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Focus of the report

Over the last five years, more than 20 reports have been published analysing and modelling the future of
the net-zero chemical industry by 2050, both globally and for Europe. The most important reports are
identified, evaluated and summarised with their scope, strengths and weaknesses and main findings. More
specifically, the report investigates: How are the increasing shares of renewable carbon being realised?
What are the shares of the different non-fossil feedstocks and pathways in the different scenarios in 20507

1 Procedure

The literature review in this project involved three main steps: establishing selection criteria, identifying and
selecting documents, and then mapping and analysing them against a set of evaluation criteria. The first
step was to establish specific criteria to determine which documents would be included in the analysis:

e Recent: The documents should be recent in order to reflect the latest technological advancements
and innovation in manufacturing process and recycling developments. Reports shall not be published
prior to 2019.

o Net-zero ambition: Reports were selected according to their level of ambition. Where multiple sce-
narios were presented, at least one scenario had to be consistent with a net-zero' ambition for the
target year. Where no information was provided on the CO2 emissions savings of a particular scenario,
reports were only included if the feedstock shares were consistent with other net-zero reports.

o Sufficient detail: Publications were selected based on their level of detail. Information on growth
rates, feedstock demand from biomass, CO2 and recycling and production volumes for the chemical
and plastics industries for the target year of the respective studies (either 2045 or 2050) were required
for inclusion in the final selection.

Altogether, 25 were selected and mapped, out of which a total of 15 studies (with a total of 24 scenarios)
fulfilled the defined criteria and were evaluated respectively. The evaluated studies can be accessed via the
authors, full details are provided in the Annex.

The documents were assessed both quantitatively and qualitatively. Quantitatively in terms of growth rates,
feedstock shares and production volumes, and qualitatively in terms of policy recommendations mentioned
and technologies used for scale-up.

The quantitative assessment involved a review of the feedstock and production data provided. In particular,

' The OECD Report does not present a net-zero scenario. It was included in this review because of the OECD's reputa-
tion and to highlight that there is considerable variation in the extent to which new technologies and innovations in mate-
rial design are predicted to change the future chemical landscape.
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it was investigated a) whether shares of overall carbon demand for the different renewable carbon feedstocks
and the remaining share of fossil carbon feedstock and b) growth of the investigated sector(s) were provided.
Where necessary, additional calculations were made to determine the overall percentage change in production
volumes by the target year (i.e. Compound Annual Growth Rate (CAGR)). In addition, where not already
provided in the reports, the proportions of different feedstock sources projected for use in the target year were
calculated.

The qualitative assessment focused on identifying the main policy recommendations outlined in the
respective roadmaps. Where applicable, the scope (e.g. entire chemicals sector or plastics only), technologies
and timeframes described in the roadmaps were taken into account. Data relevant to these aspects were
extracted from roadmap summaries, conclusions, figures and tables. In addition, word searches were carried
out to gather information on relevant terms, and mentions of each topic were recorded for each roadmap.

renewable-carbon-initiative.com November 2024
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2 Overview of evaluated studies

Industrial Transformation 2050. Pathways to Net-Zero Emissions from EU Heavy
Industry (Material Economics 2019)

The Material Economics study characterises how net-zero emissions can be achieved by 2050 from the
largest sources of 'hard to reduce' emissions, including plastics. A strength of the report is that it does not
look at the chemicals and plastics industries in isolation, but analyses all heavy industries together and
discusses their future. The study includes three scenarios for the transition to net-zero with a reduction in
fossil energy and feedstock use for the chemicals and plastics industry in 2050, unfortunately without much
detail and with limited data transparency. While recycling and biomass play a large role in the 2050 net-zero
scenarios, the role of CO»-based plastics remains unclear and CCS is clearly prioritised in this report.

Away from Oil. Potential and Limits of the Bioeconomy, Springer (Kircher, M., 2020)
quoted from: Philp, J. 2023: Bioeconomy and Net-Zero Carbon: Lessons from Trends
in Biotechnology, volume 1, issue 1

The author presents a scenario for the German chemical industry that achieves almost complete
defossilisation by 2050. The feedstocks of the future will be CO,, biomass and plastic waste, with only a
very limited amount of fossil feedstocks remaining. Notably, the author clearly identifies CO, as the
backbone of a sustainable chemical industry.

