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defossilisation of chemical manufacturing†

Qiuchi Pan, a Martin Held *a and Jan Backmann *b

The chemical industry plays a pivotal role in modern society, providing essential products like plastics,

consumer products, pharmaceuticals, speciality and agricultural chemicals. With increasing global

prosperity and evolving societal demands, the need for sustainable chemicals is more pressing than ever.

Essentially, the production of chemicals as we know it today is based on the use of fossil fuel for

supplying the feedstock needed to provide the carbon-skeleton and the energy required for the

synthesis process. As either of the two leads to CO2 emissions, net-zero in chemistry requires both

renewable energy and sustainable carbon supply strategies. Decarbonisation in the chemical industry

requires the use of carbon-free renewable energy and changes in process design to replace CO2

liberating steps (mainly energy supply) during manufacturing, e.g. with hydrogen as a reducing agent.

While defossilisation technologies refer to using defossilised carbon feedstock for material production,

namely biomass, or carbon supplied via carbon capture and utilisation (CCU) or from recycling of

carbonaceous waste streams. This paper presents a meta-analysis of net-zero transition scenarios for

the chemical industry to achieve net-zero emissions by 2050, focusing on feedstock structures and

renewable energy requirements. Additionally, it evaluates the sustainability of defossilisation technologies

and underscores the imperative of target-oriented cooperation of industry, policymakers, academia, and

the public to facilitate a rapid transition towards a more sustainable chemical industry.
Sustainability spotlight

This study critically examines how the transition to sustainable feedstocks – such as biomass, recyclates, or captured CO2 – can steer ammonia, organic chemical
and plastics manufacturing toward net-zero emissions by 2050. We analyse the aspects of net-zero transition scenarios, focusing on projected future chemical
demand, feedstock sources, and renewable energy requirements for assessing the sustainability of key defossilisation technologies across environmental, social,
and economic dimensions. With the generated insights, we seek to contribute to shaping a practical net-zero roadmap, underpinning the industry's alignment
with the UN Sustainable Development Goals 7 (affordable and clean energy), 9 (industry, innovation and infrastructure), 12 (responsible consumption and
production), and 13 (climate action).
1. Introduction

Organic chemistry is one of the important drivers for the
emergence of the Second Industrial Revolution. In the mean-
time, products generated by the art of chemistry nd applica-
tions in virtually any industry sector yielding products including
but not limited to plastics, consumer goods, lubricants, adhe-
sives, healthcare products, and agrochemicals. It's as simple as
that – no modern life without chemistry. Scarcity of resources,
energy crisis, supply chain issues, environmental degradation,
and most importantly the need to minimise greenhouse gas
neering, ETH Zurich, Schanzenstrasse 44,

sse 124, 4070 Basel, Switzerland. E-mail:

tion (ESI) available. See DOI:

80
(GHG) emissions have raised the interest in strengthening
supply chain diversication, local industrial resilience, nature
conservation, and above all in the transformation towards a net-
zero chemical industry. Of note, net-zero does not mean zero
emissions, but rather that the amount of GHG emitted is
balanced by active removal and sequestration of a similar
amount from the atmosphere or from process or incineration
gases.

Emissions generally accrue at three different stages (Fig. 1):
scope 1 emissions are directly caused by sources owned or
controlled by the manufacturing rm; scope 2 are indirect
emissions attributed to the purchase of electric power or
process heat, while scope 3 are indirect emissions that result
from the activity of a rm but are not under their direct control.
Scope 3 emissions are further divided into upstream emissions
encompassing emissions resulting from the production of
purchased raw materials and services (including raw material
extraction and transportation), and downstream emissions
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Scope 1, 2, 3 greenhouse gas emissions of the chemical industry
in 2021. *Scope 3 upstream emissions were 2.1 Gt while downstream
emissions are not accounted for here.1 The list of scope 3 emissions
here is not exhaustive.2
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including distribution of nished products, product use and
end-of-life (EOL) treatment of the manufactured goods.3,4 In
fact, scope 1 and 2 GHG emissions of the chemical industry are
considerable, amounting to 6% of global emissions (3.5 Gt CO2

eq. out of 59 Gt CO2 eq.). Assessment of scope 3 emissions is
notoriously difficult, as it requires emission data input from
suppliers, producers, distributors, users as well as from facili-
ties disposing, treating and processing waste. Downstream
emissions, in particular, are challenging to track and are not
included here due to methodological difficulties and huge data
variations.4 Nevertheless, recent published work indicated
scope 3 upstream emissions may add up more than 50% of the
already accounted for GHG emissions (Fig. 1).1 This suggests
that the total emissions from the chemical industry could
indeed exceed 5.6 Gt CO2 eq. hence representing nearly 10% of
the total global CO2 emissions.1,5

While reducing a considerable fraction of scope 1 and 2
emissions is possible by adopting alternative organisational
routines, using renewable instead of fossil-based utilities or
optimising logistics, abating scope 3 is challenging. The
essential reason is that most organic primary chemical (see ESI
Appendix†) products are composed to a considerable extent
(>80% w/w) of carbon currently predominately derived from the
geosphere in the form of oil, gas, and coal. In addition to fossil-
based GHG emissions accruing upstream during feedstock
mining, transportation and transformation, at the EOL of the
manufactured chemical or chemicals-containing products, vast
amounts of carbon previously safely stowed away underground
are released in the course of incineration, biological or chemical
degradation (e.g. in the sewage treatment plants). If not
captured and sequestered, these gaseous carbonaceous (CO2,
CO, methane) GHG waste stream are subsequently released into
the atmosphere. As the resulting carbon chain is linear, carbon
from the geosphere is hence continuously carried over into the
atmosphere thereby signicantly contributing to global green-
house gas emissions.
© 2025 The Author(s). Published by the Royal Society of Chemistry
In alignment with the Paris Agreement to limit global
warming to 1.5 °C by the end of this century, CO2 emissions
should reach net-zero by 2050 in any larger geopolitical area.6

For example, China, as the largest emitter of GHG in the world,
has planned to reach peak CO2 emissions by 2030 and is
committed to achieving carbon neutrality by 2060 through
implemented policies, including a national emissions trading
system and investments in renewable energy.7 The European
Union is acting under its European Green Deal, aiming GHG
emissions be 55% lower in 2030 compared to 1990,8 meanwhile
the European Commission acknowledges electrication and
hydrogen as key technologies.9,10 Furthermore, the global drive
to use non-fossil based fuels in the transport sector (renewable
fuels of non-biological origin or RFNBO, recycled carbon fuels
or RCF, and sustainable aviation fuel or SAF) are pillars recog-
nised to contribute to the deployment of net-zero technologies
for supply of redox-reduced carbon though predominately for
energetic applications and not as feedstock.11,12

On the international level, the chemical industry is sharing
the 1.5 °C goal and has to work on reducing its CO2 emissions to
achieve net-zero by 2050. For the chemical industry, defossili-
sation, i.e. the replacement of fossil-based feedstocks with
alternative, non-fossil sources of carbon for product
manufacturing, provides a promising avenue for reaching net-
zero emission (Fig. 2). Notably, defossilisation is also a crucial
concept in the context of the Science Based Targets initiative
(SBTi), which aims to support companies in setting targets to
reduce their GHG emissions and limit global warming. SBTi
recognises the importance of defossilisation and encourages
companies to develop strategies that align with a low-carbon,
sustainable future.4

Several emerging technologies for sustainable chemical
production are already being recognised and implemented to
enhance efficiency, reduce energy consumption, and lower
environmental impacts. For example, (a) biotransformation,13–15

which utilises biological systems such as enzymes or microor-
ganisms to catalyse reactions under mild conditions using
renewable feedstocks like biomass; (b) ow chemistry,16 which
improves reaction control and efficiency through continuous
ow systems, leading to reduced energy use and byproducts; (c)
photochemistry,17 which leverages light to drive reactions under
mild conditions, with the potential to use renewable energy
sources like sunlight and (d) water-based chemistry,18,19 which
substitutes harmful solvents with water, reducing environmental
impact and enhancing safety. These technologies reduce reliance
on fossil fuels while promoting circularity and resource effi-
ciency. Our study focuses on the broader impacts of these tech-
nologies on bulk chemical production and feedstock
transformations, without delving into detailed technical aspects.

Another notable trend is product innovation at the chemical
and polymer level. For instance, biogenic carbon (e.g. fur-
andicarboxylic acid (FDCA) by Avantium,20 Glycix by Plantics,21

Velvetol® by WeylChem22) is increasingly being used for the
production of polymers with signicantly higher oxygen but
lower energy and carbon content if compared to conventional
polymers like polyethylene, polypropylene or polystyrene. This
shi is expected to result in substantial reductions in carbon
RSC Sustainability, 2025, 3, 64–80 | 65
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Fig. 2 Material and energy flow of the chemical industry today and once defossilised. Today, carbon feedstock is sourced from fossil fuels (coal,
oil, gas) with a small fraction (less than 1%) of biomass and recycled plastics (9%) added. Similarly, energy is predominantly derived from fossil
fuels. In a defossilised scenario, larger fractions of feedstock are generated by carbon capture and utilisation (CO2 from unavoidable exhaust
gases or from the atmosphere), or obtained from biomass, or massive recycling of plastics. The share of fossil fuels is hence decreased, and
residual CO2 emissions are captured and stored (CCS). While this process does not fully achieve defossilisation, it is included here as part of the
low-carbon emission scenarios discussed in our analysis. Energy is then predominantly obtained from biomass or carbon-free electricity
generated from renewables. In all of the analysed scenarios, a product mix of primary chemicals (ammonia, methanol, and high value chemicals,
including ethylene, propylene, benzene, toluene, and mixed xylenes), which are then transformed into the various industrial, professional, or
consumer end products but also used energetically in the transport and agricultural sector are manufactured. The thickness of the arrows shall
indicate the relative size of the energy or carbon streams. Dotted arrows indicate the continued use of fossil fuels coupled with CCS, a practical
option to reach a net-zero chemical industry, although it is not considered a defossilisation technology.
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emissions.23 We believe, we are in a phase where innovation is
not only focused on improving the processes used to produce
standard plastics, but also on developing entirely new precursors
and polymers with an inherently lower environmental footprint –
especially when derived from defossilised feedstocks.

