onshore wind 

plant 

Capex [€/MW] 1,605,000 Agora (2017) 1,000,000 IRENA (2019b) 

Opex [% Capex]  2 2 

Lifetime [years] 20 20 

PV plant Capex [€/MW] 900,000.00 Fraunhofer ISE 

(2015) 

750,000 Fraunhofer ISE 

(2015) Opex [% Capex] 1 1 

Lifetime [years] 30 30 

Electrolysis Capex [€/MW] 1,470,000 NOW GmbH 

(2018) 

500,000 Frontier 

Economics 

(2018), NOW 

GmbH (2018) 

Opex [% Capex] 1 1 

Lifetime [FLH] 60,000  90,000  Bareiß et al. 

(2019) 

 Energy 

Requirement 

55 kWh/kg 

H2 

NOW GmbH 

(2018) 

50 kWh/kg NOW GmbH 

(2018) 

CO2 Capture 

(PS) 

Capex [€](Scaling 

Factor: 0.6) 

26,680,367 (Zhou et al. 

2016) 

18,676,256 IEA (2020)  

Opex [% Capex] 6 Baker et al. 

(2008) 

6 Baker et al. 

(2008) 

Lifetime [years] 20  20  

Heat Costs 

[€/kWhth] 

Country 

specific 

Global Petrol 

Prices (2021) 

Country 

specific 

Global Petrol 

Prices (2021) 

CO2 Capture 

(DAC) 

Capex [€/tCO2 per 

year] 

730.00 Fasihi et al. 

(2019) 

263.50 Fasihi et al. 

(2019) 

Opex [% Capex] 4 4 

Heat Costs 

[€/kWhth] 

Country 

specific 

Global Petrol 

Prices (2021) 

Country 

specific 

Global Petrol 

Prices (2021) 

Lifetime [FLH] 105,120 Lozanovski 

(2019) 

105,120 Lozanovski 

(2019) 

RSWO Capex [€/m³H2O 

per year] 

2.25 Caldera and 

Breyer (2017) 

2.25 Caldera und 

Breyer (2017) 
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Opex [% Capex] 4 Caldera et al. 

(2016) 

4 Caldera et al. 

(2016) 

Freshwater 

Production 

[€/m³] Region 

specific 

GWI (2019) Region 

specific 

GWI (2019) 

MeOH 

Synthesis 

Capex [€/tMeOH 

per year] 

200.00 Geres et al. 

(2019) 

200.00 Geres et al. 

(2019) 

Opex [% Capex] 5 5 

Lifetime [years] 20 20 

FT-Synthesis Capex [€/t 

Naphtha per 

year] 

300 Geres et al. 

(2019) 

300 Geres et al. 

(2019) 

Opex [% Capex] 5 5 

Lifetime 20 20 

Transport 

MeOH 

[€/(km * kg)] 1.96 * 10^-6 Saadi et al. 

(2018) 

1.96 * 10^-6 Saadi et al. 

(2018) 

Transport FT-

Synthesis 

[€/(km * kg)] 9.38 * 10^-7 9.38 * 10^-7 

WACC [%] Country 

Specific 

Steffen (2020) Country 

Specific 

Steffen (2020) 
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B-3 Location Specific Data 

Due to the condition that the production locations must show a higher capacity factor than in Germany, it was not possible to identify regions with 

a point source and wind as energy source for the distance categories short and medium. Because the distance did not show a significant impact on 

the results, the identified location in Germany is used as a proxy for these distance categories.  

Table B-3: Specific data for the analyzed locations. The basin number is taken from Boulay et al. (2018). (DAC = Direct Air Capture, PS = Point Source, PV = Photovoltaic, Wind = Onshore Wind). 

Country Basin Number Energy 

Source 

Capacity 

Factor 

Aware 

Factor 

CO2-Source Transport Distance 

[km] 

Installed Energy Capacity [MW] Installed Electrolyzer Capacity [MW] 

MeOH Naphtha Delta MeOH Naphtha Delta 

Argentina 10,967 Wind 72 % 1 DAC 13,613 221 316 

30 % 

172 272 

37 % 

Argentina 10,851 Wind 64 % 17 PS 13,068 239 343 194 306 

Argentina 10,987 Wind 71 % 100 DAC 13,651 223 319 174 275 

Ireland 4,569 Wind 63 % 8 DAC 1,433 245 350 197 311 

Germany 4,583 Wind 58 % 1 PS 0 253 364 214 339 

Germany 4,650 Wind 52 % 4 DAC 0 293 418 238 376 

United Kingdom 4,073 Wind 62 % 11 DAC 1,310 248 354 198 314 

Venezuela 8,199 Wind 69 % 6 DAC 8,312 269 384 179 284 

Western Sahara 7,564 Wind 75 % 94 DAC 4,091 211 301 165 261 

Turkey 6,395 PV 19 % 1 PS 2,248 800 1,151 666 1,054 

Saudi Arabia 7,333 PV 21 % 9 PS 4,372 711 1,023 592 937 

Bolivia 10,043 PV 24 % 4 PS 10,742 624 897 519 821 

Spain 6,353 PV 19 % 1 DAC 2,095 799 1,141 638 1,010 

China 6,914 PV 24 % 8 DAC 6,425 644 919 514 814 

Argentina 10,243 PV 27 % 1 DAC 11,266 564 805 450 713 

Morocco 6,530 PV 20 % 91 PS 2,221 728 1,048 606 959 

Saudi Arabia 7,119 PV 22 % 65 PS 3,342 671 965 558 883 

Chile 10,209 PV 25 % 100 PS 11,333 592 851 492 779 

Egypt 6,870 PV 20 % 59 DAC 2,583 757 1,081 605 957 

Namibia 10,295 PV 23 % 35 DAC 8,583 670 956 535 846 

Chile 10,138 PV 26 % 97 DAC 11,179 607 867 485 767 
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B-4 LCA Results  

Table B-4: LCA Results for the different impact categories. If water desalination was used as water source, a water incorporation of 0 was assumed. (GWI = Global Warming Impact, RMI = Raw 
Material Input, TMR = Total Material Requirement, M = MeOH, N = Naphtha). 

Country Basin 

Number 

Energy 

Source 

Capacity 

Factor 

Aware 

Factor 

Carbon Footprint Material Footprint Water Footprint Land Footprint 

GWI  

[kgCO2 eq/MJ] 

RMI 

[kgMaterial-eq/MJ] 

TMR 

[kgMaterial-eq/MJ] 

Incorporation 

[lWater-eq/MJ] 

Evaporation 

[lWater-eq/MJ] 

Occupation  

[m²*a] 

M N M N M N M N M N M N 

Argentina 10,851 Wind 64 % 17 -0.049 -0.056 0.04 0.05 0.05 0.07 0.00 0.00 0.460 0.566 0.001 0.001 

Argentina 10,967 Wind 72 % 1 -0.040 -0.042 0.04 0.06 0.06 0.08 0.92 0.98 0.644 0.714 0.001 0.001 

Argentina 10,987 Wind 71 % 100 -0.040 -0.045 0.04 0.06 0.06 0.08 0.00 0.00 0.645 0.767 0.001 0.001 

Argentina 10,243 PV 27 % 1 -0.022 -0.021 0.07 0.08 0.10 0.12 5.33 5.69 3.232 4.266 0.012 0.016 

Bolivia 10,043 PV 24 % 4 -0.034 -0.034 0.05 0.07 0.07 0.10 0.22 0.23 3.102 4.188 0.012 0.017 

Chile 10,209 PV 25 % 100 -0.035 -0.036 0.05 0.06 0.07 0.10 0.00 0.00 6.309 8.651 0.012 0.016 

Chile 10,138 PV 26 % 97 -0.020 -0.019 0.07 0.09 0.10 0.13 0.00 0.00 3.452 4.547 0.012 0.017 

China 6,914 PV 24 % 8 -0.019 -0.017 0.07 0.10 0.11 0.14 0.44 0.47 3.641 4.823 0.013 0.018 

Egypt 6,870 PV 20 % 59 -0.015 -0.010 0.08 0.11 0.12 0.16 0.00 0.00 4.213 5.644 0.015 0.021 

Germany 4,583 Wind 58 % 1 -0.050 -0.054 0.04 0.05 0.05 0.07 0.22 0.24 0.374 0.515 0.000 0.001 

Germany 4,650 Wind 52 % 4 -0.034 -0.034 0.06 0.07 0.07 0.10 0.06 0.06 0.613 0.779 0.001 0.001 

Ireland 4,569 Wind 63 % 8 -0.035 -0.035 0.05 0.06 0.06 0.09 0.42 0.45 0.551 0.693 0.001 0.001 

Morocco 6,530 PV 20 % 91 -0.033 -0.031 0.06 0.08 0.08 0.12 0.00 0.00 3.554 4.880 0.014 0.020 

Namibia 10,295 PV 23 % 35 -0.018 -0.015 0.08 0.10 0.11 0.14 0.00 0.00 5.096 6.812 0.014 0.019 

Saudi Arabia 7,119 PV 22 % 65 -0.035 -0.033 0.05 0.07 0.08 0.11 0.00 0.00 3.265 4.493 0.013 0.018 

Saudi Arabia 7,333 PV 21 % 9 -0.033 -0.028 0.05 0.07 0.08 0.11 0.05 0.06 3.475 4.743 0.014 0.019 

Spain 6,353 PV 19 % 1 -0.006 0.002 0.09 0.12 0.13 0.17 0.04 0.05 4.373 5.809 0.016 0.022 

Turkey 6,395 PV 19 % 1 -0.030 -0.027 0.06 0.08 0.09 0.13 0.49 0.52 3.891 5.341 0.016 0.022 

United Kingdom 4,073 Wind 62 % 11 -0.035 -0.035 0.05 0.07 0.07 0.09 0.00 0.00 0.554 0.700 0.001 0.001 

Venezuela 8,199 Wind 69 % 6 -0.040 -0.042 0.05 0.06 0.06 0.08 0.33 0.35 0.667 0.783 0.001 0.001 

Western Sahara 7,564 Wind 75 % 94 -0.043 -0.044 0.04 0.05 0.05 0.07 0.00 0.00 0.571 0.696 0.001 0.001 

Fossil-based Process – 0.034 0.010 0.05 0.03 0.05 0.04 0.00 0.00 0.3697 0.3309 0.0003 0.0003 
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B-5 Results of the contribution Analysis 

For the climate footprint, the heat demand of the CO2-capture process (36 %) as well as the 

energy (27 %) and material supply (23 %) of the supply chain are the main drivers. This is 

especially the case for DAC production systems for which the contribution of the capture 

process is on average about 13 % higher (41 % vs. 28 %) than for systems based on point 

sources. The product synthesis (7 %) and the transport (6 %) only have a minor impact. Hence, 

there is a large potential for further optimization in case for scope 1 as well as for scope 3 

emissions. The resulting negative climate footprint could be twice as high if the whole supply 

chain and the CO2 capture process would be defossilized. 

In case of the material footprint, the demand for different metal ores (51 %) is the main driver 

for environmental impacts related to the material requirement. More specifically, for wind-

based systems, copper and iron are the main drivers, while for PV-based systems copper, 

aluminum as well as silver are the dominating metal flows. Those metals are important for the 

construction processes of the respective energy plants. The fossil fuel supply within the supply 

chain makes up to 26 % of the RMI. In case of minerals (23 %), construction materials like 

cement are the main contributors. Hence, a higher secondary input rate for metals in 

combination with a defossilization of the energy supply would be necessary to significantly 

reduce the RMI of CO2-based chemicals and accommodate trade-offs between climate 

footprint reduction and the material footprint.  

The main drivers for water evaporation are manufacturing processes (42 %) with the 

production of chemicals and base metals showing the highest contribution. Furthermore, the 

energy supply has the second highest (39 %) impact, which is mostly related to fossil-based 

power plants. The mining processes for fossil fuels (14 %) and metals (5 %) show a minor 

impact. Therefore, an increased efficiency in water use in combination with a defossilization 

of the energy supply are the most important measures to reduce the water footprint for 

CO2-based chemicals.  
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B5-1: Global Warming Impact  

Table B-5: Contributions to the climate footprint of CO2-based MeOH production. 

All Locations Relative Absolute  

[kgCO2-eq /MJ] 

Mean Min Max Mean Min Max 

Scope 1 (Synthesis) 7% 4% 12% 0.05 0.05 0.05 

Scope 2 (Capture) 36% 23% 57% 0.26 0.11 0.46 

Scope 3 (Energy Supply) 27% 15% 42% 0.22 0.06 0.41 

Scope 3 (Material Supply) 23% 16% 37% 0.17 0.07 0.29 

Scope 3 (Transport) 6% 3% 13% 0.05 0.01 0.08 

Total emissions 100% 100% 100% 0.74 0.37 1.28 

Scope 1 (Sequestration) -211% -385% -110% - 1.41 - 1.42 -  1.41 

Net emissions -111% -285% -10% - 0.67 - 1.05 - 0.13 

 

B5-2: Raw Material Input 

Table B-6: Contribution of different raw material categories to the Raw Material Input (RMI). 

All Locations 
Relative 

Absolute 

[kgMaterial-eq/kg] 

Mean Min Max Mean Min Max 

Fossil Fuels 26% 18% 31% 0.32 0.14 0.61 

Metals 51% 46% 58% 0.61 0.40 1.06 

Minerals 23% 11% 32% 0.26 0.11 0.34 

 

B5-3: Water Evaporation 

Table B-7: Contributions of different process steps to Water Evaporation 

All Locations 
 

Relative Absolute [m³Water-eq/MJ] 

Mean Min Max Mean Min Max 

Energy Supply 39% 29% 55% 0.016 0.003 0.029 

Fossil Fuel Mining 14% 9% 20% 0.005 0.001 0.010 

Manufacturing Processes 42% 18% 60% 0.026 0.002 0.052 

Metals Mining 5% 1% 15% 0.001 0.001 0.001 

 

 

 



Appendix B 

164 
 

B-6 Detailed Results of the economic assessment  

To enhance the validity of the economic assessment, the calculated results for the levelized 

costs of electricity were compared with existing studies which contain measured cost data and 

prognoses for renewable electricity generation (IRENA 2019b; IRENA 2020; IRENA 2019a; 

Fraunhofer ISE 2021). For wind energy, accurate data was available for every region. 

Therefore, the endogenously calculated LCOE were modified accordingly. In case a range was 

available in the literature, the minimum LCOE value was chosen since the input data for the 

capacity factor which serves as basis for the plant modelling depicts the technical potential 

(see section B-7). According to Fraunhofer ISE (2021) a LCOE reduction of 7 % was assumed 

for wind electricity between 2020 and 2030.  
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B-6.1 Methanol 

Table B-8: Calculated levelized production costs of the different process steps and years for CO2-based MeOH. To calculate the CO2-avoidance costs for each location, different yearly changes in the 
oil price were assumed (-1%; +2%; +4%). (WACC = Weighted average costs of capital; LCOH2/CO2/MeOH = Levelized Costs of H2/CO2/MeOH production).The WACC are based on Steffen (2020). Status 
quo = 2020. 