Achieving Net-Zero Greenhouse gas Emission Plastics by a Circular Carbon Economy
(Meys et al. 2021)

The study reports on a series of life cycle analyses which suggest that even the current range of commercial
monomers could potentially be produced and polymerised without net greenhouse gas emissions. To
achieve this, a targeted combination of material and chemical recycling processes with Carbon Capture and
Utilisation (CCU) and the use of biomass are considered. It is expected that the residual emissions from the
incineration of non-recyclable waste will be offset by the use of biomass and the associated absorption of
carbon dioxide. In addition, implemented carbon capture and utilisation allows carbon dioxide from
production processes such as fermentation or biomass gasification to be reprocessed into valuable products
together with renewable hydrogen from renewable energy sources.

iC2050 Project Report (Cefic 2021)

A comprehensive and detailed modelling study of 18 key chemicals, covering the main organic and inorganic
building blocks, key commodity polymers and intermediates of the EU27 chemical industry. The report
presents four scenarios, which are described in transparent detail, including new technologies such as PET
chemical recycling via solvolysis, methanol to olefins, electrified naphtha steam crackers, methanol from
CO; and Hy, bioethanol dehydration and many more. However, the narrow focus on specific chemicals is
also a weakness, as it leaves out emerging new technologies such as electrochemistry, methanol,
biotechnologies and whole sectors such as oleochemistry.
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Towards Circular Carbo-Chemicals - the Metamorphosis of Petrochemicals

(Lange 2021)

Lange developed two illustrative scenarios of feedstock diversification towards carbo-chemicals for the
future of the chemical industry, one market-driven and one regulatory-driven, both covering the period 2000
to 2100. While CCU was not considered relevant in this report until 2050 (only later, 2100: 10%), the
regulation-driven feedstock scenarios include high recycling and bio-based shares. The study is technically
very detailed, but focuses only on cracker chemistry.

Global Plastics Outlook: Policy Scenarios to 2060 (OECD 2022)

The Global Plastics Outlook contains in-depth economic modelling, detailed scenarios, down to country
level, polymer level and specified by application sector. The report assumes a high fossil share in 2050 and
therefore paints a pessimistic picture of the future, in stark contrast to most other reports reviewed.
Implementation of new technologies and changes to the system are predicted to be very low.

Planet Positive Chemicals. Pathways for the Chemical Industry to Enable

a Sustainable Global Economy (Ishii et al. 2022)

The report uses detailed economic modelling to describe the future transitions of the chemical system up to
2050. There is depth, concrete figures and verifiable scenarios, as well as good graphics and policy
recommendations. A major weakness of the study is the strong focus on a few major chemical pathways:
Ammonia, methanol, ethanol, oleofins and aromatics. New chemical transitions in areas such as
biotechnology and electrochemistry, fine chemistry, CO,-based chemistry or even oleochemistry are not
considered in detail.

ReShaping Plastics. Pathways to a Circular, Climate Neutral Plastics System

in Europe (Systemiq 2022)

This report provides a comprehensive picture of how the European plastics industry can meet the challenge
of carbon neutrality. The analysis focuses on the four largest consuming sectors (packaging, construction
sector, non-packaging household goods, and the automotive sector), thereby considering 75% of the
European plastic demand. It concludes that the four pillars of a circular economy (reduce, reuse, substitute
and recycle) are of paramount importance. Whilst this report envisions that chemical recycling will become
a viable option in the future, it sees only a secondary role for carbon capture and utilization.

Chemistry4Climate (VCI 2023)

The final report of the German-focused Chemistry4Climate project summarises the results of the two-year
project involving some 80 partners from industry, NGOs and politics. The platform developed three
exemplary scenarios for climate neutral chemistry by 2045 which all achieve full defossilisation with different
shares of recycling, biomass use and CCU as feedstock.

From Fossil to Green Chemicals (Lopez et al. 2023)

This research paper examines the energy and feedstock requirements for global defossilisation of chemical
production and develops scenarios that achieve net-zero emissions by 2040, 2050 and 2060 compared to
business as usual by 2100. The authors have identified electricity-based methanol (e-methanol) and
biomass-based methanol (bio-methanol) as the most promising green carbon feedstock and argue, that the
chemical industry could become the largest e-hydrogen consumer.
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RCI Renewable Carbon as a Guiding Principle for Sustainable Carbon Cycles

(RCI 2023)

This report forms the basis for the concept and strategy of renewable carbon and the RCI. The authors
present an exploratory scenario for 2050 with full defossilisation, in which the chemical industry's
commodities are mainly produced from chemical recycling and CO- utilisation and, while special molecules
with particularly favourable pathways are produced from biomass, e.g. fine chemicals or certain polyamides.