In 2020, 160 PWh of primary energy was produced and
consumed globally, with 79% from fossil carbon, 5% fromnuclear,
and 16% from renewables.24 Of this, 13 PWh of fossil fuels was
directed to the chemical industry meeting over 99% of its energy
and carbon feedstock needs.25 For defossilisation of the chemical
industry (Fig. 2) both energy and carbon feedstock supply have to
be rewired. While energy (electricity and heat) can be obtained
66 | RSC Sustainability, 2025, 3, 64–80
from renewables (e.g. solar, wind, hydrodynamics, or biomass),
carbonaceous feedstock input will have to be defossilised, i.e. of
non-fossil origin. For the supply of non-fossil origin carbon, only
two paths are known: rst, recyclates. While recycled carbonmight
indeed be of fossil origin, its reuse allows a reduction of additional
virgin carbon input. As long as this input originates from non-
fossil sources, CO2 emissions are subsequently decreased
throughout the entire value-added chain. Second, atmospheric
carbon.26 CO2 can either be captured from concentrated point
source emitters (PS), directly from air (DAC), or by plants. In
subsequent steps, this carbon can then either be used directly or
redox reduced with hydrogen to give defossilised feedstock.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Noteworthy, some CO2 emissions can alternatively be reduced
further if the carbon released at the end of the product's lifecycle is
captured and stored (CCS‡) underground for geological periods.
To this end, CCS has high potential to contribute to reducing CO2

emissions of the chemical industry but is in itself not a defossili-
sation technology as fossil carbon input is still permissive. Notably,
enabling a defossilised net-zero chemical industry requires careful
balancing of material and emission streams and energy demand.
As huge capital investments are required to achieve the turn-
around, policy measures are required to promote efforts towards
net-zero chemistry. However, this requires a better understanding
of the interrelationships described here among the political
players, who already nd themselves in an increasingly complex
setting. We are obviously aware that CCS can also be combined
with biomass utilisation (BIO) and carbon capture and utilisation
(CCU) or CCU can be combined with recycling.27 However, taking
such combinations into account would only unnecessarily
complicate our considerations and hardly provide any additional
gain in accuracy – in a situation in which the forecasts are already
subject to quite some inaccuracies.

Interestingly, the results of net-zero transition scenarios
which consider the transition to a close CO2-neutral or CO2-
neutral chemistry28–34 found in the public domain vary consid-
erably. As outlined in here, this variation is at least in part due
to different assumptions regarding the chemicals involved,
emissions scopes, the mix of technologies used and the energy
requirements. For non-specialists, including most policy-
makers, it's hence difficult to determine the path forward. One
of the goals of this study is to analyse the space of possibilities
as represented by a selected number of peer-reviewed net-zero
transition scenarios and to distil a number of generic rules.

We have also analysed the inuence of the different tech-
nology paths at a higher, more abstract level. This analysis is
based on the three-pillar model of sustainability. We rated the
technological options according to a greatly simplied evalua-
tion scheme, whereby the three pillars of sustainability were
broken down into components that are relevant in the context
of net-zero chemistry. Themain aim is to work out the impact of
the deployment of the proposed technologies on society,
economy and environment. This was done in order to provide
an arbitrate metric for sustainability measurement beyond the
scope of climate effects.
2. Analysis of net-zero transition
scenarios
2.1. Background and objectives

In the meta-analysis presented here, the net-zero transition
scenarios from the scientic publications were selected based
on the following criteria:

(a) Focus on the global chemical industry.
‡ We are obviously aware that CCS can also be combined with BIO and CCU.
However, taking such combinations into account would only unnecessarily
complicate our considerations and hardly provide any additional gain in
accuracy – in a situation in which the forecasts are already subject to quite
some inaccuracies.

© 2025 The Author(s). Published by the Royal Society of Chemistry
(b) Published no later than 2018.
(c) Shi from fossil-based to partially or completely defos-

silised feedstock.
(d) Provision of quantitative data on carbon feedstock input

and energy consumption for the production of primary
chemicals.

(e) Demonstration of net-zero or near-net-zero CO2

emissions.
In total seven net-zero transition scenarios presented in ve

publications were selected (Table 1) outlining development
paths until 2050 and 2030, respectively. When multiple
scenarios were reported, we selected one or two for our analysis
based on the following rationale. From Meng et al.,29 LC-NFAX
and HC-NFAX both display the highest fossil fuel reduction
rates combined with two different circularity strategies.
Scenario NZE2050H from Lopez et al.30 is based on maximising
biomass input. From Katelhon's work,32 TRLH features a high
technology readiness level. Our selection of the net-zero tran-
sition scenarios aims to provide a non-biased and broad scope.

All authors focused on the production of primary chemicals,
i.e. ammonia and methanol and high-value chemicals (HVCs
including ethylene, propylene, benzene, toluene, and mixed
xylenes, see also ESI Appendix†). Curiously, all studies extrap-
olated key data (e.g. the future chemical demand and recycling
quotes) from one of two reports of the International Energy
Agency (IEA) published in 2013 and 2018 (ref. 37 and 38) prior to
making scenario-specic modications. Feedstock was
primarily sourced from fossil reserves but generally combined
with CCS (FOS/CCS), CCU with CO2 obtained from point source
emitters or ambient air, biomass (BIO), or recycling of plastic
waste (REC). ZERO1.5, LC-NFAX/HC-NFAX and EmiL anticipate
additional capacities for ammonia and methanol production,
targeting use in the energy and transport sector.35,36 ZERO1.5,
LC-NFAX/HC-NFAX, NZE2050H and EmiL assume elevated
plastic collection and recycling rates of 18% in the 2018 IEA
report.37

On the energy side, ZERO1.5, LC-NFAX/HC-NFAX, and
EmiH/EmiL considered only the demand for conversion of
feedstock into primary chemicals, while NZE2050H and TRLH,
also accounted for their conversion into large-volume secondary
chemicals (polyethylene, vinyl chloride, ethylene oxide, styrene,
polypropylene, acrylonitrile, propylene oxide, acetone, phenol,
terephthalic acid, para-xylene, caprolactam, cumene, diethylene
glycol, ethylene glycol).

All authors assumed unlimited availability of net-zero energy
for power and heat production, as well as for the supply and
transport of carbon (biomass, fossil fuels, or CO2). EOL emis-
sions were generally considered, assuming incineration or
landll as the means for the removal of a fraction of product-
bound carbon (LC-NFAX/HC-NFAX).

We rst set out to harmonise the data, aiming to estimate (a)
the projected future demand for primary chemicals; (b) the
proposed virgin feedstock cocktails; (c) the demand for renew-
able electricity. In this way, we sought to outline the realm of
possibilities potentially enabling net-zero emission chemistry.
RSC Sustainability, 2025, 3, 64–80 | 67
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Table 1 Net-zero transition scenarios demonstrating zero emission of the chemical industry by 2050a

Publications

Deployed technologies

Scaling of cross-sector applications Recycling intensication

Energy demandc

FOS/CCS CCU BIO Primary Secondary

ZERO1.5 28 7 7 7 7 7 7

LC-NFAX29 7 7 7 7 7 7

HC-NFAX29 7 7 7 7 7 7

NZE2050H30 7 7 7 7

EmiH31 7 7

EmiL31 7 7 7 7

TRLH32/b 7 7

a ZERO1.5 (ref. 28) – techno-economical assessment of 20 decarbonisation approaches. LC-NFAX/HC-NFAX29 – modesty-driven scenario (see next
section; low circularity/high circularity, LC/HC) assuming dwindling demands of chemical consumption due to regulations and a change of
consumer habits. NZE2050H30 – maximisation of the use of sustainably produced biomass as feedstock, with feedstock supply gaps lled by
CO2 captured from the gas phase. EmiH/EmiL31 – all feedstock for chemical production is supplied by unavoidable CO2 emissions accruing in
the course of steel and cement production. TRLH32 – an aggressive scenario assuming the transition of the chemical industry by 2030 to reach
net-zero deploying high technology readiness level technologies (TRL >7). FOS/CCS: fossil feedstock combined with carbon capture and storage;
CCU: carbon capture and utilisation; BIO: biomass utilisation;. Scaling of cross-sector applications: massive increase of ammonia and methanol
production volumes for application as fuel in the transport and energy sector.35,36 Recycling intensication: recycling rates considerably exceed
the 18% proposed by IEA.37 b Demonstrates net-zero until 2030. c Primary: only the energy expenses required for converting feedstock into
primary chemicals are considered. Secondary: energy required for conversion of primary into secondary chemicals (polyethylene, vinyl chloride,
ethylene oxide, styrene, polypropylene, acrylonitrile, propylene oxide, acetone, phenol, terephthalic acid, para-xylene, caprolactam, cumene,
diethylene glycol, ethylene glycol) is also considered. The additional energy requirements account for less than 5% of the total feedstock input30

and were therefore neglected by us.