Location WACC LCOH2 [€/kgH2] LCOCO2 [€/tCO2] LCOMeOH [€/tMeOH] CO2-Avoidance Costs [€/tCO2-avoided] 

Status 

quo 

Status 

quo 

2030 Status 

quo 

2030 Status 

quo 

2030 Status quo 2030 

-1% 2% 4% -1% 2% 4% 

Argentina 10.4% 6.9 € 3.0 € 143 € 68 € 1,666 € 773 € 1,167 € 1,102 € 1,076 € 429 € 270 € 194 € 

Argentina 10.4% 4.4 € 2.5 € 136 € 64 € 1,179 € 691 € 567 € 518 € 498 € 271 € 150 € 93 € 

Argentina 10.4% 4.4 € 2.5 € 136 € 64 € 1,181 € 691 € 568 € 519 € 499 € 271 € 150 € 93 € 

Argentina 10.4% 4.6 € 2.5 € 42 € 32 € 1,072 € 653 € 440 € 397 € 380 € 218 € 112 € 61 € 

Bolivia 7.4% 6.4 € 3.1 € 37 € 29 € 1,414 € 747 € 794 € 734 € 709 € 340 € 200 € 133 € 

Chile 4.9% 4.9 € 2.3 € 114 € 58 € 1,208 € 624 € 806 € 725 € 691 € 315 € 134 € 46 € 

Chile 4.9% 4.9 € 2.4 € 34 € 26 € 1,111 € 588 € 561 € 498 € 472 € 220 € 79 € 11 € 

China 7.4% 6.3 € 3.1 € 127 € 63 € 1,519 € 780 € 1,091 € 1,016 € 985 € 457 € 281 € 197 € 

Egypt 7.4% 7.4 € 3.6 € 130 € 65 € 1,742 € 889 € 1,396 € 1,315 € 1,281 € 599 € 410 € 318 € 

Germany 3.0% 4.0 € 2.4 € 143 € 93 € 1,072 € 673 € 542 € 473 € 444 € 284 € 136 € 63 € 

Germany 3.0% 4.0 € 2.4 € 52 € 45 € 933 € 602 € 364 € 308 € 284 € 191 € 71 € 11 € 

Great Britain 7.3% 4.2 € 2.3 € 149 € 86 € 1,112 € 659 € 560 € 502 € 478 € 268 € 133 € 68 € 

Ireland 8.4% 4.3 € 2.4 € 155 € 88 € 1,148 € 676 € 584 € 528 € 505 € 279 € 147 € 83 € 

Morocco 10.4% 5.0 € 3.0 € 136 € 64 € 1,284 € 784 € 609 € 562 € 543 € 317 € 202 € 147 € 

Morocco 7.4% 7.4 € 3.6 € 37 € 29 € 1,615 € 838 € 937 € 877 € 852 € 405 € 265 € 198 € 

Namibia 7.4% 6.6 € 3.2 € 128 € 64 € 1,576 € 810 € 1,177 € 1,100 € 1,068 € 499 € 318 € 231 € 

Saudi Arabia 4.2% 5.6 € 2.7 € 33 € 26 € 1,231 € 638 € 666 € 599 € 571 € 264 € 116 € 44 € 

Saudi Arabia 4.2% 5.3 € 2.5 € 33 € 26 € 1,163 € 602 € 600 € 535 € 508 € 232 € 89 € 18 € 

Spain 5% 6.7 € 3.2 € 180 € 123 € 1,661 € 888 € 1,619 € 1,512 € 1,467 € 735 € 495 € 377 € 

Turkey 5.4% 7.0 € 3.4 € 41 € 34 € 1,523 € 789 € 907 € 840 € 812 € 386 € 236 € 162 € 

Venezuela 10.4% 4.5 € 2.5 € 182 € 108 € 1,241 € 746 € 602 € 554 € 534 € 304 € 185 € 128 € 
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B-6.2 Naphtha 

Table B-9: Calculated levelized production costs of the different process steps and years for CO2-based naphtha. To calculate the CO2-avoidance costs for each location, different yearly changes in the 
oil price were assumed (-1%; +2%; +4%). (WACC = Weighted average costs of capital; LCOH2/CO2/Naphtha = Levelized Costs of H2/CO2/Naphtha production).The WACC are based on Steffen (2020). 
Status quo = 2020. 

Location WACC LCOH2 [€/kgH2] LCOCO2 [€/tCO2] LCONaphtha [€/tNaphtha] CO2-Avoidance Costs [€/tCO2-avoided] 

Status 

quo 

Status 

quo 

2030 Status 

quo 

2030 Status 

quo 

2030 Status quo 2030 

-1% 2% 4% -1% 2% 4% 

Argentina 10.4% 6.8 € 3.4 € 163 € 84 € 4,911 € 2,465 € 3,307 € 3,235 € 3,207 € 1,548 € 1,372 € 1,289 € 

Argentina 10.4% 4.4 € 2.9 € 159 € 79 € 3,398 € 2,198 € 1,307 € 1,265 € 1,248 € 803 € 699 € 650 € 

Argentina 10.4% 4.4 € 2.5 € 159 € 79 € 3,400 € 1,914 € 1,241 € 1,200 € 1,184 € 645 € 546 € 499 € 

Argentina 10.4% 4.6 € 2.5 € 49 € 38 € 3,109 € 1,801 € 938 € 905 € 891 € 501 € 418 € 379 € 

Bolivia 7% 6.4 € 4.1 € 44 € 34 € 4,207 € 2,732 € 2,311 € 2,245 € 2,218 € 1,442 € 1,290 € 1,216 € 

Chile 5% 4.9 € 2.3 € 124 € 66 € 3,527 € 1,749 € 2,509 € 2,415 € 2,375 € 1,122 € 912 € 809 € 

Chile 5% 4.9 € 2.4 € 39 € 30 € 3,289 € 1,652 € 1,443 € 1,384 € 1,359 € 649 € 519 € 455 € 

China 7.4% 6.3 € 4.0 € 143 € 76 € 4,498 € 2,844 € 3,498 € 3,406 € 3,368 € 2,125 € 1,910 € 1,807 € 

Egypt 7% 7.4 € 3.6 € 148 € 80 € 5,205 € 2,591 € 5,392 € 5,271 € 5,220 € 2,511 € 2,229 € 2,093 € 

Germany 3% 4.0 € 2.4 € 153 € 102 € 3,082 € 1,881 € 1,403 € 1,338 € 1,310 € 799 € 658 € 588 € 

Germany 3% 4.0 € 2.3 € 55 € 47 € 2,723 € 1,687 € 836 € 791 € 772 € 480 € 383 € 335 € 

Great Britain 7% 4.2 € 2.3 € 157 € 92 € 3,204 € 1,837 € 1,421 € 1,366 € 1,343 € 752 € 624 € 563 € 

Ireland 8% 4.3 € 2.8 € 168 € 98 € 3,309 € 2,150 € 1,470 € 1,417 € 1,396 € 907 € 782 € 722 € 

Morocco 10.4% 5.0 € 3.0 € 163 € 81 € 3,757 € 2,231 € 1,414 € 1,373 € 1,357 € 790 € 690 € 642 € 

Morocco 7% 7.4 € 3.6 € 45 € 35 € 4,869 € 2,442 € 2,515 € 2,455 € 2,429 € 1,176 € 1,034 € 966 € 

Namibia 7% 6.6 € 3.2 € 144 € 77 € 4,660 € 2,322 € 3,901 € 3,802 € 3,761 € 1,803 € 1,573 € 1,462 € 

Saudi Arabia 4% 5.6 € 3.3 € 39 € 30 € 3,696 € 2,233 € 2,004 € 1,930 € 1,899 € 1,143 € 982 € 902 € 

Saudi Arabia 4% 5.3 € 2.5 € 38 € 30 € 3,490 € 1,738 € 1,636 € 1,572 € 1,545 € 734 € 594 € 525 € 

Spain 5% 6.7 € 4.1 € 186 € 125 € 4,873 € 3,046 € 13,200 € 12,857 € 12,713 € 7,943 € 7,175 € 6,801 € 

Turkey 5% 7.0 € 4.3 € 47 € 38 € 4,588 € 2,863 € 2,580 € 2,509 € 2,479 € 1,546 € 1,386 € 1,308 € 

Venezuela 10.4% 4.5 € 3.0 € 196 € 116 € 3,545 € 2,339 € 1,385 € 1,342 € 1,325 € 873 € 768 € 718 € 
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B-6.3 Cost Composition 

 

Figure B-0-2: Average cost composition for the production and import of CO2-based MeOH and naphtha using Direct Air 
Capture (DAC) or a point source (PS) as CO2 source. 

 

B-6.4 Net Present Value 

For the NPV calculation the following prices were assumed for fossil-based MeOH production 

(2020: 322€/tMeOH, 2030: 292 – 477 €/ tMeOH) and naphtha production (2020: 414€/tNaphtha, 

2030: 374 – 616 €/ tNaphtha). 

 

Figure B-0-3: Results for the Net Present Value for CO2-based MeOH production, depending on the oil price development (+4%, 
+2%, -1%) and the carbon price in € per ton CO2 avoided. 
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Figure B-0-4: Results for the Net Present Value for CO2-based naphtha production, depending on the oil price development 
(+4%, +2%, -1%) and the carbon price in € per ton CO2 avoided. 
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B-7 Uncertainty Analysis 

B-7.1 Monte Carlo Analysis 

Table B-10: Results of the Monte Carlo Analysis for one onshore wind and one photovoltaic location for CO2-based MeOH. (CF 
= Capacity Factor, GWI = Global Warming Impact, RMI = Raw Material Input, STD = Standard Deviation).  

Energy Source Country 

(CF) 

Indicator Mean Min Max STD 

Wind Argentina  

(71 %) 

GWI  -0.84 -0.95 -0.67 0.05 

RMI 0.95 0.75 1.24 0.07 

Photovoltaic Chile 

(26 %) 

GWI  -0.36 -0.55 -0.01 0.08 

RMI 1.52 1.2 2.06 0.16 

 

B-7.2 Sensitivity Analysis 

In the sensitivity analysis, the influence of a capacity factor alteration on the ecological and 

economic results was calculated for MeOH and naphtha production, differentiated between 

the energy sources. To exclude the influence of different CO2 sources, the sensitivity analysis 

was conducted only for systems using an identical CO2 source. Because more results are 

available for systems using Direct Air Capture, this system type was selected for the sensitivity 

analysis. The resulting sensitivities correspond to the slope of the trend line calculated by 

linear regression analysis. 
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Figure B-0-5: Results of the sensitivity analysis for CO2-based MeOH (A) and naphtha (B) production with photovoltaic plants 
as electricity and DAC as CO2 source (GWI = Global Warming Impact; RMI = Raw Material Input, LCOE = Levelized Costs of 
Electricity; id. WACC = identical weighted average costs of capital of 5 % for all locations). 

  

Figure B-0-6: Results of the sensitivity analysis for CO2-based MeOH (A) and naphtha (B) production with onshore wind plants 
as electricity and DAC as CO2 source. (GWI = Global Warming Impact, RMI = Raw Material Input, LCOE = Levelized Costs of 
Electricity, id. WACC = identical weighted average costs of capital of 5 % for all locations). 
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B-7.3 Manova 

A one-way Manova was conducted (n = 21) using the software SPSS Statistics, version 26. As 

significance level, an alpha-value of 0.05 was assumed. The results of the multivariate analysis 

(Table B-11) show the significant effect (p < 0.05) of the variables CO2 and Energy source on 

the combined dependent variables, while the Water Source and Transport Distance do not 

show a significant effect.  

Table B-11: Results of the multivariate test for the independent variables.  

Independent 

Variable 

Test procedure Value Hypothesis 

df 

Error df F Significance 

Water Source Wilks-Lambda 0.583 5 9 1,288 0.348 

CO2 Source Wilks-Lambda 0.075 5 9 22,087 0.000 

Energy Source Wilks-Lambda 0.006 5 9 281,474 0.000 

Transport Distance Wilks-Lambda 0.004 5 9 126,939 0.063 

 

The results of the post-hoc tests (Table B-12) show if there are significant effects of the 

independent variables Energy and CO2 source on single dependent variables. While the values 

for the energy source show a significant effect on all dependent variables, the CO2 source only 

shows a significant effect on the GWI and RMI.  

Table B-12: Results of the post-hoc tests for those independent variables with a significant effect on the combined variable. 
(GWI = Global Warming Impact, RMI = Raw Material Input, Evaporation, LCOMeOH = Levelized Costs of MeOH production). 

Independet Variable Dependent 

Variable 

Typ III Sum 

of Squares 

Mean of 

squares 

F Significance 

CO2 Source GWI 0.352 0.352 46.343 0.000 

RMI 0.538 0.538 24.056 0.000 

Water Evaporation 2.962E-05 2.962E-05 0.108 0.747 

Land Occupation 6.816E-08 6.816E-08 0.034 0.856 

LCOMeOH 31473.052 31473.052 0.867 0.369 

Energy Source GWI 0.648 0.648 85.248 0.000 

RMI 0.910 0.910 40.704 0.000 

Water Evaporation 0.022 0.022 79.360 0.000 

Land Occupation 0.001 0.001 351.602 0.000 

LCOMeOH 538712.805 
 

538712.805 
 

17.961 
 

0.001 
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B-8 Data Quality Assessment 

Within this study, different types of data sets were utilized. To assess the resource availability 

for energy, water, and CO2 datasets for their distribution on a global scale were applied. To be 

independent of periodical fluctuations of the regional resource availability, only data sources 

which depict long-term yearly averages were used. To enable a direct comparison between 

different locations, the actuality, consistency, and completeness of the datasets are very 

important aspects. Therefore, for energy and water availability state-of-the-art datasets were 

used which cover all global regions instead of combining data from different regions, sources, 

and publication dates. Even though site specific data might be more accurate, the use of 

several different datasets and sources would involve consistency errors due to the use of 

different methods and premises. This procedure was selected, because a valid comparability 

of the different locations was seen as a very important aspect in our analysis. However, the 

capacity factors for energy generation used in the models depict the technical optimum. 

Capacity factors reached in practice are typically lower but show a continuously increasing 

trend over the last decade (IRENA 2020). In consequence, the results in this study possibly 

underestimate the actual absolute environmental impacts and production costs in the status 

quo, nevertheless the relations between the different locations would be identical if lower 

values for the capacity factors would have been used. In case of CO2, the point sources were 

identified using publicly available information from industry reports, scientific studies, or 

company reports. However, the data availability differed between different regions and 

sectors. For example, while for Europe and North America detailed information about CO2-

point sources was available, no, or only few data were available for CO2 point sources in China. 

Furthermore, the available data for cement and waste incineration plants was very good, 

while the available information about steel plants using a blast furnace only covers around 

30 % of the global production capacity. Therefore, the completeness of the data can be 

enhanced for certain regions and sectors. Nevertheless, significant deviations of the results 

are not expected because of the number of already included point sources.  

For life cycle modelling, process and cost data from the literature was combined with a 

state-of-the-art life cycle-database ecoinvent 3.5 (ecoinvent 2018). The process and cost data 

for the CO2-based production processes were derived from recent publications. According to 

the data quality assessment for life cycle data introduced by Weidema et al. (2013) their 

overall reliability and temporal correlation can be assessed as good. Since the material 
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requirement for the electrolyzer and sequestration plants were also considered in this study 

the completeness can be assessed as good, too. However, especially for the CO2-sequestration 

and electrolyzer plants only demonstration plants with smaller production volumes than 

considered in this study exist, wherefore the technological correlation is only sufficient. Energy 

and material requirements of production plants with the assumed production volume can only 

be estimated. To handle this aspect and shed light on the uncertainty and future values for 

the environmental impacts and LCOEs, value ranges were considered in combination with an 

MCA and scenario analysis, additional to the modelling with discrete values. Furthermore, the 

background data was extracted from the life-cycle database which was last actualized in 2018. 

Thus, the actuality of the database is good, nevertheless the specific actuality and 

technological correlation of the included processes differ. To increase the quality of the results 

important background processes, such as the construction of a wind power or solar power 

plant as well as RSWO were cross checked with literature data and actualized if more actual 

data was available.  
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Appendix C – Third Publication 

C-1 LCA Data 

C-1.1 Energy Balances and Losses 

Table C-1: Process specific energy and CO2 demands and H2 losses including the assumed values for the parameter range in 
form of triangle distributions. (LH2 = Liquefied Hydrogen, LOHC = Liquefied Organic Hydrogen Carriers, PEMEL = Proton 
Exchange Membrane Electrolyzer). 

Process Unit Value Range Pressure 

Levels 

(I = 

Input; 

O = 

Output) 

Sources 

Min Mean Max 

PEMEL kWh/kgH2 50 55 58 I: 1 bar 

O: 30 

bar 

Bareiß et al. 