RCI Carbon Flows Report (RCI 2023)

This study by RCI is a compilation of fossil and renewable carbon supply and demand at a global and
European level. It provides a comprehensive understanding of today's carbon flows, is consistent with the
net-zero scenario in the above report on global feedstock supply for the chemical industry in 2020 and 2050,
and adds a further element by including an exploratory scenario on how the heavy oil fraction can be
replaced by 2050.

The Plastics Transition (PlasticsEurope 2023)

The Plastics Europe Roadmap describes a vision to create a sustainable plastics system that continues to
meet consumer and societal needs, while supporting the transitions of many downstream industries and
remaining a strategic asset for the European economy. The roadmap consists of three pillars, including
achieving a net-zero life cycle for plastics, making plastics circular by providing circular feedstocks, and
promoting the sustainable use of plastics. CCU appears as a very limited feedstock for plastics.

The Contribution of CCU Towards Climate Neutrality in Europe (CO2 Value Europe,
2024)

CVE has developed a first comprehensive quantitative assessment of the role of CCU in achieving climate
neutrality in Europe, mainly for the fuels sector, but also for the chemicals sector, using complex modelling.
It shows a positive outlook for the estimation of the capacity of CCU and its application in the fuels,
construction and chemicals and derived materials sectors.

The Refinery of the Future (Vogt and Weckhuysen 2024)

This study argues that with sufficient long-term commitment and support, the science and technology for a
completely fossil-free refinery could be developed to deliver the products needed after 2050 (less fuels,
more chemicals). The authors argue that by electrifying refinery processes and switching feedstocks from
fossil fuels to CO, and agricultural and municipal waste, carbon cycles can be attempted to be closed.
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3 Key results from the evaluation

Growth until 2050

In terms of volume growth, the majority of global scenarios assumes an increase in the production of the
chemical industry. The average growth rate of the global feedstock demand for the chemical or plastics
industry is 2.93% (min= 2%, max= 4%). This indicates that growth will be somewhat lower going
forward than it has been in previous decades, where CAGR was between 3 to 4%. While most reports
agree that the global demand for chemicals or plastics is expected to grow, some studies are more optimistic
than others about the extent to which this growth will be offset by efficiency gains along the value chain.

This represents an increase of around 2.4 times by 2050 compared to 2020 levels, but there are clear
geographical differences. Most of the growth is expected to take place outside Europe, with feedstock volumes
in Europe remaining at current levels until 2050.

This can be explained by the fact that European population is relatively stable and the circular economy
continues to mature. In addition, unlike in Asia or Africa, there is no pent-up demand in Europe for plastic
products such as cars, household appliances and packaging. All in all, the assumptions in the studies reveal
a higher degree of uncertainty in terms of growth when it comes to the European sector, the average CAGR
for Europe and Germany of the evaluated studies (combined) is 0.4% (min=-1%, max= 3.1%) (see Table 1).
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Table 1:Overview of the Results of the Evaluation of 15 Studies and 24 Scenarios on the Net-Zero Chemical Industry 2050

Study

Material Economics
Material Economics
Material Economics
Kircher, M.

Meys et al.

CEFIC

CEFIC

CEFIC

CEFIC

Lange (Shell)
Lange (Shell)

OECD
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Lopez et al.

Lopez et al.

Lopez et al.

Lopez et al.
nova-Institute
nova-Institute
PlasticsEurope

CO, Value Europe
Vogt & Weckhuysen
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3225
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38.5
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35
1.0
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0.5
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5.5
52
4.8
32
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24.5
17
9
50