RSC Sustainability Critical Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
de

se
m

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 2

0.
06

.2
02

6 
18

.4
4.

17
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
2.2. Projected production volumes, carbon ow and energy
content for primary chemical manufacturing

For projection of the future primary chemicals demand, all net-
zero transition scenarios used input data from IEA published in
2013 (NZE2050H, TRLH) and 2018 (ZERO1.5, LC-NFAX, HC-
NFAX, EmiH, EmiL) predicting a demand of 1380 Mt and
1001 Mt, respectively.37,38 IEA calculated those demands based
on economic parameters such as country/regional data of the
gross domestic product (GDP), disposable income, short-term
industrial capacities, current materials consumptions,
demand saturation levels derived from historical demand
intensity curves, resource endowments, and the fraction of
feedstock being recycled from plastic waste.37

IEA demand projections were then further modied by the
authors of the net-zero transition scenarios rst considering (a)
the impact of the reduction of chemical demand through elimi-
nating, reusing and substituting with non-carbon-based alterna-
tives; then (b) scaling of cross-sector applications with increased
demand of ammonia andmethanol, and lastly; (c) reduction of de
novo synthesised chemicals due to plastic recycling.

ZERO1.5 (Fig. 3A–C) projects chemical production of 1275 Mt
(484 MtC) and an additional 279 Mt (237 MtC) obtained from
recycled plastics assuming an exceptionally high recycling rate of
66%. Consequently, HVCs production volumes are considered to
grow at a CAGR of 0.9% (453 Mt/398 MtC) falling signicantly
below the 2.4% proposed by IEA (580 Mt/506 MtC).37 Due to the
proposedmassive future use of ammonia (598 Mt) andmethanol
(224 Mt/84 MtC) as chemical energy carriers, the projected
production volumes exceed those proposed by IEA (ammonia 241
Mt and methanol 180 Mt) by a factor of 2.5 and 1.2, respectively.
The overall energy embedded in the produced chemicals
amounts to 9.9 PWh, with 3.1 PWh in ammonia, 1.2 PWh in
methanol and 5.6 PWh in HVCs.
68 | RSC Sustainability, 2025, 3, 64–80
LC-NFAX and HC-NFAX scenarios propose a primary chem-
ical demand of 1760 Mt thereby considerably exceeding the IEA
prognosis of 972 Mt, mainly due to cross-sector applications in
marine transport and power balancing. The authors propose an
aggressive circularity strategy (including eliminating, reusing,
and substituting) and assume high plastic recycling rates (37%
in LC-NFAX and 43% in HC-NFAX). To this end, the demand for
newly synthesised HVC is reduced by 98Mt (89MtC, see also ref.
25) and 101 Mt (92 MtC) to give HVC production volumes of 330
Mt (288 MtC) and 221 Mt (193 MtC). While the authors
proposed an increase of ammonia volumes (LC-NFAX 996 Mt;
HC-NFAX 968 Mt) for transport and energetic use, methanol
production volumes are considered to decrease to (LC-NFAX 74
Mt/28 MtC, HC-NFAX 62 Mt/23 MtC) assuming no future use as
engine fuel. The resulting de novo synthesised chemicals hence
amounted to 1400 Mt and 1251 Mt for LC-NFAX and HC-NFAX,
respectively. The total energy embedded in de novo synthesised
chemicals in LC-NFAX was 9.7 PWh, with 5.2 PWh in ammonia,
0.4 PWh in methanol and 4.1 PWh in HVCs; in HC-NFAX,
decrease of HVC production leads to a reduction of total
energy for de novo synthesised chemicals to 8.3 PWh, with 5.1
PWh in ammonia, 0.3 PWh in methanol and 2.8 PWh in HVCs.

NZE2050H projects a total chemical demand of 1538 Mt (958
MtC) in 2050. A 60% plastics recycling rate leads to 224 Mt (190
MtC) recycling materials while the de novo synthesised chem-
icals amounting to 1314 Mt (768 MtC). HVCs demand is ex-
pected to see a signicant upsurge to 785 Mt (689 MtC).
Ammonia andmethanol production are expected to steadily rise
to 317 Mt and 212 Mt (79 MtC), respectively. A total of 12.5 PWh
of energy is embedded in de novo synthesised chemicals, with
1.7 PWh in ammonia, 1.2 PWh in methanol, and 9.7 PWh in
HVCs.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Projected mass and energy content of chemical demand in net-zero transition scenarios. Projected demand for chemicals in (A) metric
tons and (B) metric tons of carbon. (C) Total chemical energy embedded in de novo synthesised chemicals (recycled chemicals excluded)
expressed in lower heating values. Methanol converted to HVCs has been subtracted to prevent double counting. By-products, such as C4
chemicals (butadiene, butylene), of ethylene manufacturing and cracking of fossil reserves39,40 are neglected. *Generally, ammonia equivalents
except for EmiH and EmiL stating urea production volumes and energy.
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For calculation of the future chemical demand in EmiH, the
IEA data were transferred directly projecting 953 Mt in 2050. Of
note, the authors proposed production of massive amounts of
urea and its application as fertiliser. In EmiL, primary chemical
demand was reduced to 862 Mt (532 MtC), assembled from 751
Mt (433 MtC) of de novo synthesised and 111 Mt (99 MtC) of
recycled materials. Urea is expected to encounter negative
growth to 165 Mt (33 MtC) by 2050 due to reduced nitrogen
fertiliser use.41 Methanol is projected to grow faster as in the IEA
scenario to 224Mt28 due to its use in transportation, while HVCs
demand are reduced by 45% to 362 Mt (316 MtC) due to reuse
and recycling.42 In EmiH, a total of 8.6 PWh of energy is
embedded in de novo synthesised chemicals, with 0.7 PWh in
urea, 0.8 PWh in methanol, and 7.2 PWh in HVCs. In EmiL, the
© 2025 The Author(s). Published by the Royal Society of Chemistry
total embedded energy is 6.2 PWh, with 0.5 PWh in urea, 1.2
PWh in methanol, and 4.5 PWh in HVCs.

In TRLH, again the IEA data were used unchanged assuming
production of 948 Mt (562 MtC) of primary chemicals by 2030.
The production volumes for ammonia, methanol and HVCs are
229 Mt, 135 Mt (51 MtC) and 584 Mt (511 MtC), respectively. The
total embedded energy in de novo synthesised chemicals is 9.2
PWh, with 1.2 PWh in ammonia, 0.7 PWh in methanol, and 7.2
PWh in HVCs.

Consequently, the 2050 production data in the net-zero
transition scenarios differ from each other (751 Mt to 1418
Mt, Fig. 3A) and, in most cases, fall short of the referenced
baseline scenarios (IEA 2013: 1380 Mt and 2018: 1001 Mt,
because of assumptions of reasonable and informed customer
RSC Sustainability, 2025, 3, 64–80 | 69
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behaviour and policies. Of note, IPCC dealing with global
carbon uxes too, relies on more dynamic datasets and stand-
ardised narratives in order to size those potential non-linear
changes.43 We argue that standardisation of the input data
used for net-zero scenario development would further increase
data transparency.

Scaling of ammonia and methanol for cross-sector applica-
tions and recycling intensication also contribute to the
signicant variations in the material ows. Particularly,
ammonia production in LC-NFAX and HC-NFAX, accounting for
two-thirds of the total production volume, adds complexity to
the system. Since ammonia contains no carbon and has the
lowest energy content of all primary chemicals, producing
ammonia would require the least energy and could be deca-
rbonised. On the other hand, intensied recycling mainly leads
to reduced burden from HVCs production due to their high
carbon and chemical energy content (see Fig. S1†) thereby also
translating into lower energy input. Production volumes in HC-
NFAX (lowest HVCs demand of 221 Mt) and NZE2050H (highest
HVC demand of 785 Mt) differ by a factor of three while the
carbon and energy-ow are similar (1264 Mt and 1314 Mt). As
the gap is lled by ammonia carrying comparatively low
chemical energy and being void of carbon, a considerable
amount of both, carbon and energy, will have to be accounted
for in HC-NFAX if circularity and modesty measures fail.

The total chemical energy in de novo synthesised chemicals
ranges from 6.2 to 11.0 PWh (Fig. 3C). As said, the majority of
the chemical energy is in HVCs. Therefore, plastics, comprising
24% of the total chemical output44 and primarily sourced from
HVCs, are crucial for reducing energy input through recycling.

Regardless of the production volume for each primary
chemical and as a whole, the weighted average energy content
of the de novo synthesised chemicals falls within 6.6 to 9.7 TWh
per Mt (Fig. S2†), indicating a benchmark for the energy input
for production.
Fig. 4 Virgin carbon feedstock input for chemical production in net-zer
carbon feedstock by source. LC-NFAX and HC-NFAX consider an addition
by us.

70 | RSC Sustainability, 2025, 3, 64–80
2.3. Supply of virgin carbon as feedstock

The virgin carbon feedstock required for the build-up of de novo
synthesised chemicals is analysed in the following section
(Fig. 4).

In the ZERO1.5 scenario, fossil inputs account for 39% (494
MtC), biomass for 43% (545 MtC), and CCU for 18% (226 Mt). In
LC-NFAX and HC-NFAX, fossil inputs account for 18% and 25%
(77 MtC and 73 MtC), biomass for 44% and 45% (188 MtC and
131 MtC), and CCU for 37% and 30% (158 MtC and 89 MtC) of
the carbon input, respectively. Additionally, 11 MtC from plastic
pyrolysis were added but neglected by us for simplication. In
the NZE2050H scenario, 51% of the carbon is sourced from
biomass, amounting to 1108 MtC, while 49% is sourced from
CCU, equating to 1083 MtC.