(2019), NOW 

GmbH (2018) 

Liquefication kWh/kgH2 4.4 6.8 10.4 I: 20 bar 

O: 2 bar 

Aasadnia and 

Mehrpooya 

(2018), 

Stolzenburg and 

Mubbala (2013) 

H2 Losses [%] 1.7 

Boil-off Losses %/day 0.19 0.24 0.26  Kamiya et al. 

(2015) 

Regasification kWh/kgH2 0.54 

(-10 %) 

0.6 0.66 

(+10 %) 

I: 

O: 

Reuß et al. (2017) 

Storage of 

unloaded LOHC 

kWh/kgDBT 0.09 

(-10 %) 

0.1 0.11 

(+10 %) 

Ambient 

Pressure 

Reuß et al. (2017) 

Hydrogenation kWh/kgLOHC 0.88 0.97 1.06 I: 50 bar 

O: 1 bar 

Wulf and Zapp 

(2018) 

Transport of 

LOHC via ship 

% LOHC 0.2  Ambient 

Pressure 

Harrison (2016) 

Dehydrogenation kWhth/kgH2 9.5 10 10.6 I: 1 bar 

O: 1 bar 

Abdin et al. 

(2021), Niermann 

et al. (2021), 

Reuß et al. 

(2017), Wulf and 

Zapp (2018) 

kWhel/kgH2 0.37 

H2 Losses [%] 1 % 

Pipeline – 

Recompression 

kWhel/ 

(kgH2*Station) 

0.54 0.6 0.66 I: 30 bar 

O: 100 

bar 

Gerhardt et al. 

(2020) 

H2 Losses 

[%/Station] 

0.45 0.5 0.55 

Cavern Storage 

(LH2 Pathway) 

kWhel/kgH2 1.93 I: 85 bar 

O: 500 

bar 

Wulf et al. (2018), 

Wulf and Zapp 

(2018) 

Cavern Storage 

(LOHC Pathways) 

kWhel/kgH2 2.97 I: 1 bar 

O: 100 

bar 

Wulf et al. (2018), 

Wulf and Zapp 

(2018) 

Cavern Storage H2 Losses [%] 1   Wulf et al. (2018) 
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(All pathways) 

CO2 Capture kWhth/kgCO2 0,69 0,90 1,11 I: 1 bar 

O: 1 bar 

Fröhlich et al. 

(2019), Meunier 

et al. (2020) kWhel/kgCO2 0,14 

MeOH Synthesis kWhel/kgMeOH 0.25 0.28 0.31 I: 80 bar 

O: 1 bar 

Kaiser et al. 

(2021), 

Otto (2015), 

Sternberg et al. 

(2017b) 

H2 Losses [%] 0 4.2 8.5 

kgCO2/kgMeOH 1.37 1.42 1.47 

 

C-1.2 Material Balances  

Electrolyzer  

Table C-2: General data and material balances for a 1 MW Proton Exchange Membrane Electrolyzer according to Bareiß et al. 
(2019) for the status quo and the year 2030. 

Stack Status Quo 2030 Unit 

Titanium 528 37 Kg 

Aluminium 27 54 Kg 

Stainless steel 100 40 Kg 

Copper 4.5 9 Kg 

Nafion 16 2 Kg 

Activated carbon 9 4.5 Kg 

Iridium 0.75 0.037 Kg 

Platinum 0.075 0.01 Kg 

Balance of Plant   

Low alloyed steel 4800 4800 Kg 

High alloyed steel 1900 1900 Kg 

Aluminium 100 100 Kg 

Copper 100 100 Kg 

Plastic 300 300 Kg 

Electronic material passiv 1000 1000 Kg 

Electronic material activ 100 100 kg 

Absorbent 100 100 Kg 

Lubricant 100 100 Kg 

Concrete 5600 5600 Kg 

Land use  30 30 m2 

Other Parameters   

Lifetime [FLH] 60,000 90,000 Full Load Hours 

Water Input  9 9 kg/kgH2 
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Liquefication Plant  

Table C-3: General data and material balances for the assumed H2 liquefication plant based on Wulf et al. (2018). A linear 
scale up was assumed to achieve the amounts of H2 required in this study.  

Plant Data Data Unit 

Capacity 50 t LH2 per day 

Materials 
 

 

Steel, low alloyed 380 t 

Stainless steel 595 t 

Copper 150 t 

Aluminum 140  

Concrete 19029 m³ 

Land Occupation 46620 m² 

Water 15 Liter/kgH2 

 

Hydrogenation and Dehydrogenation Plants  

Table C-4: Material balance for the hydrogenation and the dehydrogenation plants according to Wulf et al. (2018). 

Data Data Unit 

Catalyst – Aluminum 32 mg/kgH2 

Catalyst – Platinum 161 µg/kgH2 

Chemical Factory 320 mg/kgH2 

Hydrogen Carrier (DBT) 166 mg/kgH2 

 

High pressure tank for tube trailers 

Table C-5: Material balance for a high pressure storage tank used  for H2 tube trailers Wulf et al. (2018). A lifetime of 30 years 
was assumed for the tank. 

Material Data Unit 

Carbon fiber 7.1 kg/kgH2 Storage Capacity 

Electricity 4.5 kWh/kgH2 Storage Capacity 

Epoxy resin 3.1 kg/kgH2 Storage Capacity 

Rolled aluminum sheets 0.6 kg/kgH2 Storage Capacity 

Rolled chromium steel 
sheets 

0.9 kg/kgH2 Storage Capacity 

Rolled steel sheets 0.9 kg/kgH2 Storage Capacity 

Item per kg H2 transported 0.000186 
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C-1.3 Electricity Grid Mixes 

Table C-6: Composition of the assumed grid mixes for electricity in 2020 and 2030. For France, only data for 2028 and not 
2030 was available. 

  France Germany Spain 

Provider 2020 2028 2020 2030 2020 2030 

Hydro 11.2% 9.8% 4.1% 5.5% 12.2% 11.8% 

Pumped storage 0.0% 0.0% 0.0% 0.0% 1.1% 0.0% 

Nuclear 70.6% 58.9% 12.8% 0.0% 22.2% 7.3% 

Coal 0.0% 0.0% 7.4% 5.9% 2.0% 0.0% 

Fuel + Gas 0.0% 0.0% 17.2% 6.7% 1.0% 1.5% 

Bioenergy 1.8% 1.6% 9.0% 6.0% 0.0% 3.3% 

Gas turbine 7.8% 5.1% 12.0% 26.6% 0.2% 0.0% 

Steam turbine 0.0% 0.0% 0.1% 0.2% 0.6% 0.0% 

Combined cycle 0.0% 0.0% 0.0% 0.0% 17.5% 9.6% 

Wind 6.3%  -- 27.6% -- 21.8% 35.0% 

Onshore 0.0% 12.9% --  26.1% --  --  

Offshore 0.0% 3.3% -- 9.8% -- -- 

Solar photovoltaic 2.3% 8.4% 9.3% 13.2% 6.1% 20.6% 

Thermal solar 0.0% 0.0% 0.0% 0.0% 1.8% 6.8% 

Other renewables 0.0% 0.0% 0.6% 0.0% 1.8% 0.0% 

Cogeneration 0.0% 0.0% 0.0% 0.0% 10.8% 4.2% 

Non-renewable 
waste 

0.0% 0.0% 0.0% 0.0% 0.8% 0.0% 

Renewable waste 0.0% 0.0% 0.0% 0.0% 0.3% 0.0% 

Sources RTE (2022) European 
Commission 

(2020a) 

Fraunhofer 
ISE (2022) 

BMU 
(2016) 

RED (2022) European 
Commission 

(2020b) 
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C-2 Economic Parameters 

Table C-7: Description of cost Parameters. If available, value ranges were considered for the status quo (2020) and the future scenario. (Capex = Capital Expenditures, Opex = operational expenditures, 
PV = Photovoltaic, FLH = Full load hours, PS = Point Source, DAC = Direct Air Capture, RSWO = Reverse Seawater Osmosis, WACC = Weighted Average Costs of Capital, PEM = Proton Exchange 
Membrane). 

Process Parameter Unit 2020 Sources 2030 Sources 

Min Mean Max Min Mean Max 

Renewable Electricity 

Provision 

Electricity Costs 

- Australia 

€/kWh 0,052 0,057 0,063 IRENA (2019a, 

2019b, 2020) 

0,038 0,042 0,046 IRENA (2019a, 2019b, 

2020) 

Electricity Costs 

- Germany 

0,07 0,095 0,12 Fraunhofer ISE 

(2021) 

0,065 0,085 0,115 Fraunhofer ISE (2021) 

Electricity Costs 

– Morocco 

0,046 0,06 0,073 Merten et al. (2020) 0,031 0,05 0,068 Merten et al. (2020) 

Grid Mix Electricity Costs 

– France 

€/kWh 0,084 Eurostat (2022) 0,138 Energy Brainpool (2019) 

Electricity Costs 

– Germany 

0,085 0,136 

Electricity Costs 

- Spain 

0,079 0,128 

Capital Costs Australia % 6,39 Steffen (2020) 

France % 5,59 

Germany % 6,59 

Morocco % 10,3 

Spain % 9,89 

PEM 

Electrolyzer 

Capex €/kW 656 912 1,620 Frontier 

Economics 

(2018), IEA 

(2019); Merten 

et al. (2020) 

442 703 1,100 (Frontier Economics 

2018, IEA 2019, Merten 

et al. 2020) 

Opex % of Capex 2 Merten et al. (2020) 
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Lifetime FLH 60,000 (Bareiß et al. 

2019) 

90,000 (Bareiß et al. 2019) 

Pipeline 

(Long-Distance) 

Capex €/m 2,661 (Value adjusted with an inflation of 1 % per year) (Krieg 2012) 

Opex % of Capex 5 (Cerniauskas et al. 2020) 

Lifetime a 40 (Reuß et al. 2017) 

Cavern Storage Capex €/kg Storage 

Capacity per year 

23,32 (Stolzenburg and 

Mubbala 2013) 

Opex % of Capex 2 (Reuß et al. 2017) 

Lifetime a 40 (Stolzenburg and 

Mubbala 2013) 

LOHC Storage Tank Capex € 2,511,750 (Reuß et al. 2017) 

Opex % of Capex 2 

Lifetime a 20 

Liquification Plant Capex Million € 76 127 169 Chemical 

Engineering 

(2021), Reuß et 

al. (2017); Vos 

et al. (2020) 

76 127 169 Chemical Engineering 

(2021), Reuß et al. 

(2017), Vos et al. (2020) 

Opex % of Capex 2.5 Stolzenburg and Mubbala 

(2013) 

Lifetime a 20 Stolzenburg and Mubbala 

(2013) 

Ship Transport (LH2) Specific Costs €/(km*kg) 3.14E-05 Heuser et al. (2019) 

Liquification Plant Capex €/kWH2 3.95 Reuß et al. (2017) 

Opex % of Capex 3 

Lifetime a 10 

Truck 

(For Tube Trailer) 

Capex € 160,000 Reuß et al. 

(2017) 

Not necessary  

Opex % of Capex 12  

Lifetime a 8  

Opex Diesel €/a 113,036 Own Calculation  
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Tube Trailer Capex € 550,000  Not necessary  

Opex % of Capex 2   

Lifetime a 12   

Pipeline 

Short Distance 

Grid fee €/kgH2 

transported 

Not necessary  0,43 (UBA 2019b) 

Dibenzyl toluene 

(H2 Carrier 

Production 

Costs 

€/kg 4 (Hurskainen 2018) 

Hydrogenation Plant Capex Million € 2.2 8.7 15.3 Chemical 

Engineering 

(2021), Reuß et 

al. (2017), Wulf 

and Zapp (2018) 

2.2 8.7 15.3 Chemical Engineering 

(2021), Reuß et al. 

(2017), Wulf and Zapp 

(2018) 

Opex % of Capex 4 4 

Lifetime a 20  

Ship Transport (LOHC) Transport Costs €/(km*kg) 1.2E-05 2.4E-05 3.6E-05 Saadi et al. 

(2018) 

1.2E-05 2.4E-05 3.6E-05 Saadi et al. (2018) 

Dehydrogenation Plant Capex Million € 5.4 6.6 7.8 Hurskainen 

(2018), Reuß et 

al. (2017); Wulf 

and Zapp (2018) 

5.4 6.6 7.8 Hurskainen (2018), Reuß 

et al. (2017), Wulf and 

Zapp (2018) 

Opex % of Capex 4 4 

Lifetime a 20 20 

Truck Transport 

(Oil Truck) 

Transport Costs €/kgH2 0.29 Own Calculation 
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C-3 Results Monte Carlo Analysis 

The box plots in Figure C-1 show the results of the Monte Carlo Analysis for the water (A) and 

land footprint (B) for every production pathway. Table 8 shows the statistical parameters of 

the distributions. For the water footprint, the result distributions show a range of multiple 

magnitudes. This is mainly caused by the combination of the underlying uncertainty 

distributions of the background data and the characterization factors. Their multiplication 

leads to an increased uncertainty range. Due to the lognormal character of most of the 

uncertainty distributions of the background systems the mean and median values of the 

uncertainty distribution are higher than the calculated point values. 

 
Table C-8: Statistical parameters of the results distributions for the different footprints. (LH2 = Liquefied Hydrogen, LOHC = 
Liquefied Hydrogen Carriers, wh = waste heat source available). 

 

Mean Std. Dev. Median Min Max Mean Std. Dev. Median Min Max

Offshore -0.73 0.05 -0.73 -0.86 -0.57 1.01 0.06 1.00 0.85 1.41

Pipeline -0.50 0.05 -0.50 -0.71 -0.36 1.39 0.05 1.39 1.09 1.68

LH2 0.10 0.10 0.08 -0.15 0.61 1.94 0.09 1.94 1.37 2.56

LOHC 0.28 0.12 0.26 0.04 1.03 2.69 0.14 2.68 2.39 4.19

LOHCwh -0.07 0.10 -0.08 -0.55 0.61 1.97 0.09 1.96 1.52 2.86

Mean Std. Dev. Median Min Max Mean Std. Dev. Median Min Max

Offshore 0.10 0.10 0.10 0.001 0.61 0.003 0.0004 0.003 0.002 0.01

Pipeline 0.31 0.18 0.30 0.001 0.69 0.005 0.0005 0.005 0.003 0.01

LH2 0.38 0.22 0.39 0.001 0.95 0.008 0.0011 0.008 0.005 0.02

LOHC 0.55 0.33 0.54 0.005 1.47 0.011 0.0015 0.010 0.003 0.02

LOHCwh 0.41 0.24 0.40 0.002 0.95 0.008 0.0012 0.008 0.005 0.02

Water Footprint [m³/kg Methanol] Land Footprint [m²a/kg Methanol]

Carbon Footprint [kg CO₂eq./kg Methanol] Material Footprint [kg Material-eq./kg Methanol]

Figure C-1: Box Plots showing the results distribution of the Monte Carlos for the Water (A) and Land (B) Footprints. (GWI = 
Global Warming Impact, RMI = Raw Material Input, LH2 = Liquefied Hydrogen, LOHC = Liquefied Hydrogen Carriers, wh = 
waste heat source available). 