CCU Share
0

0
0
70
17.5

29
55
88
38
90
62
84
49
66
25
24

30.5

Recycling Share

63
62
5.5

43.5
7.8
7.2
1
19
42
20
12

21.5

46.5
6.5
10
5.5

Sl
31
55
51.5
43
56.5
50

R-mech Share

25
15

71

12

18

21.5

6.5

5.5

24
28

R-chem Share

14
38
47

24.5

0.1
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19
28.5

38.5

3.5
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Sope: P= plastics, Cl= chemical industry, S1= 18 key chemicals (organics, inorganics, polymers), S2= (carbo-chemicals / petrochemical industry), S3= olefins & aromatics, ammonia, methanol, S4= 75% of European plastic demand (packaging, construction, non-packaging household
goods, automotive sector), S5= cracker, ammonia and methanol, S6= chemicals and derived materials, S7= chemicals and derived materials incl. heavy oil fraction, O = olefins, (P)= chemicals-to-plastics (derived from Sankey diagram from feedstock for S5), R = chemicals and materials
from refineries; Region: EU = Europe, W = World, DE= Germany; Scenario: Please see annex for further details; CAGR: Cumulative Annual Growth Rate in %; Biomass: Share of biomass from total feedstock in %; CCU: Feedstock from Carbon capture and Utilisation, share from total
feedstock in %; Recycling: Feedstock from mechanical; and chemical recycling, share from total feedstock in %; R-mech: Feedstock from mechanical recycling, share from total feedstock in %; R-chem: Feedstock from chemical recycling, share from total feedstock in %; Fossil: Fossil-
based feedstock, share from total feedstock in %; CCS: “+” indicates that emissions related to fossil share are at least partially abated via CCS
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Complete defossilisation is considered in 10 of the 24 scenarios. The remaining studies with a residual share
of fossil carbon feedstock tend to combine these processes with a strong implementation of CCS. It is
noteworthy that the OECD report (2022) assumes that the majority of feedstock in the future chemical industry
will still be fossil, with low recycling rates and negligible use of biomass feedstock, which is a clear outlier and
in stark contrast to the general consensus.

Renewable carbon shares and differences between the entire chemical industry and
the plastics sector

In all 24 scenarios, biomass and recycling are considered as possible alternative carbon sources to replace
fossil carbon. CCU is considered in 16 of the 24 scenarios.

The studies reviewed were grouped for analysis into either the plastics sector (7 reports, 10 scenarios) or the
chemicals industry (Cl, 9 reports and 16 scenarios), although in the latter case the scope often did not cover
the full extent of the chemicals industry (see Table 1).

Biomass

In most scenarios, the share of biomass covers a significant part of the total feedstock demand, not only for
plastics (mean= 21%, median= 19.5%, Q1= 11%; Q3= 35.9%), but also for the chemicals (mean= 22%,
median= 20%, Q1= 9.8%; Q3= 32.8%). In studies where biomass is analysed in more detail, the main
sources are wood and biogenic waste and agricultural lignocellulosic feedstocks. The share of starch,
sugar and oil crops decreases in most scenarios.

CCu

The use of CO; is considered in 11 reports and 16 scenarios. For the plastics scenarios, the average share
attributed to CCU is 17% (median= 5.3%, Q1= 0%; Q3= 27.3%), with a considerably higher average share
of 33% (median= 24.5%, Q1= 3.6%; Q3= 64%) for the chemical industry, which is higher than the
predicted share of biomass. However, the reported values for CCU show substantial heterogeneity,
reflected in a large interquartile range. Despite the limited robustness due to the small sample size of the
total number of reports, this indicates the presence of ambiguity; some scenarios predict that CCU will
become the main source of feedstock for chemicals, while others assume that CCU will not take off at all.
Depending on the study, either all CO, sources are accepted (biogenic as well as fossil point sources and
air capture) or fossil point sources are not considered.

Recycling

While the reported average share of recycling for the chemical industry is 20% (median= 10.5%, Q1= 6.9%;
Q3= 26.6%), the predicted average share for plastics is significantly higher at 42% (median=43.3%, Q1=
31%; Q3= 54%). For both categories the interquartile range is quite narrow. This means that most studies
agree on the leading role of recycling for the plastics sector, while the importance of recycled plastic
feedstock in the wider context of the chemical industry appears to be less pronounced. Unfortunately, not
all studies analyse the breakdown of recycled content between the two possible categories
(chemical/mechanical) in sufficient detail. About 40% of the studies provide explicit shares for both
mechanical and chemical recycling. 50% of these studies estimated a higher share for chemical recycling
than for mechanical recycling (see Table 1).
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The results are visualised in the following figures, with Figure 1 shows the average shares of bio-based, CCU-
based, recycled and fossil feedstocks for the chemical industry studies, while Figure 2 shows the results for
the plastics industry studies.

Net-Zero Chemical Industry - Mean Feedstock Shares (%)
Across 16 Scenarios From 9 Reports

I Biomass
I Cccu
0 Recycling
I Fossil

[SlolEle) ﬁ-lnstitute.en 12024

Figure 1: Mean feedstock shares derived from recent scenarios for the 2050 net-zero chemical industry.