EmiH and EmiL investigated the feasibility of fully relying on
CO2 as its carbon source in 2050, where 845MtC and 600MtC in
the form of CO2 would be used in de novo synthesised chemicals
production sourced from large point source emitters (power,
cement, steel, pulp and paper sectors). Likewise, CO2 is envi-
sioned to serve as the sole carbon source for chemical produc-
tion by 2030 in TRLH, equivalent to 1014 MtC.

The utilisation of biomass in net-zero transition scenarios
varies by almost a factor of eight (131 to 1108MtC across ZERO1.5,
LC-NFAX, HC-NFAX, NZE2050H, Fig. 4), with all authors projec-
ting signicantly increased consumption compared to less than
1% as of today. Clearly, biomass as feedstock has the advantage
that it not only provides carbon but also chemical energy
(Fig. S1†). Still, its use must be carefully balanced with food and
crop production, direct energy use, and other material applica-
tions.45 CO2, on the other hand, is vastly abundant and adds
considerably to the feedstock mix in EmiH, EmiL and TRLH.
However, as we did not analyse the data with regard to the fraction
of carbon removed from the scenarios by CCS, we cannot chal-
lenge the data but want to remind the reader that the CCS
o transition scenarios. (A) Carbon feedstock by source. (B) Normalised
al input of 11 MtC (2–4%) from pyrolysed plastics, which was neglected

© 2025 The Author(s). Published by the Royal Society of Chemistry
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infrastructure is still in its infancy and that geological storage
capacities are limiting.46

A rough calculation of the total carbon feedstock volumes
based on their approximate carbon content (natural gas 75%
C, dry wood 50% C,47 CO2 27% C) indicates that the total
feedstock amounts also differed considerably ranging from at
least 688 Mt in modesty scenario HC-NFAX to an enormous
amount of 6227 Mt in NZE2050H assuming the highest
chemical demand (see Fig. S3†). These results indicate that the
infrastructural burden for feedstock supply will also differ
considerably. Scaling of CCU and biomass utilisation requires
the largest capacity increases due to the low-carbon content of
the starting materials.
Fig. 5 Energy requirements for the analysed net-zero transition scena
normalised. Renewable electricity requirement, including electricity for h
during electrolysis*) and electricity for manufacturing process, as (C) t
efficiency of electrolysis for hydrogen generation in the scenarios from

© 2025 The Author(s). Published by the Royal Society of Chemistry
2.4. Energy requirement in net-zero transition scenarios

In addition to carbon feedstock, net-zero chemical industry
requires energy for the reduction of feedstock and as process
energy. If fossil fuels are used, most of this energy comes with
the feedstock. However, as biomass is only partially redox
reduced, and CO2 is highly oxidised, surplus energy is required
for the manufacturing of primary chemicals from these two
carbon sources. Most of this energy is supplied in the form of
hydrogen produced from water using renewable electricity. The
energy input requirements across the net-zero transition
scenarios are discussed in the subsequent sections.

ZERO1.5 requires the input of 25.8 PWh energy (Fig. 5A and
B) with 28% originating from fossil fuels, 25% from biomass
and 27% from the chemical energy of hydrogen. Electricity
rios. Chemical energy and physical energy input as (A) totals or (B)
ydrogen generation (chemical energy in hydrogen and losses occurring
otals or (D) per unit volume of de novo synthesised chemicals. *The
top to bottom are 70%, 74%, 74%, 70%, 80%, 80% and 75%.
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required for manufacturing, including losses occurring during
electrolysis, makes up the remaining 20%.

In LC-NFAX and HC-NFAX, feedstock and energy input are
16.6 PWh and 13.5 PWh, respectively. Fossil fuels account for
9% and 10%, biomass makes up 15% and 12%, almost half the
input comes from the chemical energy of hydrogen (47% in LC-
NFAX and 50% in HC-NFAX, 234 and 200 Mt), and electricity for
manufacturing including loss from electrolysis account for 29%
and 28%.

In NZE2050H, a total of 43.8 PWh of feedstock and energy
input is pictured with biomass contributing 22% of the input,
hydrogen accounting for 44% (583 Mt), and electricity for
manufacturing including loss from electrolysis making up the
remaining 33%.

In EmiH and EmiL, the electricity used for de novo syn-
thesised chemicals are not clearly stated. We assumed an
electrolyser efficiency of 80% (LHV, 41.5 TWh el per Mt H2)48

and estimated the electricity needs for carbon capture (0.17
TWh per Mt CO2 captured) and process electricity (compressors,
distillation, MTA and MTO) (see Table S3†).49 In EmiH, the total
energy input is 28 PWh, comprised of 17.2 PWh of chemical
energy in hydrogen (511 Mt) and 10.8 PWh for the electricity
required for manufacturing, including losses occurring during
electrolysis. In EmiL, the total energy input is 18.7 PWh,
comprised of 11.4 PWh of chemical energy in hydrogen (344 Mt)
and 7.4 PWh for the electricity required for manufacturing
including losses.

In TRLH, a total of 32.0 PWh of input is needed, with 62%
(19.7 PWh, 590 Mt) is provided via the chemical energy of
hydrogen while the remainder is electricity for manufacturing
including loss from electrolysis.

All net-zero transition scenarios require a considerable
amount of energy input ranging from 13.5 to 43.8 PWh (Fig. 5A).
Regardless of the volume of chemicals being produced, all
scenarios anticipate substantial renewable electricity
consumption, ranging from 10.5 to 34 PWh (Fig. 5C) for
hydrogen generation and process energy compared with 0.3
PWh electricity use in 2020 reported in LC/HC-NFAX work.29

Hydrogen generation-related electricity comprises 76% to 87%
(9.1 to 27.8 PWh) of the total electricity requirement and is
strongly correlated to the amount of carbon supplied through
CCU (Fig. S4†). Notably, only 0.7 Mt of clean hydrogen was
produced in 2021.24 The extensive hydrogen requirement, which
translates to huge electricity use, presents a signicant chal-
lenge that has to be met for CCU deployment but international
efforts towards CCU deploying and scaling are encouraging.50,51

The IEA projects total electricity generation to increase from
28 PWh in 2021 to 50 PWh by 2050.52 Renewables, including
hydropower, wind, solar power, and bioenergy are already
deployed for electricity generation and heat production,
comprised 28% of total electricity generated in 2020 and are
expected to increase to 65% in 2050.52,53 The increased energy
demand for de novo synthesised chemicals may surpass the
current capacity of renewable electricity generation, posing
challenges to achieving sustainability objectives.

The standardised electricity input including hydrogen
generation and process electricity of manufacturing de novo
72 | RSC Sustainability, 2025, 3, 64–80
synthesised chemicals across the net-zero scenarios (Fig. 5D) is
further evaluated. In scenarios where fossil fuels are not fully
abated (ZERO1.5, LC-NFAX, and HC-NFAX), the extended use of
these energy-dense feedstock can replace considerable fractions
of renewable power. Hence, the electricity required per unit of
chemicals in these scenarios is lower, ranging from 8.3 to 9.0
TWh per Mt.

In contrast, fully CCU-based net-zero transition scenarios
(EmiH/EmiL and TRLH) are more energy intensive, leading to
renewable electricity requirements per unit of chemicals of 24.9
to 33.7 TWh per Mt.

Biomass serves as a joker in the feedstock structure.54 In
NZE2050H, where 22% of the input energy is sourced from
biomass, the renewable electricity requirement per unit of
chemicals is 25.9 TWh per Mt. Biomass is more energy efficient
compared to CCU and blending it into the carbon feedstock
helps moderate the extremely high demand for electricity
associated with CCU processes.

Compared with fossil inputs, with decreasing chemical
energy content of starting materials (biomass and CO2),
renewable energy capacities must increase, with CCU being the
most energy-intensive solution.55,56

No single solution can shape the future of the chemical
industry. To guide resource allocation and continuously
enhance the system, a comprehensive evaluation including
circularity, feedstock availability, and energy demand is neces-
sary. Beyond the scientic disciplines, incorporating industry
perspectives to evaluate its sustainability is also a powerful aid
for decision-making.
3. Sustainability evaluation of
defossilisation technologies

It is widely accepted to rest sustainability on a social, economic
and environmental pillar57 (Table 2). Here we want to evaluate
different technological options for the manufacturing of
primary chemicals and plastics (FOS, FOS/CCS, BIO, CCU) with
regard to these three pillars of sustainability in order to assess
their long-term perspective and to paint a bigger picture of
defossilisation. The three-pillar concept was preferred by us as
it is simpler than other proposed subdivisions, very well
established in the public domain, and still allows for a suffi-
ciently detailed analysis.