A) B) 
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C-4 Results Sensitivity Analysis 

 

Figure C-2: Results of the sensitivity analysis for the production costs for the offshore (A), pipeline (B), and LH2 (C) pathway. 
(LH2 = Liquefied Hydrogen, Offshore = Electricity supplied from offshore wind park; AUS = Australia, DE = Germany, MA = 
Morocco). 
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C-5 Results CO2-Avoidance Costs in 2030 

 

Figure C-4: CO2-Avoidance costs for CO2-based MeOH production in Germany for the year 2030, depending on the production 
costs and the climate footprint of the used H2. (GWI = Global Warming Impact, IE = Increase in Emissions). 
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Figure C-3: Results of the sensitivity analysis for the production costs for both LOHC production pathways. (LOHC = Liquefied 
Hydrogen Carriers; wh = waste heat available; AUS = Australia). 
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Appendix D – Fourth Publication 

D-1 Data Envelopment Analysis Model 

For the data envelopment analysis (DEA) the input-oriented CCR model described by 

Charnes et al. (1978) was modified to identify the most efficient decision making units (DMU) 

i, i.e., the value chain alternatives under the 35 available options. Thereby, virtual weights (𝑣𝑗 , 

𝑢𝑙) for each input (production costs, cumulative energy demand, CO2-emissions, and fossil 

carbon use) and output (product revenue) are introduced as additional variables. The DMUs 

virtual efficiency 𝜃𝑖  between output and input is then maximized by minimizing the input and 

leaving the output constant. For each DMU i, an optimal set of weights (𝑣𝑗*, 𝑢𝑙*) is determined 

and the efficiencies 𝜃𝑖  are calculated for every DMU using this set of weights. When 𝜃𝑖  is < 1 

for DMU i using the respective optimal set of weights, this indicates that there is at least one 

other DMU which can produce the same amount of output with proportional less inputs. If 

𝜃𝑖  = 1, the DMU can be considered as efficient compared to the other DMUs and thereby lies 

on the efficiency frontier.  

max𝜃𝑖 = 
∑ 𝑦𝑖𝑙∗𝑢𝑙
𝑚
𝑙=1

∑ 𝑥𝑖𝑗∗𝑣𝑗
𝑛
𝑗=1

         (D.1) 

subject to:  

∑ 𝑦𝑖𝑙∗𝑢𝑙
𝑚
𝑙=1

∑ 𝑥𝑖𝑗∗𝑣𝑗
𝑛
𝑗=1

  ≤ 1; for all i = 1, …, k      (D.2) 

𝑣𝑗 , 𝑢𝑙  ≥ 0; j = 1, …, n; l = 1, … m       (D.3) 

 

𝜃𝑖: Efficiency value for DMU i 

i: Decision Making Unit; 1, …, 35 

𝑥𝑖𝑗: Inputs for DMU i; j = 1, …, 4 

𝑦𝑖𝑙: Outputs for DMU i; l = 1 

𝑣𝑗: Weight for input j 

𝑢𝑙: Weight for output l 
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D-2 Circular Economy Business Modell 

D-2.1 Methods  

A circular economy is defined as a regenerative system in which resource input and waste, 

emission, and energy leakage are minimized by slowing, closing, and narrowing the material 

and energy loops (Geissdoerfer et al. 2017). The question if and how a business model 

contributes to the circular economy mainly depends on the use and the flow of materials 

(Helander et al. 2019). Based on extensive literature review, Lüdeke-Freund et al. (2019) 

developed a typology to identify circular economy business model (CEBM) patterns and 

analyzed how value is created within the different patterns. Thus, the value chain of consumer 

products using CO2-based polymers will be compared to the proposed patterns to identify its 

suitability to serve as a CEBM and thus contribute to a more circular economy. Since the 

analysis in this article focuses on value chains located in Germany, it will be analyzed how such 

a value chain would be classified within actual regulation frameworks which aim at a more 

circular material use within the European Union (European waste directive (EC 2008)) and 

Germany (Circular Economy Law (German Bundestag 2021)). 
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D-2.2: Characterization of CO2-based value chains as Circular Economy Business Modell 

 

According to Lüdeke-Freund et al. (2019), the fossil- and CO2-based value chains considered in this article are characterized as a business model 

with the dimensions of Value Proposition, Value Delivery, Value Creation and Value Capture (Tables D-1 and D-2). In case of a CO2-based value chain, 

certain production steps to provide feedstock (Oil Producer and Refinery) are substituted by the CO2-emitter and energy producer. The carbon 

which is used as material in new production processes stems from a production process of other products (e.g., capturing from a cement or biogas 

plant), the end-of-life process of products (waste incineration) or from historic emissions (Direct Air Capture). In the first two cases, the carbon is 

kept within the Technosphere while the carbon loop is closed in the last case. Therefore, the analyzed CO2-based value chains aim at recycling 

material carbon and can be considered as a recycling business model. The value which is proposed additionally to the mere product can be described 

as reduced environmental impacts due to the provision of secondary carbon and reduced system-wide CO2-emissions. The creation of the additional 

value takes place in the first three production steps via the use of CO2 as carbon source for chemicals which can be used as drop-in for further 

production processes. To capture the additional value, two ways exists. First via price premiums on the market at the end of the value chain. Second, 

with the inclusion of additional stakeholders, i.e., regulation authorities, in order to recognize the provided services, in input quotas or emission 

pricing schemes. The latter would enable the organization which creates the value to also capture the value or a part of it.  
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Table D-1: Characterization of a fossil-based value chain for polymer products as business model. 

Business Model Dimensions 
Oil Producer Refinery Chemical Producer Polymer Producer Product 

Manufacturer 

Value Proposition 

The Benefits offered 

to customers. 

Products 

 

Primary  

carbon 

Processed feedstock Base chemicals Polymers Products 

Services 

 

     

Value 

Delivery 

The way how 

propositions are 

delivered to 

customers. 

Target Customers Chemical Producer Chemical Producer Polymer Producer Product 

Manufacturer 

End Customer 

Value delivery 

process 

Distributing of 

produced Oil 

Distribution of 

processed Feedstock 

Distribution of base 

chemicals 

Distribution of 

Polymers 

Distribution of 

Products 

Value 

Creation 

The actors and 

activities involved in 

value-creating 

processes. 

Partners and  

Stakeholders 

Downstream value 

chain 

Up- and Downstream 

value chain 

Up- and Downstream 

value chain 

Up- and Downstream 

value chain 

Upstream value 

chain, customers 

Value creation 

process 

Crude oil Production Processing of crude 

oil 

Production of 

Chemicals 

Polymer Production Product 

Manufacturing 

Value 

Capture 

How the created 

value is captured, i.e., 

how, and where the 

money is spent and 

earned. 

Revenues Product sales Product sales  Product sales Product sales Product sales 

Costs Production costs Production costs Production costs Production costs  Production costs 
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Table D-2: Characterization of a CO2-based value chain for polymer products as business model, with a focus on the additional value and costs in the Value Capture dimension.  

Business Model Dimensions 
CO2-Emitter Energy 

Producer 

Chemical Producer Polymer Producer Product 

Manufacturer 

Value Proposition 

The Benefits offered 

to customers. 

Products 

 

Secondary Carbon Renewable electricity Base Chemicals Polymers Products 

Services 

 

Provision of 

secondary material 

 Reduction of:  

- Scope 3 emissions 

- primary material use in 

products 

  

Value 

Delivery 

The way how 

propositions are 

delivered to 

customers. 

Target Customers Chemical Producer Chemical Producer Polymer Producer Product 

Manufacturer 

End Customer 

Value delivery 

process 

Distribution CO2 Distribution 

Electricity 

Distribution of 

chemicals 

Distribution of 

Polymers 

Distribution of 

Products 

Value 

Creation 

The actors and 

activities involved in 

value-creating 

processes. 

Partners and  

Stakeholders 

Regulating 

authorities, 

subsequent value 

chain 

 Up- and Downstream 

value chain 

Up- and 

Downstream 

value chain 

Upstream value 

chain, customers 

Value creation 

process 

Capturing of CO2 Electricity Production Production of chemicals 

based on secondary 

carbon 

Polymer 

Production 

Product 

Manufacturing 

Value 

Capture 

How the created 

additional value is 

captured, i.e., how, 

and where the 

money is spent and 

earned. 

Additional Revenues Selling of CO2, 

Avoidance of 

CO2-certificates 

(potentially) 

New market for 

electricity 

Selling chemicals based 

on secondary carbon; 

Avoidance of CO2-

certificates (potentially) 

 Price Premium on the 

market 

Additional 

Costs 

Plant investment; 

Capture Costs 

 Plant investment; 

Higher production costs 

Higher material 

costs 

Higher material costs 
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D-2.3: CCU and current regulation schemes 

According to the European waste hierarchy (EC 2008) which is also used within the German circular economy law (German Bundestag 2021) the 

examined technologies contribute to the third stage of the waste hierarchy, i.e. recycling. Formally, emitted CO2 is not regarded as waste 

(Castillo Castillo and Angelis-Dimakis 2019). Nevertheless, CCU technologies turn the carbon from captured CO2 molecules into carbon containing 

materials which can be used for the same or different purposes as the carbon containing product which had become waste (or residue) before 

(Table D-3). Thus, the use of CO2 to produce polymers based on secondary carbon is not (yet) accepted to fulfill official recycling quotas on European 

or national level. Furthermore, the captured CO2 cannot be accredited in the current emission trading scheme (ETS), since not all system elements 

of the value chain are covered by the ETS (Castillo Castillo and Angelis-Dimakis 2019). Thus, it is not possible to price in the reduced CO2-emissions 

at the moment.  

  



Appendix D 

190 
 

Table D-3: Classification of a CO2-based polymer production within the European waste hierarchy (EC 2008).  

Hierarchy Level Description Relevant 

for CCU 

Explanation 

Avoidance 

Measures taken before a substance, material or product has become waste that 

reduce the quantity of waste. 

No The amount of end-of-life waste caused by a 

polymer-based product is not decreased but remains 

identical if CO2 is used as a carbon source.  

Preparing for re-

use 

Checking, cleaning, or repairing recovery operations, by which products or 

components of products that have become waste are prepared so that they can 

be re-used without any other pre-processing. 

No CO2-based polymer production requires further processes 

to be able to reuse the carbon.  

Recycling Any recovery operation by which waste materials are reprocessed into products, 

materials, or substances whether for the original or other purposes. It includes 

the reprocessing of organic material but does not include energy recovery and 

the reprocessing into materials that are to be used as fuels or for backfilling 

operations. 

Yes CO2-based polymer production enables the reuse of 

carbon as raw material for the production of chemicals 

which intend for non-energetical forms of use. 

Other recovery Any operation the principal result of which is  

waste serving a useful purpose by replacing other materials which would 

otherwise have been used to fulfil a particular function, or waste being prepared 

to fulfil that function, in the plant or in the wider economy. 

No CO2-based polymer production substitutes primary 

material while providing the identical function. 

Disposal Any operation which is not recovery even where  

the operation has as a secondary consequence the reclamation of substances or 

energy. 

No CO2-based polymer production does not aim at the final 

disposal of carbon but the circulation of carbon. 
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D-3 Parameters for the Material-flow-cost-accounting (MFCA) Model 

In this section, the process schemes (Figures D-1 to D-3) as well as detailed process and 

economic data for the production of the different products are presented. For gaseous 

products, further processing on-site was assumed due a lack of the respective infrastructure 

in Germany and potentially high transport costs of around 20 % of the CO2-capture costs 

(Psarras et al. 2017). Therefore, the yearly emission volume of the CO2-source determines the 

throughput, i.e., the scale of the value chain. For liquids, and materials a mean transport 

distance of 200 km was assumed. The necessary production of H2 is assumed as a stand-alone 

process for which the use of electricity from renewable sources is crucial to reach an overall 

favorable ecological performance for CO2-based polymer production (Hoppe et al. 2017; 

Sternberg et al. 2017a). Therefore, energy provision via wind electricity was assumed for this 

production step. The other processes need to be integrated in already existing plants, 

wherefore the energy is assumed to be provided by the grid. 

 

Figure D-1: Process chain for the production of Polyethylene (PE) or Polypropylene (PP) based products. 
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Figure D-2: Process chain for the production of Polyvinylchloride (PVC) based products. 

 

Figure D-3: Process chain for the production of Polyoxymethylene (POM) based products. 
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D-3.1 Process Data 

CO2-Capture 

The CO2 capture process was modelled for four different CO2 sources (Table D-4). The process 

data is based on recent publications for the respective processes. As yearly capture rate, the 

capturable emission volume of an average plant was considered, taking into account the 

absolute emission volume and the number of plants. Even though there are more than 

9000 biogas plants in Germany, only plants which are used for biogas upgrading and 

subsequent grid feed of the produced methane are considered. These plants have a 

significantly higher throughput than the majority of biogas plants which are usually combined 

with direct methane use in form of small power plants (DBFZ 2017). The emission volume as 

well as the runtime of biogas upgrading plants was calculated based on the mean hourly raw 

gas throughput and methane feed-in, the raw gas composition and the heating value of the 

cumulated yearly methane production of 8.94 TWh (DBFZ 2017). For Direct Air Capture plants, 

higher scales (100 ktCO2/year) and reduced energy requirements (5.9 MJ/kgCO2 captured) are 

estimated for the future. In addition, the heat could be supplied by heat pumps 

(Deutz and Bardow 2021). The capture efficiency refers to the amount of CO2 which can be 

captured, in relation to the total CO2 emissions. 
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Table D-4: Process parameter for the modelling of CO2-capture processes. 

Parameter Cement 

Plant 

Sources Waste 

Incineration 

Plant 

Sources Biogas 

Upgrading 

Plant 

Sources Direct 

Air 

Capture 

Sources 

Total Emissions 

[MtCO2/a] 

20 
DEHSt 

(2021) 

18.5 

UBA (2018) 

1.4 
DBFZ 

(2017) 

-- 

Number of plants 36 66 216 -- 

Capture Rate 

[MtCO2/a] 

0.5 Own 

calculation 

0.25 Own 

calculation 

0.007 Own 

calculation 

0,004 

Deutz 

and 

Bardow 

(2021) 

Runtime [h/a] 7884 

Chauvy et 

al. (2021), 

Meunier et 

al. (2020) 

7300 

Karpf and 

Bergins 

(2016), 

Stöckmann 

and Bertau 

(2020) 

8160 DBFZ 

(2017) 

-- 

CO2-Concentration 

in Raw Gas  

20 % 9.8 40 % 
Chen et al. 

(2015) 

0.04 % 

Capture Efficiency 90 % 90 % 97 % -- 

Sorbent 

Requirement 

[kg/tCO2] 

2 1.8 No Value  7.5 

Heat Requirement 

[GJ/tCO2] 

2.9  3.8 0.43 

Urban et 

al. (2009) 

11.9 

Electricity 

Requirement 

[GJ/tCO2] 

0.36 0.5 0.11 2.52 

Lifetime [a] 20 20 20 20 

Comments Heat integration 

between MeOH 

production and CO2 

capture.  

Emissions from biogenic 

and fossil sources were 

considered. 
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H2-Production 

As technology for hydrogen production, a Proton Exchange Membrane Electrolyzer (PEM) was 

assumed (Table D-5). Compared to other electrolyzer technologies, it offers shorter start-up 

times in combination with a higher elasticity (Merten et al. 2020). Thus, it is more suitable to 

operate in combination with renewable electricity. Since the hydrogen is produced using wind 

electricity, a yearly runtime of 3000 full load hours (FLH) was assumed, which depicts the full 

load hours of an onshore wind plant in Germany. The overall lifetime in years is calculated 

based on the yearly runtime and the stack lifetime. The output pressure for the produced H2 

amounts to 30 bar (NOW GmbH 2018).  

Table D-5: Process parameter for the modelling of H2-production processes (FLH = Full Load Hours).  

Parameter PEM Electrolyzer Sources 

System Efficiency 67 % 

Merten et al. (2020), 

NOW GmbH (2018) 

Runtime [FLH] 3000 

Stack Lifetime [h] 60,000 

Water Requirement [t/tH2] 9 

 

MeOH Synthesis 

The CO2-based MeOH production was modelled based on recent publications (Table D-6). To 

reach the necessary input pressure for CO2 and H2 of 80 bar, multiple compressing stages are 

necessary. Additional heat supply is not required due to the exothermic reaction inside the 

reactor. The required heat to preheat the gas inputs to 250°C is provided by heat integration 

between educt and product streams (Meunier et al. 2020).  For the fossil-based MeOH 

production, inputs of 0.515 kg CH4/kg MeOH and 6.2 MJthermal/kg MeOH were assumed 

(Otto 2015). 

Table D-6: Process parameter for CO2-based MeOH synthesis. 