Net-Zero Plastics - Mean Feedstock Shares (%)
Across 10 Scenarios From 7 Reports

I Biomass
I ccu
™ Recycling
I Fossil

@080 ﬁa-lnsmme.eu 12024

Figure 2: Mean feedstock shares derived from recent scenarios for the 2050 net-zero plastics sector.
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Figure 3 (for the chemical industry studies) and Figure 4 (for the plastics industry studies) show in more detail
on the dispersion of the shares between the different studies. Both show box plots for the bio-based share, the
CCU-based share, the recycled share (separated into mechanical and chemical recycling where possible) and
the remaining fossil share. The individual points in a box plot indicate the share of a particular study, while the
box visualises the middle 50% of the data. The line in the box plot shows the median.

Net-Zero Chemical Industry - Evaluation of Feedstock (%)
Across 16 Scenarios From 9 Reports 2050

o Outlier
Maximum
Individual Value of a Report
Mean
Median
Middle 50% of the Data
° Minimum
.
3
—_—

Biomass ccu Recycling Mechanical Chemical Fossil
Recycling Recycling

@O0 ﬁ-lnslitute.eu 12024

Figure 3: Carbon feedstock shares across 9 recent reports with scenarios on the future of the chemical industry.
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Net-Zero Plastics - Evaluation of Feedstock (%)
Across 10 Scenarios From 7 Reports 2050
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- .
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20 — 3
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210

Biomass Cccu Recycling Mechanical Chemical Fossil
Recycling Recycling

available at www.renewable-carbon.eu/graphics @000 ﬁ-lnstituteeu 12024

Figure 4: Carbon feedstock shares across 7 recent reports with scenarios on the future of the plastics industry.

In summary, despite the differences in modelling, assumptions and scope, the results of the studies are not
very far apart and tend to be in general agreement. The vast majority of reports predict a dramatic
reduction in the share of fossil feedstock compared to today, and have identified biomass, CCU and
recycling as the future backbone of the chemical industry’s feedstock base. Notably, recycled feedstock
is projected to become the main source of carbon for plastics production (see Figures 1 and 2). Due to the
current low TLR, there seems to be some ambiguity about the role that chemical recycling will play. However,
the results clearly show that maximising carbon recovery and cycling through recycling can only be achieved
through inclusion of chemical recycling.

Policy instruments found in the reports and studies

Many of the reports reviewed provide at least some policy recommendations on how to address the
challenges associated with such a large-scale industrial transformation. High-level recommendations tend
to focus on investment and economic support, the establishment of robust regulatory frameworks, and the
promotion of renewable energy and infrastructure development.

Technology Processes highlighted in the reports and studies

The analysis of the key processes required for a sustainable chemical industry showed that there is no
single solution. The general consensus can be narrowed down to three basic pillars: establishing a
renewable feedstock base, substituting conventional processes with new processes or process chains, and
changing the heat supply.

New source of feedstock carbon. Enhance circularity of carbon by transitioning away from fossil-based
feedstocks to renewable carbon sources, including biomass, industrial by-products, waste CO, and recycled
plastics.
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The share of alternative carbon feedstocks is expected to increase gradually. While a large proportion of the
2050 scenarios assume a complete defossilisation of the chemical industry by 2050, some reports still assume
a significant fossil share (often mitigated by CCS). In the future, the increased use of biomass (biotechnology,
gasification to syngas), the use of plastic waste (chemical recycling), and CCU (e.g. via syngas and Fischer-
Tropsch (naphtha), electrochemistry or the methanol route) will form the new feedstock and process base for
basic chemicals. In this context, the most discussed sustainable feedstocks for the global chemical industry
are alternative naphtha and methanol, e-methanol and biomass-based methanol (bio-methanol), which can be
used either directly or as a feedstock for olefins and aromatics via the methanol-to-olefins (MTO) and methanol-
to-aromatics (MTA) processes.

New processes or process chains. Significant reductions in CO; emissions can be achieved by improving
existing processes and developing new ones. While there is still significant room for improvement in the context
of mechanical recycling (i.e. collection, sorting), several reports have identified chemical recycling of end-of-
life plastics as the key tool to increase carbon circularity. This includes depolymerisation, pyrolysis and
gasification, but also physical recycling such as dissolution.

Change of processes energy

Although outside the scope of this report, it is worth noting that in addition to feedstock substitution and the
scale-up of new processes, the electrification of manufacturing has often been identified as an important
measure to support industrial transformation and CO; emission reduction. While some process equipment,
such as pumps, compressors and low-temperature boilers, are relatively easy to convert, other tasks are
more challenging. For example, the development of large-scale electrically heated steam cracking furnaces.
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