The rating we carried out takes into consideration the
outcome of the technology's use “in a longer term”. We
considered the period up to 2050 to be appropriate primarily
because it extends sufficiently far into the future, yet is never-
theless linked to specic political goals in important countries
and regions58,59 such as Canada, China, the European Union,
Japan, South Korea, the United Kingdom, and the United States,
which stipulated binding goals to achieve climate neutrality
around this year. In this way, we abstract from present-day
issues, particularly the limited availability of renewable energy
and a regulatory situation in need of development and can
expect that key technologies in this area will have reached
maturity. Also, the rating does not claim for itself to be
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4su00601a


Table 2 Rating criteria related to the three pillars of sustainability and their definition as applied in our rating

Environmental pillar
Climate action Refers to reducing greenhouse gas emissions
Biodiversity conservation Refers to sustainable management of ecosystems, species, and genetic variability to maintain the delicate

balance of life on Earth
Pollution prevention Encompasses strategies and practices aimed at minimising or eliminating the creation of waste and pollutants

to protect the environment and human health
Conservation of resources Refers to the responsible and efficient use of natural resources to ensure their availability for present and future

generations

Social pillar
Health and well-being
of the workers

Focuses on the physical, mental, and emotional health of workers, as well as access to healthcare services and
support systems

Social equity and justice This involves ensuring fair access to resources, opportunities, and benets for all members of society, regardless
of their background or circumstances

Community engagement and
empowerment

Encouraging active participation, inclusivity, and empowerment of individuals and communities in decision-
making processes that affect them

Economic pillar
Job creation Refers to the extent to which this technological option contributes to the creation of long-term and well-paid

employment
Long-term success
of sector-specic investments

Refers to the ability of an investment to generate positive returns and achieve its intended nancial goals over an
extended period of time. It takes into consideration factors such as the investment's performance, stability, and
ability to withstand market uctuations and economic cycles

Diversity (redundancy)
of supply

Refers to the concept of having multiple sources or options for obtaining a particular product or service. It
involves reducing reliance on a single source or supplier by diversifying and ensuring alternative sources are
available. This approach helps mitigate risks associated with potential disruptions in the supply chain and
enhances resilience in case of unforeseen events or challenges

Promoting technological
innovation

Refers to activities, strategies, or initiatives aimed at fostering and encouraging the sustainable development
and adoption of new advantageous technologies. It involves creating an environment that supports and
incentivises the generation of novel ideas, research, and societal advancements in various elds
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mathematically exact; rather, the year 2050 is used as an
approximate reference point, which is essentially characterised
by a state of affairs at which a number of advanced countries
and regions should have achieved their long-term goals that
they have set for themselves at present.

We have tried to choose the analysed focal points within the
three pillars neutrally but are of course aware that other metrics
or categories would yield different results. Of course, we are also
aware that the identied components in a complex social
system are interconnected and inuence each other, unlike the
basic variables in physical systems. The major intent was here
again to highlight certain subaspects to get a sufficiently fair
discussion without getting bogged down in the presently still
existing uncertainties. We have therefore refrained from
weighting the components. In a situation where the regulatory,
scal and psychosocial conditions vary greatly (e.g. from
country to country and region to region) and then change
rapidly and individual economic area are facing pressure that
urges them to reprioritise and divert from the ideal, weighting
can become an empty academic exercise and outdated literally
within months.

The rating presented here anyway does not claim mathe-
matical precision but is rather a way of representation we have
chosen to present a very diverse, complex context that is not
easy to assess and in a state of ux. Our main aim was to provide
an overall view of the environmental, economic, and social
dimensions and drivers. Our rating is hence more of an
instrument to structure our discussion and to motivate and
© 2025 The Author(s). Published by the Royal Society of Chemistry
convey our point of view in a concise way. In quite a number of
criteria, we assigned not just one rating value but a range to
represent the variety of outcomes depending on factors, which
are not inherent to the technologies but inuenced by the
specic conditions such as geographic location, social situation
and the specic technical implementation. The researcher,
technologist, economist, investor, citizen, or political decision-
maker should be familiarised with the complexity but should
not be lulled into a false sense of security that a specic tech-
nological solution provides with certainty a specic positive or
negative outcome.

When analysing the results per pillar (see Tables 3 and S4–
S14†), it is not entirely surprising that the technological options
differ most clearly in the environmental pillar. For the envi-
ronmental pillar, FOS is the worst, FOS/CSS is better and CCU
best. BIO cannot simply be placed in a specic position in this
string. BIO has the potential to contain very good but also rather
unfavourable solutions which are hardly better than FOS in view
of the environmental impact. The further BIO will develop from
the rst generation (biomass is derived from edible crops)
through the second (non-food lignocellulosic biomass,
including agricultural and forestry waste) to the third genera-
tion (algae and other microorganisms), the more positive its
environmental prole will become. The third generation of BIO
actually is essentially analogous to CCU only that the catalytic
redox reduction is performed by biocatalysts instead of chem-
ical catalysts and that the renewable energy for redox reduction
comes from the sun, rather than from diverse sources like wind,
RSC Sustainability, 2025, 3, 64–80 | 73
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Table 3 Ratings for the sustainability of defossilisation technologies are based on environmental, social, and economic factors. See S4–S14 for
detailed rubric

Rating criterion

Rating

FOS FOS/CCS BIO CCU

Environmental pillar
Climate action — 0 −/0 0
Biodiversity conservation — — −/0/+ +
Pollution prevention — — −/0 0
Conservation of resources — — −/0/+ +
Subtotal for environmental pillar −4 −3 [−4, 2] 2

Social pillar
Health and well-being −/0/+ −/0/+ −/0/+ 0/+
Social equity and justice −/0/+ −/0/+ −/0/+ −/0/+
Community engagement and
empowerment

−/0/+ −/0/+ −/0/+ −/0/+

Subtotal for social pillar [−3, 3] [−3, 3] [−3, 3] [−2, 3]

Economic pillar
Job creation −/0 0/+ 0/+ +
Long-term success of an investment — 0 −/0/+ −/0/+
Diversity (redundancy) of supply — — 0/+ 0/+
Promoting technological innovation −/0 0/+ −/0/+ +
Subtotal for economic pillar [−4,−2] [−1, 1] [−2, 4] [1, 4]
Total for all three pillars [−11,−3] [−7, 1] [−9, 9] [1, 9]

Fig. 6 Sustainability rating over environmental, social and economic
pillars. The higher the position on the vertical scale the more
sustainable a technological option performs. The length of the bar
represents how different the sustainability of a technological option
can be depending on the specific implementation. The rating is based
on a long-term view which we define as the perspective until 2050.
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hydro, or solar. Furthermore: when it comes to the use of
biogenic carbon dioxide through carbon capture and uti-
lisation, the BIO and CCU scenarios can only be distinguished
from one another by abstract denitions. For the sake of
simplicity, we have refrained from rating the various forms of
BIO separately in this assessment and have le it to emphasise
the wide range of existing solutions and their very different
levels of environmental sustainability.

In the social pillar, the four technological options do not vary
per se from each other. They can be implemented in a socially
responsible or antisocial way. These technological options are
socially agnostic, so to speak. For the speed of technological
transformation, it is of utmost importance that job cuts in
extraction and processing of fossil carbon carriers are carried
out in a socially acceptable manner and that affected regions are
supported in the development of decarbonised and defossilised
industries. Social problems in the affected regions promote the
development of political forces that are hostile to and hinder
the necessary technological change. There are numerous
opportunities for socially acceptable change, which could
include, for example, switching to the production of blue or
turquoise or even green hydrogen.

Concerning the economic pillar, we see that there are
intrinsically signicant differences. However, the extent to
which these differences will ultimately materialise and how
quickly they will develop depends on political decisions and the
legal framework that develops as a result.

The outcome of our rating is presented in Fig. 6. In all, we see
a wide range of the outcomes of the ratings, which is a mani-
festation of the fact that much in the specic implementation
can be done in a more or less sustainable way. FOS is in general
the worst of all options, and even if in all free parameters, it is
74 | RSC Sustainability, 2025, 3, 64–80
implemented the best possible way, it will in the long run
probably still be worse than the worst performance of CCU. We
see the greatest spread of possible rating outcomes with BIO as
© 2025 The Author(s). Published by the Royal Society of Chemistry
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was already discussed above. In its worst implementation, it is
hardly better than FOS, while it can be as good as CCU in its best
execution. Although FOS/CCS widely overlaps with FOS, it is in
its best version for sure better than FOS but hardly reaches into
the positive regions of well-implemented BIO and CCU. The
broad ranges reect our industry experience in the current
pioneer era of defossilisation, where still only a small (but
growing) number of product offerings are available. Each of
these commercial solutions requires (besides the applicability
assessment) a careful life-cycle assessment (LCA) of whether the
non-fossil (presently mostly bio-based) product offered
currently has a higher sustainability than as its fossil counter-
part and how the prole may change in close future due to
upcoming regulations (e.g. The EU0s Carbon Border Adjustment
Mechanism (CBAM)60) or technological advancements.61

On the basis of the analysis presented here, we would like to
take the liberty of making recommendations as to how, in our
view, a successful and sustainable defossilisation of chemical
industry, including plastics production, can best be promoted.
Currently, in Europe, the use of sustainably generated electricity
is being directed through legislative means to uses other than
sustainable chemistry and particularly CCU, such as electro-
mobility and modern heating technologies, especially heat
pumps. This well make sense in the current situation, which is
characterised by a lack of inexpensive, sustainably generated
electricity, but in our view the legislature should step up
promoting the expansion of sustainable electricity generation
much more rigorously than it is presently done and, above all,
should keep rmly in mind that the need to defossilise chem-
ical industry, including plastics production, will require
considerable capacities in the coming years.