Parameter PEM Electrolyzer Sources 

CO2-Input [kg/kgMeOH] 1.47 Meunier et al. (2020) 

Process Emissions [tCO2/tMeOH] 0.097 Meunier et al. (2020) 

H2-Input [kg/kgMeOH] 0.198 Meunier et al. (2020), 

Sternberg et al. (2017a) 

Electricity Requirement [GJ/tMeOH] 1.01 Otto (2015) 

Lifetime [a] 20 Otto (2015) 
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Monomer Synthesis 

Synthesis processes are modelled for CO2-based (Table D-7) and fossil-based (Table D-8) 

production of Ethylene, Propylene, Vinyl chloride and Formaldehyde. For the last two, only 

the feedstock provider is changed from fossil-based to CO2-based, while the process 

parameters do not change. As production process for olefines, a MeOH-to-Olefines (MTO) 

process was modelled with an ethylene to propylene ration of 1:1. It was assumed, that other 

by-products of the MTO reaction are combusted directly to provide process heat.  

Table D-7: Process parameter for CO2-based monomer synthesis. 

Parameter Ethylene Sources Propylene Sources Vinyl 

chloride 

Sources Formaldehyde Sources 

Feedstock MeOH 

Tian et 

al. 

(2015), 

Xiang et 

al. 

(2014) 

MeOH Jasper 

and El-

Halwagi 

(2015), 

Kim et 

al. 

(2021), 

Tian et 

al. 

(2015) 

Ethylene 

(CO2-based) 

Plastics 

Europe 

(2016b) 

MeOH (CO2-

based) 

Ecoinvent 

(2018), 

Millar and 

Collins 

(2017) 

Feedstock 

input [t/tProduct] 

2.57 2.57 0.5 1.15 

Carbon 

Conversion 

Efficiency 

89 % 89 % 90 % 

(assumed) 

87 % 

Direct CO2 

Emissions 

0.38 0.38 0.18 0.21 

Electricity 

Requirement 

[GJ/tProduct] 

1.66 1.66 1.21 0.47 

Heat 

Requirement 

[GJ/tProduct] 

5.58 5.58 2.91 Self-supply 

Auxiliary 

Feedstock 

[t/tProduct] 

0 0 0.567 0 

Lifetime 20 20 20 20 
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Table D-8: Process parameter for fossil-based monomer synthesis. 

Parameter Ethylene and 

Propylene 

Sources Vinyl chloride Sources Formaldehyde Sources 

Feedstock Naphtha 

Yang and 

You (2017) 

Ethylene (fossil-

based) 

Plastics 

Europe 

(2016b) 

MeOH (fossil-

based) 

Ecoinvent 

(2018), Millar 

and Collins 

(2017) 

Feedstock input 

[t/tProduct] 

1.14 0.5 1.15 

Carbon 

Conversion 

Efficiency 

88 % 90 % (assumed) 87 % 

Direct CO2 

Emissions 

0.52 0.18 0.21 

Electricity 

Requirement 

[GJ/tProduct] 

0.29 1.21 0.47 

Heat 

Requirement 

[GJ/tProduct] 

10.3 2.91 Self-supply 

Auxiliary 

Feedstock 

[t/tProduct] 

0 0.567 0 

Polymer Synthesis 

The production processes of CO2-based and fossil-based polymers only differ with respect to 

the feedstock-supply (Table D-9). It is assumed, that CO2-based monomers are used as drop-

in feedstock without changing the general process parameters. 

Table D-9: Process Parameter for Polymer Production (LDPE = Low Density Polyethylene, HDPE = High Density Polyethylene, 
PP-H = Polypropylene Homopolymer, S-PVC = Suspension Polyvinylchloride, POM = Polyoxymethylene). 

Parameter LDPE Sources HDPE Sources PP 

Homo 

Sources S-PVC Sources POM Sources 

Feedstock Ethylene 

Keim 

(2006), 

Plastics 

Europe 

(2016c) 

Ethylene 

Keim 

(2006), 

Plastics 

Europe 

(2016c) 

Propyle

ne 

Keim 

(2006), 

Plastics 

Europe 

(2016a) 

Vinyl 

chloride 

Plastics 

Europe 

(2016b) 

Formal

dehyde 

Plastics 

Europe 

(2014) 

Feedstock 

input [t/tProduct] 

1.02 1.02 1.02 1.1 1.33 

Electricity 

Requirement 

[GJ/tProduct] 

3.4 1.56 1.27 0.86 12.5 

Heat 

Requirement 

[GJ/tProduct] 

0 1.32 0.84 2.27 5 
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Product Manufacturing 

To model the manufacturing process an injection molding process with an effective internal 

material recycling was considered (Table D-10). The required electricity demand was 

calculated for every polymer type according to Iwko et al. (2018).  

Table D-10: Electricity requirements for the injection molding process. 

Parameter Electricity Requirement [GJ/tProduct] 

HDPE 2.9 

LDPE 2.7 

PP-H 3.4 

S-PVC 2.9 

POM 2.2 

 

End-of-Life 

As end-of-life phase, the incineration of the polymer-based products was assumed since it is 

the most widespread form in Germany and Europe (Table D-11). With this form of waste 

management, a polymer will eventually be incinerated, independent from the amount of life 

cycles. The CO2-emissions and the energy credit are calculated based on the type and content 

of the polymer in the product. For the former, the carbon content is the calculation basis and 

for the latter the enthalpy.  

Table D-11: End of Life CO2 emissions and energy credit for the different case examples.  

Product CO2-Emissions 

[kgCO2/Product] 

Energy Credit [MJ/Product] 

Bottle for Hand Disinfection 0.04 0.53 

Bubble Warp 5.1 75.3 

Permanent marker with polymer 

lid 

0.01 0.15 

Medical Syringe 0.02 0.29 

Cable sheeting 2.17 41.6 

Pipe 0.78 14.9 

Cogwheel 0.02 0.33 
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Background Parameter 

To calculate the value chain-wide CO2-emissions and the cumulative energy demand (CED), 

specific characterization factors were taken from the literature and multiplied with the 

respective feedstock and energy input flows (Table D-12). Due to the system boundaries of 

the value chain, only direct CO2-emissions are considered for the electricity and heat supply. 

For the carbon feedstock supply, all related greenhouse gas emissions are considered to better 

calculate the related effect of CO2-based production on the scope 3 emissions of the system 

elements.  

Table D-12: Characterization factors to calculate the global warming impact (GWI) and cumulative energy demand (CED). 

Flow Emissions 

[kgCO2eq/MJ] 

Source CED 

[MJ/MJ] 

Source 

Electricity (Grid) 0.1 UBA (2021b) 2.3 Ecoinvent (2018) 

Electricity (Wind) 0 UBA (2021a) 1  

Heat (Grid) 0.06 BAFA (2020) 1.3 Ecoinvent (2018) 

Natural Gas Supply 0.006 DBI (2020) 1.07 Ecoinvent (2018) 

Naphtha Supply 0.008 Ecoinvent (2018) 1.23 Ecoinvent (2018) 

Transport [t*km] 0.0001 UBA (2019a) 0.28 UBA (2019a) 
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D-3.2 Economic Data 

General aspects and background data 

The calculation of production costs for the different production steps is based on process 

specific cost data (see following chapter) as well as background data with is used for all 

processes (Table D-13). The production costs for the fossil-based alternatives were calculated 

using net market prices (Table D-14). In addition, an assumed margin of 10 % was subtracted 

out.  

Table D-13: Cost data for background processes. The provision costs for energy include grid fees (WACC = Weighted average 
costs of capital).  

Parameter 2020 Sources 

Electricity Costs (Industrial Consumer) 

(Grid Mix) [€/MJ] 
0.04 

Bundesnetzagentur (2021) 

Electricity Costs (Wind Electricity) 

[€/MJ] 
0.023 

Fraunhofer ISE (2021) 

Heat Costs [€/MJ] 

0.01 

Own calculation based on the five-year 

price average for natural gas according to 

Destatis (2021a) and an energy efficiency of 

60 %. 

CO2-Certificates [€/tCO2] 50 Ember (2021) 

WACC 5 % Hank et al. (2020) 

 

Table D-14: Ten-year average of net prices for fossil feedstock, monomers, and polymers (HDPE = High Density Polyethylene, 
LDPE = Low Density Polyethylene, H-PP = Homogeneous Polypropylene, S-PVC = Suspension Polyvinylchloride and 
POM = Polyoxymethylene). 

Parameter 2020 Sources 

MeOH [€/t] 336 Methanex (2020) 

Ethylene [€/t] 1057 

Multiple online-databases for historical 

monomer- and polymer prices in Germany. 

Propylene [€/t] 942 

LDPE 1,428 

HDPE 1,449 

H-PP 1,404 

S-PVC 1,018 

POM 2,878 
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Formulars to calculate Cost Indicators 

The following formulars describe the calculation of the production costs (PCo) for CO2, H2, 

MeOH and Olefine as well as for the hybrid assessment indicators Avoidance Costs (AC) and 

Carbon Circulation Costs (CC). 

Production Costs (PCo) 

𝑃𝐶𝑜𝑖 = 
∑

𝐶𝑎𝑝𝑒𝑥𝑡+ 𝑂𝑝𝑒𝑥𝑡 

(1+𝑟𝑖)
𝑡

𝑛
𝑡=1

∑
𝑃𝑡

(1+𝑟𝑖)
𝑡

𝑛
𝑡=1

 [€/ton]      (D.4) 

𝑡: Time Period 

𝑖: Produced Product or intermediate 

Capex𝑡: Capital Expenditures (Investment Costs) 

Opex𝑡: Operation Expenditures (Maintenance, Fuel and Personnel Costs) 

𝑃𝑡: Yearly production volume 

𝑟: weighted average costs of capital 

 

Avoidance Costs (AC) 

𝐴𝐶𝑖 = 
𝑃𝐶𝑜i− 𝑀𝑃𝑓𝑜𝑠𝑠𝑖𝑙  

𝐸𝐶i−𝐸𝑓𝑖 
 [

€

𝑡𝑜𝑛𝐶𝑂2 𝑎𝑣𝑜𝑖𝑑𝑒𝑑 
]       (D.5) 

𝑖: Produced Product  

PCo𝑖: Levelized Costs of P𝑖 

𝐸𝐶i: System-wide CO2-emissions of product i for the for the CO2-based alternative 

𝐸𝑓i: System-wide CO2-emissions of product i for the for the fossil-based alternative 

MP𝑓𝑜𝑠𝑠𝑖𝑙 : Net market price for fossil-based product in the status quo 

 

Carbon Circulation Costs (CC) 

𝐶𝐶𝑖 = 
𝐿𝐶𝑂𝑃i− 𝑀𝑃𝑓𝑜𝑠𝑠𝑖𝑙  

𝑆𝐶i
 [

€

𝑡Carbon Circulated 
]       (D.6) 

𝑖: Produced Product  

PCo𝑖: Levelized Costs of Production of P𝑖 

𝑆𝐶i: Sum of secondary carbon provided by CO2-utilization 

MP𝑓𝑜𝑠𝑠𝑖𝑙 : Net market price for fossil-based product in the status quo 

  



Appendix D 

202 
 

CO2 capture 

The Capex for the different CO2-sources is calculated based on literature sources in 

combination with a scaling factor of 0.7 (Table D-15). There is no exact scaling factor available 

for this type of process, however this value depicts a sound estimation considering scaling 

factors for different chemical plants (Peters et al. 2004).  

Table D-15: Economic Parameters for CO2-capture processes. 1Prices were adjusted according to a yearly inflation rate of 
1.1 %. (C = Cement Plant; WI = Waste Incineration Plant; BU = Biogas Upgrading Plant; DAC = Direct Air Capture Plant).  

Parameter C Sources WI Sources BU Sources DAC Sources 

Capture Rate 

[MtCO2/a] 

0.5 Own 

calculation 

0.25 Own calculation 0.007 Own 

calculation 

0,004 Own 

calculation 

Capex [M€] 94 

Chauvy et 

al. (2021) 

84 Karpf and Bergins 

(2016), 

Stöckmann and 

Bertau 2020) 

2 
Urban et 

al. (2009)1 

 

3 

Fasihi et 

al. (2019) 

Opex fix 

[% of Capex] 

7 % 2 % 5 % 4 % 

Opex variable 

[M€/a] 

8.4 

Own 

Calculation 

8.5 

Own Calculation 

0.2 

Own 

Calculation 

1  

Own 

calculation 

Opex 

(energy) 

[M€/a] 

7.6 8.1 0.06 1 

Opex 

(Sorbent) 

[M€/a] 

0.8 0.5 Included 

in Opex 

fix 

0.03 

Capture Costs  

[€/tCO2] 
49 67 46 344 
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H2 Production 

The selected PEM electrolyzer is a modular technology (Bareiß et al. 2019), wherefore a 

scaling factor of 1 was assumed and the H2 production costs do not differ between the 

different value chain set-ups. Table D-16 shows the values for a plant with a capacity of 

1 Megawatt based on the assumed technical parameters (Table D-5). The operation hours of 

H2-production are significantly lower than for the CO2 capture, wherefore an overproduction 

of H2 during the availability of renewable electricity is assumed in combination with the 

storage of H2. The storage costs are calculate based on the relation between full load hours of 

the electrolyzer and a maximum runtime of the CO2 sources of 8158 h (biogas upgrading 

plant). It is assumed that the share of H2-production which cannot be consumed directly is 

stored without further differentiation of storage time with a cost factor for underground H2 

storage of 0.21 €/kgH2 (DIHK 2020). Due to the low impact of storage costs on the total 

production costs, no differentiation between the different runtimes of the CO2 sources was 

considered. Instead, the highest possible storage costs were assumed. As costs for fresh water, 

2 €/m³ were assumed based on the average costs in Germany (Destatis 2021b).  

Table D-16: Economic Parameters for the H2 production process. 

Parameter PEM Electrolyzer Sources 

Production Volume [tH2/a] 77 

Merten et al. (2020), 

NOW GmbH (2018) 

Capex [M€] 1.4 

Opex variable [M€/a] 0.44 

Opex (electricity) 

[M€/a] 

0.37 

Opex Storage [M€/a] 0.009 DIHK (2020) 

Opex Water [M€/a] 0.001 Destatis (2021b) 

H2 Production Costs 7.1  
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MeOH Synthesis 

The capex for the MeOH production plant differs significantly between the different value 

chain set-up (Table D-17). A scaling factor of 0.6 (Peters et al. 2004) and a cost index for 

chemical plants (Chemical Engineering 2021) were used to modify the values from Otto (2015) 

to calculate the plant costs for the different value chains.  

Table D-17: Economic Parameters for CO2-based MeOH Synthesis, depending on the used CO2-source (C = Cement Plant; WI = 
Waste Incineration Plant; BU = Biogas Upgrading Plant; DAC = Direct Air Capture Plant). 

Parameter C WI BU DAC Sources 

Production Volume 

[ktMeOH/a] 

340 171 4.5 2.7 Own calculation 

Scaling Factor 0.6 Peters et al. (2004) 

Capex [M€] 160 106 12 9 Otto (2015) 

Chemical 

Engineering (2021) 

Opex fix 

[% of Capex] 
5 % 

Geres et al. (2019) 

Opex variable [M€/a] 522 267 6.9 5.3 Own Calculation 

Opex (H2) 

[M€/a] 

480 242 6.3 3.8 

Own Calculation 

Opex (CO2) 

[M€/a] 

24.4 16.9 0.3 1.4 

Opex 

(Electricity) 

[M€/a] 

14.8 7.4 0.2 0.1 

Opex 

(Transport) 

[M€/a] 

2.2 1.1 0.03 0.02 

Production Costs 

[€/tMeOH] 
1,597 1,643 1,879 2,393 Own Calculation 
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Monomer Synthesis 

The plant costs for the MTO synthesis were derived from Xiang et al. (2014) and adjusted 

according to the Chemical Engineering Plant Cost Index (Chemical Engineering 2021) 

(Table D-18). No cost data was available for the plant costs for vinyl chloride and 

formaldehyde. Because the production process does not differ between fossil-based and 

CO2-based for those two chemicals, the cost for the production process of were calculated by 

comparing the net market prices of the respective fossil-based feedstock and products. The 

difference is considered as costs for the value creation process (Vinyl Chloride: 278 €/t; 

Formaldehyde: 159 €/t) and added to the respective costs for the required CO2-based 

feedstock (Table D-19).  