Moreover, in our view, the potential synergies between CCS
and CCU still receive too little attention from political decision-
makers in Europe. The infrastructure to be created in the area of
carbon capture and sequestration (carbon capture installations
and pipeline networks) can be directly linked to that of carbon
utilisation (CCUS). Further, if, for example, as in Switzerland,62

the CO2 from waste incineration plants, which contains
a substantial portion of CO2 of biogenic origin (from food waste,
soiled cardboard and paper, etc.), is captured, this carbon
stream can partly be equated, in the sense of a mass balance
approach, to that of bioenergy with carbon capture and storage
(BECCS).63,64

We thus nd ourselves in an environment with risks and
opportunities that invites us to actively and consciously shape
the future of tomorrow's chemical industry with courage and
condence. The complexity identied should not deter the
scientic-technical, economic, or political players from reso-
lutely defossilising chemical industry, but rather encourage
them to nd the best possible solutions, which will undoubt-
edly not be without compromise. For a positive development, it
would be important to convince larger sections of society of the
benets of technological development and to inspire enthu-
siasm for technological progress. As we saw, the technological
options do not per se have social advantages over each other.
This makes it all the more important that environmentally
friendly technologies are well explained and then implemented
© 2025 The Author(s). Published by the Royal Society of Chemistry
in such a way that local people experience social-economic
progress when the technologies are introduced and therefore
welcome and support them.
4. Discussion

Transitioning from a fossil-based to a net-zero chemical
industry requires efforts from both the demand and supply
sides. On the carbon supply side, there is agreement in all of the
analysed net-zero transition scenarios that virgin fossil feed-
stock has to be decreased considerably, while non-fossil carbon
from biomass or CO2 needs to be ramped up to provide at least
60% of the carbon skeleton for de novo synthesised chemicals.
On the demand side, shiing consumer habits and intensied
recycling are key to curbing demand for de novo synthesised
chemicals (especially the high-energy and carbon-loaded HVCs
predominately used for plastic production) and thus ease
energy and feedstock need. This shi is accompanied by
a considerably growing future demand for chemicals in general
and an eventually growing market for ammonia and methanol
as energy carriers. As both the feedstock supply and the
chemical demand side will change considerably, the material
ow of the chemical industry will have to be rewired. The
subsequent transition will undoubtedly pose a challenge to
scientic research and technological development, investors,
manufacturers, and consumers but also to the energy sector.
However, as feedstock supply from biomass or captured atmo-
spheric carbon is still underdeveloped, an important task for
policymakers is to set up a framework that governs their
exploitation.
4.1. Demand-side solutions: changing purchasing policies
of industrial downstream users

From the consumer perspective, more and more companies
including large multinationals, have been working on or even
actively implementing purchasing guidelines aimed at
requesting and evaluating non-fossil alternatives to their exist-
ing purchased product and raw material portfolio. The easiest
way for the downstream user to replace the product is, of course,
if substitute materials come with an LCA indicating superior
eco-performance but are otherwise identical to the conventional
product. The biggest challenge in this simplest of cases is to
ensure that no regrettable substitution is allowed and/or that
the price of the non-fossil alternative makes the resulting
product so expensive that it is no longer competitive. Regret-
table substitutions can only be avoided by thoroughly con-
ducting LCA, also prospecting the impact of future
improvements (e.g. an increasing share of energy from renew-
able sources), and carefully and critically reviewing the LCA data
of the currently used materials.61,65,66 As far as potentially higher
prices are concerned, it is hoped that the manufacturers of
high-value and/or prestigious products with a small cost
contribution of the raw materials to the sales price67 will also
want to play a pioneering role in line with their good reputation
and particular sustainability ambitions, until increasing
production volumes will help to bring prices further down.
RSC Sustainability, 2025, 3, 64–80 | 75
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Among the pioneers, we are thinking in particular of the leading
healthcare companies and manufacturers of high-quality
consumer products. In addition to replacing chemicals and
plastics in existing products, some advanced downstream users
are also endeavouring to consider non-fossil options when
developing new products. In any case, the more innovative
materials are marketed, the greater formulation freedom will be
when products are developed from scratch.
4.2. Demand-side solutions: shiing consumer habits and
intensied recycling

Another aspect of demand-side solutions aims to reduce the
production of de novo synthesised chemicals through two main
strategies: shiing consumer habits to reduce demand and
intensifying recycling efforts. These approaches would benet
plastic waste management and reduce littering as well.33,68–71

Shiing consumer habits include redesigning products to
use less plastic material, removing unnecessary packaging,
substituting alternative materials for plastics, and choosing
plastics with a longer lifespan and higher recyclability. Clear
measures are required to reach the ambitious goal. The EU's
directive for reducing single-use plastic products,72 the pack-
aging and packaging waste regulation,73 Ecodesign for
Sustainable Products Regulation (ESPR),74 Corporate Sustain-
ability Reporting Directive (CSRD),75 the EU Taxonomy regula-
tion,76 and its Carbon Border Adjustment Mechanism (CBAM)60

are examples of in principle welcome though not necessarily
matured regulatory steering mechanisms of the European
Union. However, in our opinion, all of these regulations lack
a direct, explicit lever to support the defossilisation of chem-
icals. We would like to see the legal tools improved in this
regard.

On the other hand, recycling can be effective in reducing
both – feedstock supply and energy requirement. In net-zero
transition scenarios that consider intensied recycling, 6% to
17% of primary chemical demand (37% to 66% plastic waste
collection rate) is met by plastic recycling in 2050, preventing 83
to 237 Mt of virgin carbon from entering the material ow.
However, the current plastic waste collection rate and the nal
recycling rate are hindered by inherent inefficiencies and
downcycling77–79 as well as inadequate infrastructure and
labour-intensive sorting processes especially in low-income
countries.80 According to the OECD, of the 353 Mt of plastic
waste in 2019, 55 Mt (16%) was collected for recycling, while
only 33 Mt (9%) was redirected to plastic products, and the
remainder was disposed of as residues. The residue plastic
waste was sent to landll (174 Mt, 49%), incinerated (67 Mt,
19%), and mismanaged (82 Mt, 23%).81 Substantial investments
in recycling facilities, public education, and effective waste
management systems through international cooperation and
support would require reducing reliance on de novo synthesised
chemicals. We hope that the UN Plastics Treaty currently being
negotiated82 will support these efforts to cope with the fast
economic growth projected to triple plastic use by 2060 (ref. 81)
and an ever-growing world population of 9.7 billion projected by
2050.83
76 | RSC Sustainability, 2025, 3, 64–80
4.3. Supply-side solutions: defossilised feedstock as
a replacement for fossil fuels

From the manufacturer perspective, among the net-zero tran-
sition scenarios, in 2050, fossil fuels are projected to comprise
9% to 28% of the total energy and feedstock input (PWh) when
included in feedstock scope, while biomass begins to play an
increasingly important role as it delivers both energy and
carbon originating from CO2, accounting for 12% to 25% of the
input when considered, up from a current share of less than
1%.84 However, when shiing the feedstock from fossil fuels to
partially redox-reduced biomass and highly oxidised CO2,
hydrogen becomes crucial as the main reducing agent. Vast
amounts are needed and depending on the scenario, 38% to
82% of the total energy and substrate input is required for
hydrogen production by electrolysis. However, in future the
demand for hydrogen can be lowered if electrochemical, elec-
tromicrobial, or photochemical methods are matured and
employed for redox reduction.85–88 This would also relatively
decrease the need for sustainably generated electricity.

Fossil fuel scenarios coupled with CCS require the least
electricity, followed by biomass, while CCU being the most
energy intensive feedstock. CCS, although not considered
a defossilisation technology in our analysis and having a low
sustainability score, aligns with the current fossil-based infra-
structure, making it a practical option. Although CCU has the
highest sustainability potential, blending biomass is advisable
to mitigate the electricity demand. The choice of feedstock
should be made wisely according to the electricity and
economic situations of specic countries or regions.
4.4. Technology roadmap

For defossilisation of the chemical industry, a collaborative
approach is essential, involving industrial producers, users,
consumers, public corporations, communities, and govern-
ments. This includes educating consumer behaviour and
procurement preferences towards prioritisation of products and
solutions aligned with circular economy and sustainability
principles. Public awareness of the causes and interrelations of
the climate crisis and the impact of chemicals and in particular
high energy and high carbon-containing plastics is crucial.

We propose a roadmap in Fig. 7 targeting all stakeholders.
The roadmap begins at the interface of the consumers and
vendors of consumer products, where emphasis should be on
reducing and substituting carbon-containing materials at the
product and design level. Moving forward, consumers should
maximise the reuse and recycling of products, promoting
a circular economy that minimises waste and maximises
resource efficiency.

Simultaneously, for manufacturers, efforts should be
directed at improving energy efficiency and atom economy
during manufacturing, recognising the critical role of energy
consumption in the industry's environmental footprint. In
parallel, manufacturers should favour renewable feedstock ob-
tained through CCU or generated from biomass, particularly
those of the third generation. Lastly, the roadmap acknowl-
edges the role of CCS as a mitigation strategy for the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Roadmap to reach net-zero emissions within the life cycle of chemical products.
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unavoidable emissions associated with the continued use of
fossil fuels. We argue that this tiered approach may inspire the
development of a structured regulatory framework by policy-
makers aimed at stirring and guiding the chemical industry on
its quest to net-zero.
4.5. Further considerations

4.5.1. Biological and chemical technologies. Some parts of
the public and some policymakers favour BIO, perhaps in part
as “biological” generally comes with a more positive connota-
tion than “chemical”. Although not investigated in further
detail by us, for efficiency reasons, biomass-based approaches
may be preferrable in cases where chemical synthesis requires
considerably more steps than biological catalysis or the targeted
product is somewhat close to the redox state and oxygen content
of the biogenic starting material.89–91 It is also clear that the
production of biomass that is not available as waste or from
advanced processes (e.g. third generation) should only be
expanded in a way that does not damage biodiversity, degrade
soil quality or affect the freshwater balance, and that does not
compete with the cultivation of food crops.

4.5.2. Energy and defossilisation as chicken and egg. In
addition to the decisive expansion of established methods of
sustainable energy production (solar, wind and hydropower),
innovation in fusion energy and next-generation geothermal
energy should be more resolutely promoted and developed. We
should also avoid slipping into a supposed chicken-or-egg
dilemma: because there is not enough sustainably generated
electricity, the defossilisation of chemistry (and hydrogen
economy) is not being driven forward and because defossilisa-
tion is not yet scaled, there is only little demand in chemistry for
sustainable-generated electrical energy. Convergent, mutually
stimulating development, on the contrary, should be the aim.

4.5.3. The Antwerp declaration. We would also like to
expressly support the Antwerp Declaration of industry, which
invites European legislators to support the EU's Green Deal. The
declaration calls for the set-up of a framework to scale up capac-
ities for the production of renewable, circular, and recycled carbon
feedstocks and the development of a Circular Carbon Strategy
incentivising the use of CCU and biobased feedstocks.59,92
© 2025 The Author(s). Published by the Royal Society of Chemistry
4.5.4. The emerging UN plastics treaty. Further, we hope
the UN Plastics Treaty,82 which is to be concluded by the end of
2024, will provide a signicant impetus for defossilisation.
While the term defossilisation is not explicitly mentioned in the
available summaries of the treaty, the treaty's aim to reduce
greenhouse gas emissions from plastic production, use, and
disposal suggests that it will likely involve strategies that align
with the concept of defossilisation.
5. Conclusions

Taking into account the literature we have reviewed and our
own considerations based on practical experience with the
subject, we come to the following conclusions:

�Data used for development of the LCA scenarios need to be
further standardised and updated (IEA reports 2013 and 2018
(ref. 37 and 38)), and the use of prospective LCA rather than the
use of static data is advisable.

�We recommend adopting the −1/+1 lifecycle assessment
methodology93 for biogenic, recycled, and CCU-processed
carbon in the Product Environmental Footprint (PEF) frame-
work. This approach will ensure that the true lifecycle GHG
emission benets of these sustainable carbon sources are
accurately recognised. The current 0/0 method fails to capture
these benets, potentially hindering the transition away from
virgin fossil feedstock necessary to achieve net zero emissions
by 2050. Implementing the −1/+1 approach will support the
chemical industry0s shi towards more sustainable practices.

�If implemented, the use of ammonia and methanol for the
transport of hydrogen and energy will have a great impact on
material ows in the chemical industry.

�HVCs are posing the highest burden onto the system
compared with other primary chemicals due to their high
chemical energy and carbon content. Due to their predominant
use as plastic precursors, a focus should also be placed on the
development and scaling of innovative low-energy and low-
carbon plastic materials.

�Recycling and reducing per capita consumption especially
in the HVCs sector are absolutely important in reducing both
raw material and energy requirements.
RSC Sustainability, 2025, 3, 64–80 | 77
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�Chemical recycling as a key renewable carbon source, using
of course only sustainably produced energy, should be
promoted. Policymakers should create favourable framework
conditions for chemical recycling technologies to meet the
demand for virgin plastics and reduce plastic pollution.

�With the lower chemical energy content of the non-fossil
starting materials (biomass or CO2), considerable amounts of
renewable energy will have to be produced for successful
defossilisation of industrial chemistry, whereas not only the
proportion of sustainably generated energy but also the abso-
lute amount of energy generated in this way must be increased
several times over – with the use of CO2 as starting material for
CCU being the most energy-intense solution.

�Biomass will become increasingly important as it provides
both energy and carbon from CO2. While rst- and second-
generation biomass should be used transiently, a change to
third-generation biomass is advisable.

�The expansion of CCU and BIO requires the development of
much larger raw material supply capacities, which must at least
approach the magnitude of the current fossil raw material ows.

�Awareness of the great opportunities of chemical recycling
(for climate neutrality and the prevention of plastic pollution)
should be increased. At the same time, however, relevant
sustainability standards must be created and enforced.

�Fossil-based chemistry benets economically from the
existing network infrastructure. The establishment of a network
for non-fossil chemistry, possibly supported by the state, is
imperative. Such a network should include the international,
national and local distribution and storage of biomass,
hydrogen, carbon dioxide, oxygen, (bio)methane and ammonia.

�Fossil fuel subsidies, currently amounting to approximately
7 trillion USD94 should be gradually reduced to eliminate unfair
competitive advantages.

� One should strive to use as much of the biogenic carbon
dioxide generated in technical systems for CCU or CCS as is
economically and ecologically sensible.

�The role in a defossilised bulk chemistry of oxygen, which is
also generated as a by-product of hydrogen electrolysis, is
currently still underestimated in our opinion. It can play a major
role in defossilised chemistry networks, for example as an input
for biotechnological fermentation and in oxy-combustion tech-
nology, which facilitates the capture of carbon dioxide, e.g. aer
waste incineration or in cement production.

�When evaluating the sustainability of the four technological
options FOS, FOS/CCS, BIO, and CCU while taking into
consideration the three pillars of sustainability, social,
economic, and environmental, FOS is the worst, FOS/CCS being
better but not reaching the same sustainability levels of CCU
and well-implemented BIO. BIO has a wide range of outcomes
depending on the specic way the biomass is generated.

�Socially responsible implementation of defossilisation
plays a crucial role, as the technologies themselves are largely
socially agnostic. Social cushioning and societal participation in
the technological transition to non-fossil-based chemical
industry is crucial for rapid, widespread implementation.

�There is huge need for international collaboration,
educating society about the benets of technological
78 | RSC Sustainability, 2025, 3, 64–80
development, and ensuring local communities experience
social-economic progress with the introduction of environ-
mentally friendly technologies.

�Economic sustainability of any of the analysed technologies
is heavily inuenced by political decisions and legal frame-
works. However, in light of the urgency of emission reduction
and the current and pledged regulations, continued invest-
ments into fossil technologies pose a considerable operational
risk to not be returned, while the investment for routes starting
from biomass or CO2 are widely opened.

�Both enthusiastic innovators, as well as idealistic company
owners (on both the supply and the demand side) and philan-
thropic capitalists also play a major role in promoting and
accelerating the development of defossilisation to the tipping
point, when eventually the transition towards a non-fossil
chemical industry will become self-sustaining.

�The priority measures to be implemented are in order of
increasing priority: implementing CCS to capture unavoidable
emissions – shiing the feedstock from fossil resources to CCU
and biomass – improving energy efficiency during
manufacturing – recycling feedstock, especially plastics –

reducing and substituting at design level.

List of abbreviation
BECCS
© 2025 The
Bioenergy with carbon capture and storage

BIO
 Biomass utilisation

CCS
 Carbon capture and storage

CCU
 Carbon capture and utilisation

CCUS
 Carbon capture, utilisation and storage

DAC
 Direct air capture

EOL
 End-of-life

GHG
 Greenhouse gas

HVC
 High-value chemicals

IEA
 International Energy Agency

LCA
 Life-cycle assessment

PS
 Point source emitters

REC
 Recycling of plastic waste

SBTi
 Science based targets initiative

TRL
 Technology readiness level
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T. Noël, Chem. Rev., 2021, 122, 2752–2906.
18 J. Liu, L. Lu, D. Wood and S. Lin, ACS Cent. Sci., 2020, 6,

1317–1340.
19 Q. Dou and H. Zeng, Curr. Opin. Green Sustainable Chem.,

2023, 40, 100766.
20 PEF and FDCA – Advancing the Science of Sustainability,

https://avantium.com/products-technologies/pef-and-fdca/,
accessed August, 2024.

21 A. H. Alberts and G. Rothenberg, Faraday Discuss., 2017, 202,
111–120.

22 Velvetol, https://www.weylchem.com/products/velvetolr,
accessed August, 2024.

23 D. Troiano, Q. Pan, M. H. Studer andM. Held, ChemSusChem,
2024, [Manuscript submitted for publication].

24 World Energy Transitions Outlook 2023: 1.5°C Pathway,
International Renewable Energy Agency, Abu Dhabi, 2023.
© 2025 The Author(s). Published by the Royal Society of Chemistry
25 Planet Positive Chemicals, systemIQ, Center for Global
Commons, Tokyo, 2022.

26 A. Goeppert, M. Czaun, G. S. Prakash and G. A. Olah, Energy
Environ. Sci., 2012, 5, 7833–7853.

27 Q. Ma, Y. Gao, B. Sun, J. Du, H. Zhang and D. Ma, Nat.
Commun., 2024, 15, 8243.

28 D. Saygin and D. Gielen, Energies, 2021, 14, 3772.
29 F. Meng, A. Wagner, A. B. Kremer, D. Kanazawa, J. J. Leung,

P. Goult, M. Guan, S. Herrmann, E. Speelman, P. Sauter,
S. Lingeswaran, M. M. Stuchtey, K. Hansen, E. Masanet,
A. C. Serrenho, N. Ishii, Y. Kikuchi and J. M. Cullen, Proc.
Natl. Acad. Sci. U. S. A., 2023, 120, e2218294120.