Table D-18: Cost Parameter for the production of CO2-based ethylene and propylene (C = Cement Plant; WI = Waste 
Incineration Plant; BU = Biogas Upgrading Plant; DAC = Direct Air Capture Plant). 

Parameter C WI BU DAC Sources 

Production Volume  

[ktC2H4 or C3H6/a] 
132 67 1.7 1.1 

Own calculation 

Scaling Factor 0.83 Peters et al. (2004) 

Capex [M€] 

84 47 2.3 1.5 

Chemical 

Engineering (2021), 

Xiang et al. (2014) 

Opex fix 

[% of Capex] 
3 % Kim et al. (2021) 

Opex variable [M€/a] 561 209 8.7 6.7 Own Calculation 

Opex (MeOH) 

[M€/a] 
543 281 8.4 6.5 

Own Calculation 
Opex (Energy) 

[M€/a] 
18 9.1 0.2 0.1 

Production Costs 

[€/tC2H4 or C3H6] 
4,106 4,228 4,871 6,142 Own Calculation 

 

Table D-19: Production costs for Vinyl Chloride and Formaldehyde. (C = Cement Plant; WI = Waste Incineration Plant; BU = 
Biogas Upgrading Plant; DAC = Direct Air Capture Plant). 

Parameter C WI BU DAC 

Vinyl Chloride  [€/t] 2,326 2,387 2,708 3,341 

Formaldehyde [€/t] 1,805 1,852 2,088 2,602 
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Polymer Production 

Due to a lack of detailed costs data, a similar approach than described for the production of 

vinyl chloride and formaldehyde was used for the polymerization process. The costs for this 

production steps were estimated by comparing the total net market prices of the polymers 

with the net market prices for the required monomers (Table D-14). Afterwards, they were 

added to the costs of the CO2-based monomers. Information about the necessary monomer 

input and process losses can be found in the process description (Table D-9). 

Table D-20: Production costs for HDPE (High Density Polyethylene), LDPE (Low Density Polyethylene), H-PP (Homogeneous 
Polypropylene), S-PVC (Suspension Polyvinylchloride) and POM (Polyoxymethylene); (C = Cement Plant; WI = Waste 
Incineration Plant; BU = Biogas Upgrading Plant; DAC = Direct Air Capture Plant).  

Polymer Cost Type C WI BU DAC 

HDPE 
Process Costs [€/t] 357 

Production Costs [€/t] 4,469 4,591 5,234 6,505 

LDPE 
Process Costs [€/t] 338 

Production Costs [€/t] 4450 4,572 5,215 6,486 

H-PP 
Process Costs [€/t] 421 

Production Costs [€/t] 4,534 4,655 5,299 6,569 

S-PVC 
Process Costs [€/t] 93 

Production Costs [€/t] 2,656 2,722 3,075 3,771 

POM 
Process Costs [€/t] 1,911 

Production Costs [€/t] 4,319 4,380 4,694 5,377 
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Polymer Products  

The price data for the polymer products stems from several different online marketplaces. 

Price ranges were calculated considering more than 10 different prices with the help of 

different producers, product characteristics and order volumes. The net market prices for 

products using CO2-based polymers were determined by calculating the plastic content of the 

product and adding the difference between CO2-based and fossil-based production costs to 

the net market price for the respective amount of polymer (Table D-21). 

Table D-21: Description of the product case examples and results for their net prices and price differences (NSP = Net selling 
price; PC CO2 = Production Costs CO2-based, PD = Price Difference, PT = Polymer Type; HDPE = High Density Polyethylene, LDPE 
= Low Density Polyethylene, H-PP = Homogeneous Polypropylene, S-PVC = Suspension Polyvinylchloride and POM = 
Polyoxymethylene); (C = Cement Plant; WI = Waste Incineration Plant; BU = Biogas Upgrading Plant; DAC = Direct Air Capture 
Plant). 

Product PT PC Source 
 Prices [€/Product] and Price Difference [%] 

    C WI BU DAC 

Bottle for 

Hand 

Disinfection 

(80 ml) 

HDPE 
0.012 

kg 

All Packaging 

(2021) 

 NSP (min)   0.47 

 
PC CO2 

(min) 
  0.51 0.51 0.52 0.53 

 PD (min)   8.2 % 8.2 % 9.8 % 13 % 

 
NSP 

(mean) 
 2.42 

 
PC CO2 

(mean) 
  2.46 2.46 2.47 2.48 

 PD (mean)   1.6 % 1.6 % 1.9 % 2.5 % 

 NSP (max)  7.84 

 
PC CO2 

(max) 
  7.88 7.88 7.88 7.90 

 PD (max)   0.49 % 0.49 % 0.58 % 0.77 % 

Bubble 

Warp 

(25 m x 1 m 

x 70 µm) 

LDPE 
1.64 

kg 

Own 

calculation 

 NSP (min)   5.90 

 
PC CO2 

(min) 
  11.05 11.25 12.30 14.38 

 PD (min)   91 % 92 % 109 % 145 % 

 
NSP 

(mean) 
 11.4 

 
PC CO2 

(mean) 
  16.55 16.75 17.81 19.88 

 PD (mean)   47 % 47 % 56 % 75 % 

 NSP (max)  17.6 

 
PC CO2 

(max) 
  22.74 22.94 23.99 26.07 

 PD (max)   31 % 31 % 37 % 49 % 
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Marker 

body 
PP 

0.003 

kg 

Personal 

communicati

on with 

production 

companies 

 NSP (min)   0.75 

 
PC CO2 

(min) 
  0.51 0.51 0.52 0.53 

 PD (min)   1.5 % 1.5 % 1.8 % 2.4 % 

 
NSP 

(mean) 
 1.57 

 
PC CO2 

(mean) 
  2.46 2.46 2.47 2.48 

 PD (mean)   0.72 % 0.73 % 0.86 % 1.14 % 

 NSP (max)  2.82 

 
PC CO2 

(max) 
  7.88 7.88 7.88 7.90 

 PD (max)   0.40 % 0.41 % 0.48 % 0.64 % 

Medical 

Syringe (30 

ml) 

PP 
0.006 

Kg 

Personal 

communicati

on with 

production 

companies 

 NSP (min)   0.4 

 
PC CO2 

(min) 
  0.42 0.42 0.43 0.44 

 PD (min)   5.3 % 5.3 % 6.3 % 8.3 % 

 
NSP 

(mean) 
 0.59 

 
PC CO2 

(mean) 
  0.61 0.61 0.61 0.62 

 PD (mean)   3.6 % 3.6 % 4.3 % 5.7 % 

 NSP (max)  0.92 

 
PC CO2 

(max) 
  0.94 0.95 0.95 0.96 

 PD (max)   2.3 % 2.3 % 2.7 % 3.6 % 

Cable with 

PVC-

Sheeting 

(50m x 

7mm) 

S-PVC 
1.54 

kg 

Own 

calculation 

considering a 

plasticizer 

content of 

35 % 

 NSP (min)   26.9 

 
PC CO2 

(min) 
  29.6 29.7 30.2 31.3 

 PD (min)   10 % 10 % 12 % 16 % 

 
NSP 

(mean) 
 35.6 

 
PC CO2 

(mean) 
  38.3 38.4 38.9 40.0 

 PD (mean)   7.8 % 7.8 % 9 % 12 % 

 NSP (max)  54.2 

 
PC CO2 

(max) 
  56.9 57.0 57.5 58.6 

 PD (max)   5.1 % 5.2 % 6.1 % 8.2 % 

Line Pipe S-PVC  NSP (min)   10.9 
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(1m x 50 

mm) 

0.55 

kg 

Own 

calculation 

considering a 

wall thickness 

of 2.4 mm 

 
PC CO2 

(min) 
  11.9 11.9 12.1 12.5 

 PD (min)   9.1 % 9.2 % 11 % 15 % 

 
NSP 

(mean) 
 17.9 

 
PC CO2 

(mean) 
  18.8 18.9 19.1 19.4 

 PD (mean)   5.6 % 5.6 % 6.7 % 8.9 % 

 NSP (max)  31.2 

 
PC CO2 

(max) 
  32.2 32.2 32.4 32.8 

 PD (max)   3.2 % 3.2 % 3.8 % 5.1 % 

Cog Wheel 

(20 gear, 

module 1.5) 

POM 
0.016 

kg 

Calculation 

based 

product data 

from Mädler 

(2021) 

 NSP (min)   1.82 

 
PC CO2 

(min) 
  1.85 1.85 1.86 1.87 

 PD (min)   1.5 % 1.5 % 1.8 % 2.4 % 

 
NSP 

(mean) 
 4.04 

 
PC CO2 

(mean) 
  4.06 4.06 4.07 4.08 

 PD (mean)   0.7 % 0.7 % 0.8 % 1.1 % 

 NSP (max)  6.47 

 
PC CO2 

(max) 
  6.50 6.50 6.50 6.51 

 PD (max)   0.4 % 0.4 % 0.5 % 0.7 % 
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D-3.3 Sensitivity Analysis 

The composition of the energy system which is the basis for the calculation of CO2-emissions 

and the CED related with the use of grid electricity and heat determine the environmental 

performance of the CO2-based value chains.  

Parameters with a significant impact on the economic results were derived from a sensitivity 

analysis (Figure D-4). The energy efficiencies of the process steps for feedstock provision, the 

capex for electrolyzers as well as feedstock prices were identified as the 5 major impacts. The 

impact of other parameters, e.g., the capex of chemical plants can be seen as non-significant. 

A certificate price of 50 €/tCO2-avoided would lead to decrease of the cost difference of 4.9 %. 

Thus, the introduction of a price for CO2-certificates is also considered as an important 

sensitivity. A deviation of the capital costs by ±1 % would change the cost difference by ±1.6 %. 

 

Figure D-4: Results of the sensitivity analysis for cost influencing parameters in the model. Example: Product 1 with a Cement 
plant as CO2-source. For the MeOH synthesis an efficiency gain of 6 % is the theoretical maximum. (MTO = Methanol to 
Olefines). 
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D-4 Results 

D-4.1 Material Flow Cost Accounting 

Status quo 

Table D-22: Results per product for the different value chain set-ups in the status quo (PD = Price Difference). 

Product Carbon Source Production 

Costs [€] 

Cumulative  

Energy 

Demand [MJ] 

Revenue [€] System Wide 

Emissions 

[kgCO2] 

Fossil Carbon 

Input [kg] 

Relative 

Emission 

Reduction 

CO2-

abatement 

Costs 

[€/tCO2-avoided] 

Circulation 

Costs 

[€/tCarbon-circulated] 

PD 

(min) 

PD 

(mean) 

PD  

(max) 

P1 –  

Bottle for 

Disinfection 

Gel 

Cement 2.46 € 1.27 2.42 € 0.024 0 61 % 1,017 € 3,836 € 0.49 % 1.58 % 8.16 % 

Waste Incineration 2.46 € 1.34 2.42 € 0.027 0 57 % 1,110 € 3,854 € 0.49 % 1.59 % 8.20 % 

Biogas 2.47 € 1.11 2.42 € 0.017 0 73 % 1,026 € 4,603 € 0.6 % 1.9 % 9.8 % 

Direct Air Capture 2.49 € 2.00 2.42 € 0.058 0 6 % 16,165 € 6,113 € 0.8 % 2.5 % 13.0 % 

Fossil 2.42 € 0.53 2.42 € 0.061 0.011       

P2 –  

Bubble Warp 

Cement 16.77 € 181.88 11.40 € 3.471 0 60 % 1,017 € 3,836 € 30.6 % 47.1 % 91.1 % 

Waste Incineration 16.80 € 191.30 11.40 € 3.894 0 56 % 1,110 € 3,854 € 30.7 % 47.4 % 91.6 % 

Biogas 17.84 € 159.69 11.40 € 2.474 0 72 % 1,026 € 4,603 € 36.7 % 56.6 % 109.4 % 

Direct Air Capture 19.96 € 283.43 11.40 € 8.036 0 8 % 11,899 € 6,113 € 48.7 % 75.1 % 145.2 % 

Fossil 11.40 € 77.09 11.40 € 8.755 1.597       

P3 –  

Marker Body 

Cement 1.59 € 0.37 1.57 € 0.007 0 61 % 1,049 € 3,958 € 0.4 % 0.7 % 1.5 % 

Waste Incineration 1.59 € 0.39 1.57 € 0.008 0 57 % 1,146 € 3,977 € 0.4 % 0.7 % 1.5 % 

Biogas 1.59 € 0.32 1.57 € 0.005 0 73 % 1,054 € 4,726 € 0.5 % 0.9 % 1.8 % 

Direct Air Capture 1.59 € 0.57 1.57 € 0.016 0 8 % 12,137 € 6,236 € 0.6 % 1.1 % 2.4 % 

Fossil 1.57 € 0.15 1.57 € 0.018 0.003       

P4 –  

Medical 

Syringe 

Cement 0.61 € 0.69 0.59 € 0.013 0 61 % 1,049 € 3,958 € 2.3 % 3.62 % 5.3 % 

Waste Incineration 0.61 € 0.72 0.59 € 0.014 0 57 % 1,146 € 3,977 € 2.3 % 3.64 % 5.3 % 

Biogas 0.61 € 0.60 0.59 € 0.009 0 73 % 1,054 € 4,726 € 2.8 % 4.3 % 6.3 % 

Direct Air Capture 0.62 € 1.08 0.59 € 0.030 0 8 % 12,137 € 6,236 € 3.6 % 5.7 % 8.3 % 

Fossil 0.59 € 0.28 0.59 € 0.033 0.006       

P5 –  

Cable Sheeting 

Cement 38.39 € 79.80 35.62 € 2.546 0 51 % 1,034 € 4,693 € 5.1 % 7.80 % 10.3 % 

Waste Incineration 38.41 € 84.59 35.62 € 2.761 0 47 % 1,130 € 4,715 € 5.2 % 7.84 % 10.4 % 
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Biogas 38.95 € 68.52 35.62 € 2.039 0 61 % 1,044 € 5,629 € 6.1 % 9.4 % 12.4 % 

Direct Air Capture 40.04 € 131.43 35.62 € 4.867 0 7 % 12,095 € 7,472 € 8.2 % 12.4 % 16.5 % 

Fossil 35.62 € 24.23 35.62 € 5.233 0.288       

P6 –  

Pipe 

Cement 18.87 € 38.05 17.88 € 0.912 0 51 % 1,034 € 4,693 € 3.2 % 5.57 % 9.1 % 

Waste Incineration 18.88 € 39.77 17.88 € 0.989 0 47 % 1,130 € 4,715 € 3.2 % 5.60 % 9.2 % 

Biogas 19.07 € 34.01 17.88 € 0.731 0 61 % 1,044 € 5,629 € 3.8 % 6.7 % 11.0 % 

Direct Air Capture 19.46 € 56.55 17.88 € 1.744 0 7 % 12,095 € 7,472 € 5.1 % 8.9 % 14.5 % 

Fossil 17.88 € 18.96 17.88 € 1.875 0.103       

P7 –  

Cog Wheel 

Cement 4.06 € 1.52 4.04 € 0.038 0 49 % 761 € 4,384 € 0.4 % 0.68 % 1.5 % 

Waste Incineration 4.06 € 1.57 4.04 € 0.040 0 45 % 817 € 4,394 € 0.4 % 0.68 % 1.5 % 

Biogas 4.07 € 1.40 4.04 € 0.032 0 56 % 778 € 5,177 € 0.5 % 0.8 % 1.8 % 

Direct Air Capture 4.08 € 2.09 4.04 € 0.063 0 14 % 4,172 € 6,916 € 0.7 % 1.1 % 2.4 % 

Fossil 4.04 € 1.15 4.04 € 0.074 0.007       
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CO2-emissions and Energy Flows 

In the following section detailed results for the CO2 emissions and the energy demand for 

every value chain alternative are presented. For the H2-production an energy source without 

direct CO2-emissions was assumed, wherefore no CO2-emissions are counted within the 

system boundary for this process step.  