30 G. Lopez, D. Keiner, M. Fasihi, T. Koiranen and C. Breyer,
Energy Environ. Sci., 2023, 16, 2879–2909.

31 J. Huo, Z. Wang, C. Oberschelp, G. Guillen-Gosalbez and
S. Hellweg, Green Chem., 2023, 25, 415–430.

32 A. Katelhon, R. Meys, S. Deutz, S. Suh and A. Bardow, Proc.
Natl. Acad. Sci. U. S. A., 2019, 116, 11187–11194.

33 R. Meys, A. Katelhon, M. Bachmann, B. Winter, C. Zibunas,
S. Suh and A. Bardow, Science, 2021, 374, 71–76.

34 S. Brethauer and M. H.-P. Studer, Chimia, 2021, 75, 788.
35 Ammonia: Zero-Carbon Fertiliser, Fuel and Energy Store,

The Royal Society, 2020.
36 Innovation Outlook: Renewable Methanol, IRENA &

Methanol Institute, Abu Dhabi, 2021.
37 The Future of Petrochemicals, IEA, Paris, 2018.
38 Technology Roadmap – Energy and GHG Reductions in the

Chemical Industry via Catalytic Processes, IEA, Paris, 2013.
39 W. C. White, Chem.-Biol. Interact., 2007, 166, 10–14.
40 F. M. Geilen, G. Stochniol, S. Peitz and E. Schulte-Koerne,

Ullmann's Encycl. Ind. Chem., 2000, 1–13.
41 X. Zhang, E. A. Davidson, D. L. Mauzerall, T. D. Searchinger,

P. Dumas and Y. Shen, Nature, 2015, 528, 51–59.
42 Industrial transformation 2050: Pathways to net-zero emissions

from EU heavy industry, Material Economics, Stockholm,
2019.

43 Climate Change 2023: Synthesis Report. Contribution of
Working Groups I, II and III to the Sixth Assessment Report of
the Intergovernmental Panel on Climate Change, IPCC,
Geneva, 2023.

44 P. G. Levi and J. M. Cullen, Environ. Sci. Technol., 2018, 52,
1725–1734.

45 A. Muscat, E. M. de Olde, I. J. M. de Boer and R. Ripoll-Bosch,
Glob. Food Secur., 2020, 25, 100330.

46 Carbon Capture, Utilisation and Storage in the Energy
Transition: Vital but Limited, Energy Transitions
Commission, 2022.

47 M. Danish and T. Ahmad, Renew. Sustain. Energy Rev., 2018,
87, 1–21.

48 Next Steps for Pioneering Renewable Hydrogen Technology,
Australian Renewable Energy Agency, 2023.

49 A. M. Bazzanella and F. Ausfelder, Low Carbon Energy and
Feedstock for the European Chemical Industry, DECHEMA,
Frankfurt am Main, 2017.

50 CCU Projects, https://database.co2value.eu/, accessed
August, 2024.
RSC Sustainability, 2025, 3, 64–80 | 79

https://energy.ec.europa.eu/topics/renewable-energy/renewable-energy-directive-targets-and-rules/renewable-energy-directive_en
https://energy.ec.europa.eu/topics/renewable-energy/renewable-energy-directive-targets-and-rules/renewable-energy-directive_en
https://energy.ec.europa.eu/topics/renewable-energy/renewable-energy-directive-targets-and-rules/renewable-energy-directive_en
https://energy.ec.europa.eu/topics/energy-systems-integration/hydrogen/renewable-hydrogen_en
https://energy.ec.europa.eu/topics/energy-systems-integration/hydrogen/renewable-hydrogen_en
https://energy.ec.europa.eu/topics/energy-systems-integration/hydrogen/renewable-hydrogen_en
https://avantium.com/products-technologies/pef-and-fdca/
https://www.weylchem.com/products/velvetolr
https://database.co2value.eu/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4su00601a


RSC Sustainability Critical Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
de

se
m

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 2

0.
06

.2
02

6 
18

.4
4.

17
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
51 CCUS Projects Database, https://www.iea.org/data-and-
statistics/data-product/ccus-projects-database, accessed
August, 2024.

52 World Energy Outlook 2022, IEA, Paris, 2022.
53 Share of renewable electricity generation by technology,

2000–2028, https://www.iea.org/data-and-statistics/charts/
share-of-renewable-electricity-generation-by-technology-
2000-2028, accessed June, 2024.

54 K. Huang, X. Peng, L. Kong, W. Wu, Y. Chen and
C. T.Maravelias, ACS Sustain. Chem. Eng., 2021, 9, 14480–14487.

55 P. Gabrielli, L. Rosa, M. Gazzani, R. Meys, A. Bardow,
M. Mazzotti and G. Sansavini, One Earth, 2023, 6, 682–704.

56 P. Gabrielli, M. Gazzani and M. Mazzotti, Ind. Eng. Chem.
Res., 2020, 59, 7033–7045.

57 B. Purvis, Y. Mao and D. Robinson, Sustain. Sci., 2019, 14,
681–695.

58 L. L. R. Sirini Jeudy-Hugo, Chiara Falduto, Understanding
Countries' Net-Zero Emissions Targets, OECD & IEA, Paris,
2021.

59 The European Green Deal, https://commission.europa.eu/
strategy-and-policy/priorities-2019-2024/european-green-
deal_en, accessed April, 2024.

60 Regulation (EU) 2023/956 of the European Parliament and of
the Council of 10 May 2023 Establishing a Carbon Border
Adjustment Mechanism, Official Journal of the European
Union, 2023.

61 S. Cucurachi, B. Steubing, F. Siebler, N. Navarre, C. Caldeira
and S. Sala, Prospective LCA methodology for Novel and
Emerging Technologies for BIO-based products – The PLANET
BIO project, Office of the European Union, Luxembourg,
2022, DOI: 10.2760/695092.

62 Agreement with managers of waste treatment installations,
https://www.bafu.admin.ch/bafu/en/home/topics/climate/
info-specialists/reduction-measures/sector-agreements/
agreement-waste-treatment.html, accessed May, 2024.

63 M. Fajardy and C. Greeneld, Bioenergy with Carbon Capture
and Storage, https://www.iea.org/energy-system/carbon-
capture-utilisation-and-storage/bioenergy-with-carbon-
capture-and-storage#overview, accessed July, 2024.

64 M. Fridahl and M. Lehtveer, Energy Res. Soc. Sci., 2018, 42,
155–165.

65 C. Oberschelp, S. Hellweg, E. Bradford, S. Pster, J. Huo and
Z. Wang, ChemRxiv, 2023, preprint, pp. 1–11, DOI: 10.26434/
chemrxiv-2023-8c86t.

66 C. v. Berg and M. Carus, Non-level Playing Field for Renewable
Materials vs. Fossil in Life Cycle Assessments. Critical Aspects of
the JRC Plastics LCAMethodology and its Policy Implications, 2024.

67 S. Kaiser, S. Gold and S. Bringezu, Resour., Conserv. Recycl.,
2022, 184, 106422.

68 Turning off the Tap. How the World Can End Plastic
Pollution and Create a Circular Economy, United Nations
Environment Programme, Nairobi, 2023.

69 M. Bachmann, C. Zibunas, J. Hartmann, V. Tulus, S. Suh,
G. Guillén-Gosálbez and A. Bardow, Nat Sustainability,
2023, 6, 599–610.

70 A. Chidepatil, J. F. M. Cárdenas and K. Sankaran, J. Inst. Eng.
(India): Ser. C, 2021, 103, 647–653.
80 | RSC Sustainability, 2025, 3, 64–80
71 Breaking the Plastic Wave, The Pew Charitable Trusts,
SYSTEMIQ, 2020.

72 Commission Guidelines on Single-Use Plastic Products in
Accordance with Directive (EU) 2019/904 of the European
Parliament and of the Council on the Reduction of the Impact
of Certain Plastic Products on the Environment, European
Union, 2021.

73 Proposal for a revision of EU legislation on Packaging and
Packaging Waste, https://environment.ec.europa.eu/
publications/proposal-packaging-and-packaging-waste_en,
accessed July, 2024.

74 Regulation of the European Parliament and of the Council of
establishing a framework for the setting of ecodesign
requirements for sustainable products, http://
data.europa.eu/eli/reg/2024/1781/oj, accessed July, 2024.

75 Directive of the European Parliament and of the Council as
regards corporate sustainability reporting, http://
data.europa.eu/eli/dir/2022/2464/oj, accessed May, 2024.

76 Regulation of the European Parliament and of the Council
on the establishment of a framework to facilitate
sustainable investment, http://data.europa.eu/eli/reg/2020/
852/oj, accessed May, 2024.

77 M. K. Eriksen, A. Damgaard, A. Boldrin and T. F. Astrup, J.
Ind. Ecol., 2019, 23, 156–168.

78 G. W. Coates and Y. D. Getzler, Nat. Rev. Mater., 2020, 5, 501–
516.

79 X. Jia, C. Qin, T. Friedberger, Z. Guan and Z. Huang, Sci. Adv.,
2016, 2, e1501591.

80 Improving Markets for Recycled Plastics, OECD, 2018.
81 Global Plastics Outlook: Policy Scenarios to 2060, OECD, Paris,

2022.
82 Intergovernmental Negotiating Committee on Plastic

Pollution, https://www.unep.org/inc-plastic-pollution,
accessed May, 2024.

83 World Population Prospects 2022, United Nations, 2022.
84 Bio-Based Chemicals, IEA Bioenergy, Task 42, 2020.
85 G. H. Han, J. Bang, G. Park, S. Choe, Y. J. Jang, H. W. Jang,

S. Y. Kim and S. H. Ahn, Small, 2023, 19, 2205765.
86 P. Yaashikaa, P. S. Kumar, S. J. Varjani and A. Saravanan, J.

CO2 Util., 2019, 33, 131–147.
87 Z. Kou, X. Li, T. Wang, Y. Ma, W. Zang, G. Nie and J. Wang,

Electrochem. Energy Rev., 2022, 5, 82–111.
88 N. J. Claassens, C. A. Cotton, D. Kopljar and A. Bar-Even, Nat.

Catal., 2019, 2, 437–447.
89 R. A. Sheldon, Green Chem., 2014, 16, 950–963.
90 T. A. Bender, J. A. Dabrowski and M. R. Gagné, Nat. Rev.
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