Table D-23: CO2 emissions for the CO2 capture processes [kgCO2/ kgCO2].  

Carbon source Cement Waste Incineration Biogas DAC 

Scope 1 -1.00 -1.00 -1.00 -1.00 

Scope 2 0.20 0.26 0.04 0.92 

Scope 3 0.00 0.00 0.00 0.00 

Total -0.80 -0.74 -0.96 -0.08 

 

Table D-24: CO2 emissions for the MeOH synthesis processes [kgCO2/kgMeOH].  

Carbon source Cement Waste Incineration Biogas DAC Fossil-based 

Scope 1 0.10 0.10 0.10 0.10 0.35 

Scope 2 0.10 0.10 0.10 0.10 0.00 

Scope 3 -1.18 -1.08 -1.41 -0.11 0.17 

Total -0.98 -0.88 -1.21 0.09 0.52 

 

Table D-25: End-of-life CO2-emissions for the different products [kgCO2/Product]. 

Product P1 

– 

Bottle for 

Disinfection 

Gel 

P2 

– 

Bubble 

Warp 

P3 

– 

Marker 

Body 

P4 

– 

Medical 

Syringe 

P5 

– 

Cable 

Sheeting 

P6 

– 

Pipe 

P7 

– 

Cog 

Wheel 

Scope 1 0.04 5.13 0.01 0.02 2.17 0.78 0.02 
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Table D-26: CO2 emissions for the monomer synthesis processes [kgCO2/kgMonomer]. 

C-Source Cement Waste Incineration Biogas DAC Conventional 

Monomer Ethylene 

Scope 1 0.69 0.69 0.69 0.69 1.09 

Scope 2 0.17 0.17 0.17 0.17 0.03 

Scope 3 -2.52 -2.27 -3.12 0.23 0.40 

Total -1.66 -1.41 -2.26 1.09 1.52 

Monomer Propylene 

Scope 1 0.69 0.69 0.69 0.69 1.09 

Scope 2 0.17 0.17 0.17 0.17 0.03 

Scope 3 -2.52 -2.27 -3.12 0.23 0.40 

Total -1.66 -1.41 -2.26 1.09 1.52 

Monomer Vinylchloride 

Scope 1 0.35 0.35 0.35 0.35 0.35 

Scope 2 0.12 0.12 0.12 0.12 0.12 

Scope 3 -0.83 -0.70 -1.13 0.54 0.76 

Total -0.36 -0.23 -0.66 1.01 1.23 

Monomer Formaldehyde 

Scope 1 0.21 0.21 0.21 0.21 0.21 

Scope 2 0.05 0.05 0.05 0.05 0.05 

Scope 3 -1.13 -1.02 -1.40 0.10 0.60 

Total -0.87 -0.76 -1.14 0.36 0.86 
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Table D-27: CO2 emissions for the polymer production processes [kgCO2/kgPolymer]. 

C-Source Cement Waste Incineration Biogas DAC Conventional 

Monomer Low Density Polyethylene 

Scope 1 0.05 0.05 0.05 0.05 0.05 

Scope 2 0.35 0.35 0.35 0.35 0.35 

Scope 3 -1.68 -1.43 -2.29 1.11 1.54 

Total -1.29 -1.03 -1.90 1.50 1.94 

Monomer High Density Polyethylene 

Scope 1 0.12 0.12 0.12 0.12 0.12 

Scope 2 0.16 0.16 0.16 0.16 0.16 

Scope 3 -1.68 -1.43 -2.29 1.11 1.54 

Total -1.41 -1.15 -2.02 1.38 1.82 

Monomer Polypropylene 

Scope 1 0.09 0.09 0.09 0.09 0.09 

Scope 2 0.13 0.13 0.13 0.13 0.13 

Scope 3 -1.68 -1.43 -2.29 1.11 1.54 

Total -1.46 -1.20 -2.07 1.33 1.77 

Monomer Polyvinylchloride 

Scope 1 0.25 0.25 0.25 0.25 0.25 

Scope 2 0.09 0.09 0.09 0.09 0.09 

Scope 3 -0.39 -0.25 -0.72 1.11 1.35 

Total -0.05 0.09 -0.38 1.45 1.69 

Monomer Polyoxymethylene 

Scope 1 0.64 0.64 0.64 0.64 0.64 

Scope 2 1.27 1.27 1.27 1.27 1.27 

Scope 3 -1.16 -1.01 -1.52 0.48 1.14 

Total 0.75 0.91 0.40 2.39 3.06 
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Table D-28: CO2 emissions for the polymer and product manufacturing processes [kgCO2/Product]. 

C-Source Cement Waste Incineration Biogas DAC Conventional 

Product P1 – Bottle for Disinfection Gel 

Scope 1          

Scope 2 0.003 
 

0.003 0.003 0.003 0.003 

Scope 3 -0.02 -0.01 -0.02 0.02 0.02 

Total -0.013 -0.010 -0.020 0.021 0.025 

Product P2 – Bubble Warp 

Scope 1          

Scope 2 0.449 0.449 0.449 0.449 0.449 

Scope 3 -2.11 -1.69 -3.11 2.45 3.17 

Total -1.661 -1.238 -2.658 2.904 3.623 

Product P3 – Marker Body 

Scope 1          

Scope 2 0.001 0.001 0.001 0.001 0.001 

Scope 3 0.00 0.00 -0.01 0.00 0.01 

Total -0.004 -0.003 -0.006 0.006 0.007 

Product P4 – Medical Syringe 

Scope 1          

Scope 2 0.002 0.002 0.002 0.002 0.002 

Scope 3 -0.01 -0.01 -0.01 0.01 0.01 

Total -0.007 -0.005 -0.011 0.011 0.013 

Product P5 – Cable Mantle 

Scope 1          

Scope 2 0.457 0.457 0.457 0.457 0.457 

Scope 3 -0.08 0.13 -0.59 2.24 2.61 

Total 0.376 0.592 -0.130 2.697 3.063 

Product P6 – Pipe 

Scope 1          

Scope 2 0.164 0.164 0.164 0.164 0.164 

Scope 3 -0.03 0.05 -0.21 0.80 0.93 

Total 0.135 0.212 -0.047 0.967 1.098 

Product P7 – Cog Wheel 

Scope 1          

Scope 2 0.003 0.003 0.003 0.003 0.003 

Scope 3 0.01 0.01 0.01 0.04 0.05 

Total 0.015 0.017 0.010 0.041 0.051 
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Table D-29: Energy Balances in Mega Joule of Cumulative Energy Demand for the status quo. 

Product Process Step Cement Waste Incineration Biogas DAC Conventional 

P1 – 

Bottle for 

Disinfection 

Gel 

Carbon Capture 0.2 0.3 0.0 0.9 n. V. 

Electrolysis 1.3 n. V. 

Feedstock Production 0.1 0.8 

Monomer Production 0.1 0.2 

Polymer Production 0.1 

Product Manufacturing 0.1 

Transport 0.005 

Credit for Energy Recovery -0.5 

Total 177.49 191.30 159.69 283.43 77.09 

P2 – 

Bubble 

Warp 

Carbon Capture 27.47 36.89 5.28 129.02 n. V. 

Electrolysis 178.86 n. V. 

Feedstock Production 9.77 106.74 

Monomer Production 17.78 22.35 

Polymer Production 12.65 

Product Manufacturing 9.96 

Transport 0.65 

Credit for Energy Recovery -75.27 

Total 1.2 1.3 1.1 2.0 0.5 

P3 – 

Marker 

Body 

Carbon Capture 0.06 0.08 0.01 0.26 0.00 

Electrolysis 0.37 n. V. 

Feedstock Production 0.02 n. V. 

Monomer Production 0.04 0.05 

Polymer Production 0.01 

Product Manufacturing 0.03 

Transport 0.001 

Credit for Energy Recovery -0.15 

Total 0.36 0.39 0.32 0.57 0.15 

P4 – 

Medical 

Syringe 

Carbon Capture 0.11 0.14 0.02 0.50 n. V. 

Electrolysis 0.69 n. V. 

Feedstock Production 0.04 0.41 

Monomer Production 0.07 0.09 

Polymer Production 0.02 

Product Manufacturing 0.05 

Transport 0.003 

Credit for Energy Recovery -0.29 

Total 0.67 0.72 0.60 1.08 0.28 

P5 – 

Cable 

Sheeting 

Carbon Capture 13.97 18.75 2.68 65.59 n. V. 

Electrolysis 90.93 n. V. 

Feedstock Production 4.96 54.27 
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Monomer Production 0.07 0.09 

Polymer Production 7.37 

Product Manufacturing 3.47 

Transport 0.62 

Credit for Energy Recovery -41.59 

Total 77.57 84.59 68.52 131.43 24.23 

P6 – 

Pipe 

Carbon Capture 5.00 6.72 0.96 23.51 n. V. 

Electrolysis 32.58 n. V. 

Feedstock Production 1.78 19.45 

Monomer Production 7.10 7.93 

Polymer Production 2.64 

Product Manufacturing 3.63 

Transport 0.22 

Credit for Energy Recovery -14.90 

Total 37.25 39.77 34.01 56.55 18.96 

P7 – 

Cog Wheel 

Carbon Capture 0.15 0.21 0.03 0.72 n. V. 

Electrolysis 1.00 n. V. 

Feedstock Production 0.05 0.84 

Monomer Production 0.02 0.02 

Polymer Production 0.54 

Product Manufacturing 0.1 

Transport 0.01 

Credit for Energy Recovery -0.33 

Total 1.50 1.57 1.40 2.09 1.15 
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D-4.2 Scenario Analysis 

 

Figure D-0-1: Results of the Scenario analysis for the example of Product 1 with a Cement Plant as CO2 source. A)  System wide CO2-emissions and the cumulative energy demand (CED). B) Additional 
production costs (aPC) and the CO2-abatement Costs (AC). (D = Decreasing oil prices, I = increasing oil prices).  
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Table D-30: Results per product for the different value chain set-ups for the scenario in 2030 with an increasing oil price. 

Product Carbon Source Production 

Costs [€] 

Cumulative  

Energy 

Demand 

[MJ] 

Revenue 

[€] 

System 

Wide 

Emissions 

[kgCO2] 

Fossil 

Carbon 

Input [kg] 

Relative 

Emission 

Reduction 

CO2-abatement 

Costs 

[€/tCO2-avoided] 

Circulation 

Costs 

[€/tCarbon-circulated] 

Price 

Difference 

P1 –  

Bottle for 

Disinfection 

Gel 

Cement 2.45 € 1.01 2.43 € 0.00 0 96 % 419 € 1,982 € 0.82 % 

Waste Incineration 2.45 € 1.03 2.43 € 0.00 0 95 % 460 € 2,167 € 0.89 % 

Biogas 2.46 € 0.89 2.43 € 0.00 0 97 % 594 € 2,834 € 1.17 % 

Direct Air Capture 2.45 € 1.10 2.43 € 0.00 0 92 % 611 € 2,771 € 1.14 % 

Fossil 2.43 € 0.48 2.43 € 0.05 0.011 0 % -   € -   €  

P2 –  

Bubble 

Warp 

Cement 14.61 € 142.45 11.84 € 0.33 0 95 % 420 € 1,983 € 23.48 % 

Waste Incineration 14.87 € 145.94 11.84 € 0.35 0 95 % 460 € 2,168 € 25.66 % 

Biogas 15.81 € 126.27 11.84 € 0.26 0 96 % 594 € 2,836 € 33.57 % 

Direct Air Capture 15.72 € 155.70 11.84 € 0.56 0 92 % 608 € 2,772 € 32.81 % 

Fossil 11.84 € 67.99 11.84 € 6.95 1.597 0 % -   € -   €  

P3 –  

Marker 

Body 

Cement 1.58 € 0.29 1.57 € 0.00 0 96 % 446 € 2,107 € 0.38 % 

Waste Incineration 1.58 € 0.30 1.57 € 0.00 0 95 % 486 € 2,292 € 0.42 % 

Biogas 1.58 € 0.26 1.57 € 0.00 0 97 % 620 € 2,959 € 0.54 % 

Direct Air Capture 1.58 € 0.32 1.57 € 0.00 0 92 % 635 € 2,896 € 0.53 % 

Fossil 1.57 € 0.14 1.57 € 0.01 0.003 0 % -   € -   €  

P4 –  

Medical 

Syringe 

Cement 0.60 € 0.54 0.59 € 0.00 0 96 % 446 € 2,107 € 1.92 % 

Waste Incineration 0.60 € 0.56 0.59 € 0.00 0 95 % 486 € 2,292 € 2.09 % 

Biogas 0.61 € 0.48 0.59 € 0.00 0 97 % 620 € 2,959 € 2.70 % 

Direct Air Capture 0.61 € 0.59 0.59 € 0.00 0 92 % 635 € 2,896 € 2.64 % 

Fossil 0.59 € 0.26 0.59 € 0.03 0.006 0 % -   € -   €  

P5 –  

Cable 

Sheeting 

Cement 37.13 € 64.37 35.84 € 0.27 0 93 % 384 € 2,185 € 3.61 % 

Waste Incineration 37.27 € 66.15 35.84 € 0.28 0 92 % 425 € 2,410 € 3.98 % 

Biogas 37.75 € 56.15 35.84 € 0.23 0 94 % 562 € 3,226 € 5.33 % 

Direct Air Capture 37.70 € 71.11 35.84 € 0.39 0 89 % 574 € 3,148 € 5.20 % 
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Fossil 35.84 € 21.73 35.84 € 3.63 0.288 0 % -   € -   €  

P6 –  

Pipe 

Cement 18.48 € 27.92 18.02 € 0.10 0 93 % 384 € 2,185 € 2.57 % 

Waste Incineration 18.53 € 28.55 18.02 € 0.10 0 92 % 425 € 2,410 € 2.84 % 

Biogas 18.71 € 24.97 18.02 € 0.08 0 94 % 562 € 3,226 € 3.80 % 

Direct Air Capture 18.69 € 30.33 18.02 € 0.14 0 89 % 574 € 3,148 € 3.71 % 

Fossil 18.02 € 14.35 18.02 € 1.30 0.103 0 % -   € -   €  

P7 –  

Cog Wheel 

Cement 4.05 € 1.21 4.04 € 0.00 0 91 % 328 € 2,434 € 0.36 % 

Waste Incineration 4.05 € 1.23 4.04 € 0.00 0 91 % 359 € 2,654 € 0.39 % 

Biogas 4.06 € 1.12 4.04 € 0.00 0 92 % 455 € 3,404 € 0.50 % 

Direct Air Capture 4.06 € 1.29 4.04 € 0.01 0 88 % 472 € 3,395 € 0.50 % 

Fossil 4.04 € 0.95 4.04 € 0.05 0.007 0 % -   € -   €  
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Table D-31: Results per product for the different value chain set-ups for the scenario in 2050 with an increasing oil price. 

Product Carbon Source 

Production 

Costs [€] 

Cumulative 

Energy 

Demand 

[MJ] 

Revenue 

[€] 

System 

Wide 

Emissions 

[kgCO2] 

Fossil 

Carbon 

Input [kg] 

Relative 

Emission 

Reduction 

CO2-abatement 

Costs 

[€/tCO2-avoided] 

Circulation 

Costs 

[€/tCarbon-circulated] Price 

Difference 

P1 – 

Bottle for 

Disinfection 

Gel 

Cement 2.43 € 0.60 2.43 € 0 0 100 % 57 € 276 € 0.11 % 

Waste Incineration 2.43 € 0.61 2.43 € 0 0 100 % 93 € 446 € 0.18 % 

Biogas 2.44 € 0.56 2.43 € 0 0 100 % 220 € 1,059 € 0.44 % 

Direct Air Capture 2.44 € 0.71 2.43 € 0 0 100 % 209 € 1,004 € 0.41 % 

Fossil 2.43 € 0.33 2.43 € 0.05 0.011 0 % -   € -   €  

P2 – 

Bubble 

Warp 

Cement 12.22 € 85.95 11.84 € 0 0 100 % 58 € 277 € 3.28 % 

Waste Incineration 12.46 € 87.32 11.84 € 0 0 100 % 93 € 447 € 5.30 % 

Biogas 13.32 € 81.14 11.84 € 0 0 100 % 221 € 1,060 € 12.55 % 

Direct Air Capture 13.24 € 102.08 11.84 € 0 0 100 % 209 € 1,005 € 11.90 % 

Fossil 11.84 € 48.31 11.84 € 6.73 1.597 0 % -   € -   €  

P3 – 

Marker 

Body 

Cement 1.58 € 0.17 1.57 € 0 0 100 % 83 € 401 € 0.07 % 

Waste Incineration 1.58 € 0.18 1.57 € 0 0 100 % 119 € 571 € 0.10 % 

Biogas 1.58 € 0.16 1.57 € 0 0 100 % 246 € 1,184 € 0.22 % 

Direct Air Capture 1.58 € 0.21 1.57 € 0 0 100 % 235 € 1,129 € 0.21 % 

Fossil 1.57 € 0.10 1.57 € 0.01 0.003 0 % -   € -   €  

P4 – 

Medical 

Syringe 

Cement 0.59 € 0.32 0.59 € 0 0 100 % 83 € 401 € 0.37 % 

Waste Incineration 0.59 € 0.33 0.59 € 0 0 100 % 119 € 571 € 0.52 % 

Biogas 0.60 € 0.31 0.59 € 0 0 100 % 246 € 1,184 € 1.08 % 

Direct Air Capture 0.60 € 0.39 0.59 € 0 0 100 % 235 € 1,129 € 1.03 % 

Fossil 0.59 € 0.18 0.59 € 0.03 0.006 0 % -   € -   €  

P5 – 

Cable 

Sheeting 

Cement 35.90 € 37.72 35.84 € 0 0 100 % 18 € 101 € 0.17 % 

Waste Incineration 36.02 € 38.42 35.84 € 0 0 100 % 53 € 309 € 0.51 % 

Biogas 36.46 € 35.27 35.84 € 0 0 100 % 183 € 1,058 € 1.75 % 

Direct Air Capture 36.42 € 45.92 35.84 € 0 0 100 % 171 € 990 € 1.64 % 
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Fossil 35.84 € 17.36 35.84 € 3.45 0.288 0 % -   € -   €  

P6 – 

Pipe 

Cement 18.04 € 15.06 18.02 € 0 0 100 % 18 € 101 € 0.12 % 

Waste Incineration 18.09 € 15.31 18.02 € 0 0 100 % 53 € 309 € 0.36 % 

Biogas 18.25 € 14.18 18.02 € 0 0 100 % 183 € 1,058 € 1.25 % 

Direct Air Capture 18.23 € 18.00 18.02 € 0 0 100 % 171 € 990 € 1.17 % 

Fossil 18.02 € 8.20 18.02 € 1.24 0.103 0 % -   € -   €  

P7 – 

Cog Wheel 

Cement 4.04 € 0.87 4.04 € 0 0 100 % 81 € 609 € 0.09 % 

Waste Incineration 4.04 € 0.87 4.04 € 0 0 100 % 110 € 829 € 0.12 % 

Biogas 4.05 € 0.84 4.04 € 0 0 100 % 208 € 1,574 € 0.23 % 

Direct Air Capture 4.05 € 0.97 4.04 € 0 0 100 % 208 € 1,570 € 0.23 % 

Fossil 4.04 € 0.65 4.04 € 0.05 0.007 0 % -   € -   €  
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Table D-32: Results per product for the different value chain set-ups for the scenario in 2030 with a decreasing oil price. 

Product Carbon Source Production 

Costs [€] 

Cumulative  

Energy 

Demand 

[MJ] 

Revenue 

[€] 

System 

Wide 

Emissions 

[kgCO2] 

Fossil 

Carbon 

Input [kg] 

Relative 

Emission 

Reduction 

CO2-abatement 

Costs 

[€/tCO2-avoided] 

Circulation 

Costs 

[€/tCarbon-circulated] 

Price 

Difference 

P1 –  

Bottle for 

Disinfection 

Gel 

Cement 2.44 € 0.87 2.42 € 0.00 0 96 % 448 € 2,116 € 0.87 % 

Waste Incineration 2.45 € 0.88 2.42 € 0.00 0 95 % 488 € 2,300 € 0.95 % 

Biogas 2.45 € 0.81 2.42 € 0.00 0 97 % 622 € 2,968 € 1.23 % 

Direct Air Capture 2.45 € 1.04 2.42 € 0.00 0 92 % 640 € 2,904 € 1.20 % 

Fossil 2.42 € 0.37 2.42 € 0.05 0.011 0 % -   € -   €  

P2 –  

Bubble 

Warp 

Cement 14.17 € 124.16 11.21 € 0.33 0 95 % 448 € 2,115 € 26.44 % 

Waste Incineration 14.43 € 126.22 11.21 € 0.35 0 95 % 488 € 2,300 € 28.75 % 

Biogas 15.37 € 116.92 11.21 € 0.26 0 96 % 621 € 2,968 € 37.09 % 

Direct Air Capture 15.28 € 148.41 11.21 € 0.56 0 92 % 637 € 2,904 € 36.30 % 

Fossil 11.21 € 54.59 11.21 € 6.95 1.597 0 % -   € -   €  

P3 –  

Marker 

Body 

Cement 1.58 € 0.25 1.57 € 0.00 0 96 % 473 € 2,237 € 0.41 % 

Waste Incineration 1.58 € 0.25 1.57 € 0.00 0 95 % 514 € 2,421 € 0.44 % 

Biogas 1.58 € 0.23 1.57 € 0.00 0 97 % 647 € 3,089 € 0.56 % 

Direct Air Capture 1.58 € 0.30 1.57 € 0.00 0 92 % 663 € 3,025 € 0.55 % 

Fossil 1.57 € 0.11 1.57 € 0.01 0.003 0 % -   € -   €  

P4 –  

Medical 

Syringe 

Cement 0.60 € 0.47 0.59 € 0.00 0 96 % 473 € 2,237 € 2.05 % 

Waste Incineration 0.60 € 0.48 0.59 € 0.00 0 95 % 514 € 2,421 € 2.22 % 

Biogas 0.61 € 0.44 0.59 € 0.00 0 97 % 647 € 3,089 € 2.83 % 

Direct Air Capture 0.61 € 0.56 0.59 € 0.00 0 92 % 663 € 3,025 € 2.77 % 

Fossil 0.59 € 0.20 0.59 € 0.03 0.006 0 % -   € -   €  

P5 –  

Cable 

Sheeting 

Cement 37.12 € 56.00 35.52 € 0.27 0 93 % 474 € 2,695 € 4.49 % 

Waste Incineration 37.25 € 57.05 35.52 € 0.28 0 92 % 515 € 2,920 € 4.87 % 

Biogas 37.73 € 52.32 35.52 € 0.23 0 94 % 650 € 3,736 € 6.23 % 

Direct Air Capture 37.69 € 68.33 35.52 € 0.39 0 89 % 667 € 3,658 € 6.10 % 
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Fossil 35.52 € 18.93 35.52 € 3.63 0.288 0 % -   € -   €  

P6 –  

Pipe 

Cement 18.38 € 22.21 17.81 € 0.10 0 93 % 474 € 2,695 € 3.21 % 

Waste Incineration 18.43 € 22.59 17.81 € 0.10 0 92 % 515 € 2,920 € 3.48 % 

Biogas 18.61 € 20.89 17.81 € 0.08 0 94 % 650 € 3,736 € 4.45 % 

Direct Air Capture 18.59 € 26.63 17.81 € 0.14 0 89 % 667 € 3,658 € 4.36 % 

Fossil 17.81 € 9.54 17.81 € 1.30 0.103 0 % -   € -   €  

P7 –  

Cog Wheel 

Cement 4.05 € 1.09 4.03 € 0.00 0 91 % 373 € 2,769 € 0.41 % 

Waste Incineration 4.05 € 1.10 4.03 € 0.00 0 91 % 404 € 2,989 € 0.44 % 

Biogas 4.06 € 1.05 4.03 € 0.00 0 92 % 500 € 3,739 € 0.55 % 

Direct Air Capture 4.06 € 1.23 4.03 € 0.01 0 88 % 519 € 3,730 € 0.55 % 

Fossil 4.03 € 0.77 4.03 € 0.05 0.007 0 % -   € -   €  
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Table D-33: Results per product for the different value chain set-ups for the scenario in 2050 with a decreasing oil price. 

Product Carbon Source Production 

Costs [€] 

Cumulative  

Energy 

Demand 

[MJ] 

Revenue 

[€] 

System 

Wide 

Emissions 

[kgCO2] 

Fossil 

Carbon 

Input [kg] 

Relative 

Emission 

Reduction 

CO2-abatement 

Costs 

[€/tCO2-avoided] 

Circulation 

Costs 

[€/tCarbon-circulated] 

Price 

Difference 

P1 –  

Bottle for 

Disinfection 

Gel 

Cement 2.43 € 0.60 2.42 € 0 0 100 % 85 € 409 € 0.17 % 

Waste Incineration 2.43 € 0.61 2.42 € 0 0 100 % 121 € 580 € 0.24 % 

Biogas 2.43 € 0.56 2.42 € 0 0 100 % 248 € 1,193 € 0.49 % 

Direct Air Capture 2.43 € 0.71 2.42 € 0 0 100 % 237 € 1,137 € 0.47 % 

Fossil 2.42 € 0.33 2.42 € 0.05 0.011 0 % -   € -   €  

P2 –  

Bubble 

Warp 

Cement 11.78 € 85.95 11.21 € 0 0 100 % 85 € 409 € 5.11 % 

Waste Incineration 12.02 € 87.32 11.21 € 0 0 100 % 120 € 579 € 7.24 % 

Biogas 12.88 € 81.14 11.21 € 0 0 100 % 248 € 1,192 € 14.90 % 

Direct Air Capture 12.80 € 102.08 11.21 € 0 0 100 % 236 € 1,137 € 14.21 % 

Fossil 11.21 € 48.31 11.21 € 6.73 1.597 0 % -   € -   €  

P3 –  

Marker 

Body 

Cement 1.58 € 0.17 1.57 € 0 0 100 % 110 € 530 € 0.10 % 

Waste Incineration 1.58 € 0.18 1.57 € 0 0 100 % 146 € 701 € 0.13 % 

Biogas 1.58 € 0.16 1.57 € 0 0 100 % 273 € 1,314 € 0.24 % 

Direct Air Capture 1.58 € 0.21 1.57 € 0 0 100 % 262 € 1,258 € 0.23 % 

Fossil 1.57 € 0.10 1.57 € 0.01 0.003 0 % -   € -   €  

P4 –  

Medical 

Syringe 

Cement 0.59 € 0.32 0.59 € 0 0 100 % 110 € 530 € 0.49 % 

Waste Incineration 0.59 € 0.33 0.59 € 0 0 100 % 146 € 701 € 0.64 % 

Biogas 0.60 € 0.31 0.59 € 0 0 100 % 273 € 1,314 € 1.20 % 

Direct Air Capture 0.60 € 0.39 0.59 € 0 0 100 % 262 € 1,258 € 1.15 % 

Fossil 0.59 € 0.18 0.59 € 0.03 0.006 0 % -   € -   €  

P5 –  

Cable 

Sheeting 

Cement 35.88 € 37.72 35.52 € 0 0 100 % 106 € 611 € 1.02 % 

Waste Incineration 36.00 € 38.42 35.52 € 0 0 100 % 142 € 819 € 1.37 % 

Biogas 36.45 € 35.27 35.52 € 0 0 100 % 271 € 1,567 € 2.61 % 

Direct Air Capture 36.41 € 45.92 35.52 € 0 0 100 % 259 € 1,500 € 2.50 % 
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Fossil 35.52 € 17.36 35.52 € 3.45 0.288 0 % -   € -   €  

P6 –  

Pipe 

Cement 17.94 € 15.06 17.81 € 0 0 100 % 106 € 611 € 0.73 % 

Waste Incineration 17.99 € 15.31 17.81 € 0 0 100 % 142 € 819 € 0.98 % 

Biogas 18.15 € 14.18 17.81 € 0 0 100 % 271 € 1,567 € 1.87 % 

Direct Air Capture 18.13 € 18.00 17.81 € 0 0 100 % 259 € 1,500 € 1.79 % 

Fossil 17.81 € 8.20 17.81 € 1.24 0.103 0 % -   € -   €  

P7 –  

Cog Wheel 

Cement 4.04 € 0.87 4.03 € 0 0 100 % 125 € 943 € 0.14 % 

Waste Incineration 4.04 € 0.87 4.03 € 0 0 100 % 154 € 1,163 € 0.17 % 

Biogas 4.05 € 0.84 4.03 € 0 0 100 % 252 € 1,908 € 0.28 % 

Direct Air Capture 4.05 € 0.97 4.03 € 0 0 100 % 252 € 1,905 € 0.28 % 

Fossil 4.03 € 0.65 4.03 € 0.05 0.007 0 % -   € -   €  
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D-4.3 Data Envelopment Analysis 

Table D-34: Results of the Data Envelopment Analysis for the status quo as well as the scenarios. (D = Decreasing oil prices, I 
= increasing oil prices). 

Product Carbon Source Status 

Quo 

2030 (I) 2050 (I) 2030 (D) 2050 (D) 

P1 –  

Bottle for 

Disinfection 

Gel 

Cement 0.99 1.00 1.00 1.00 1.00 

Waste Incineration 0.99 0.99 1.00 1.00 1.00 

Biogas 0.99 0.99 1.00 0.99 0.99 

Direct Air Capture 0.98 0.99 1.00 0.99 1.00 

Fossil 1.00 1.00 1.00 1.00 1.00 

P2 –  

Bubble 

Warp 

Cement 0.68 0.81 0.97 0.79 0.87 

Waste Incineration 0.68 0.80 0.95 0.79 0.86 

Biogas 0.64 0.75 0.89 0.73 0.80 

Direct Air Capture 0.57 0.76 0.89 0.75 0.85 

Fossil 1.00 1.00 1.00 1.00 1.00 

P3 –  

Marker Body 

Cement 1.00 1.00 1.00 1.00 1.00 

Waste Incineration 1.00 1.00 1.00 1.00 1.00 

Biogas 1.00 1.00 1.00 1.00 1.00 

Direct Air Capture 1.00 1.00 1.00 1.00 1.00 

Fossil 1.00 1.00 1.00 1.00 1.00 

P4 –  

Medical 

Syringe 

Cement 0.97 0.98 1.00 0.98 0.99 

Waste Incineration 0.97 0.98 1.00 0.98 0.99 

Biogas 0.97 0.98 0.99 0.98 0.98 

Direct Air Capture 0.95 0.98 0.99 0.98 0.99 

Fossil 1.00 1.00 1.00 1.00 1.00 

P5 –  

Cable 

Sheeting 

Cement 0.93 0.97 1.00 0.96 0.98 

Waste Incineration 0.93 0.97 1.00 0.96 0.98 

Biogas 0.92 0.95 0.98 0.95 0.96 

Direct Air Capture 0.90 0.95 0.98 0.95 0.97 

Fossil 1.00 1.00 1.00 1.00 1.00 

P6 –  

Pipe 

Cement 0.95 0.98 1.00 0.97 0.98 

Waste Incineration 0.95 0.98 1.00 0.97 0.98 

Biogas 0.94 0.97 0.99 0.96 0.97 

Direct Air Capture 0.92 0.97 0.99 0.96 0.98 

Fossil 1.00 1.00 1.00 1.00 1.00 

P7 –  

Cog Wheel 

Cement 1.00 1.00 1.00 1.00 1.00 

Waste Incineration 1.00 1.00 1.00 1.00 1.00 

Biogas 1.00 1.00 1.00 1.00 1.00 

Direct Air Capture 1.00 1.00 1.00 1.00 1.00 

Fossil 1.00 1.00 1.00 1.00 1.00 
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