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Without disruptive change, greenhouse gas (GHG) emissions from fossil production of chemicals and plas-
tics will double by 2050. The transition to net-zero GHG emissions requires a concerted strategy for the
whole chemical industry due to its integrated supply chains. A cost analysis is needed to determine the
required investments and to design carbon-pricing incentives. Here, we present cost-optimal investment
pathways for the global production of chemicals and plastics by using a bottom-up process model that
captures the complexity of the chemical industry. To accomplish net-zero, capital expenditures need to
increase by 36-51 % over the next 30 years. In contrast, the total annualized cost could be similar (+4 %)
to fossil-based production. Net-zero production and its costs will rely on the availability of renewable
electricity and biomass. At the same time, high recycling rates are a key to keeping resource demands
low and reducing the sensitivity to high resource prices.

© 2022 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Plastic production consumes over 80 % of all carbon-containing
chemicals (Gielen et al., 2008). These chemicals are currently pro-
duced from fossil resources accounting for 6 % of global green-
house gas (GHG) emissions (Ritchie and Roser, 2021). The global
demand for plastics is expected to reach 1100 Mt per year in
2050 (World Economic Forum, Ellen MacArthur Foundation and
McKinsey and Company, 2016). Thus, remaining fossil-based plas-
tic production would use 15 % of the estimated carbon budget
to keep global warming below 1.5 °C by 2050 (World Economic
Forum, Ellen MacArthur Foundation and McKinsey and Company,
2016). To stop global warming, the chemical industry must change
its production.

Abbreviations: BAU, Business-as-Usual Scenario; Bio, biomass; CAPEX, capital ex-
penditures; CCS, carbon capture and storage; CCU, carbon capture and utilization;
Elect, electrification; GHG, greenhouse gas; IEA, International Energy Agency; OPEX,
operational expenditures; Rec, recycling; SDS, Sustainable Development Scenario;
TAC, total annualized costs; TCM, Technology Choice Model; USD, United States Dol-
lar; WACC, weighted average costs of capital.

* Corresponding author at: Energy & Process Systems Engineering, ETH Zurich,
Zurich 8092, Switzerland.
E-mail address: abardow@ethz.ch (A. Bardow).

https://doi.org/10.1016/j.compchemeng.2022.107798

The chemical industry can mitigate its GHG emissions
by decarbonizing its fossil-based energy supply (Agora En-
ergiewende and Wuppertal Institut, 2019; Geres et al., 2019;
International Energy Agency, 2018a) and by deploying low-
emission technologies. Low-emission technologies substitute fos-
sil carbon-feedstock using either biomass (European Commis-
sion, 2018; Lee et al., 2019; Ogmundarson et al., 2020; Zhang et al.,
2020), CO, (Carus et al., 2020; d’Amore and Bezzo, 2020;
Hepburn et al., 2019; Jens et al., 2019; Kitelhon et al., 2019)
or plastic waste (Geyer et al, 2017; Kleme§ et al, 2021;
Quantis, 2020; Rahimi and Garcia, 2017; Zheng and Suh, 2019).
While low-emission technologies already exist at high Technology
Readiness Levels, higher investment and operating costs have been
reported (International Energy Agency, 2013, 2018a; Material Eco-
nomics, 2019).

To compensate for the higher costs of low-emission technolo-
gies, governments start to price GHG emissions, e.g., via emis-
sion trading schemes or carbon tax, encouraging low-carbon in-
vestments. For now, most investments seem to focus on the decar-
bonization of the energy sector (International Energy Agency, 2019;
McCollum et al., 2018; Zheng and Suh, 2019). However, the chemi-
cal industry will also need substantial investments to start a path-
way towards net-zero chemicals and plastics. At the start of this
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pathway, policymakers seek quantification of the necessary invest-
ment and carbon pricing to reach net-zero chemicals and plastics
(McCollum et al., 2018).

Previous research on the chemical industry assessed envi-
ronmental impacts and economics for individual GHG mitiga-
tion measures (Adnan and Kibria, 2020; Hepburn et al., 2019;
Jiang et al.,, 2020). However, processes of the chemical industry
are highly interconnected in existing supply chains. To account
for these interconnections, bottom-up models have been used to
assess environmental impacts and economics on a regional scale
(Agora Energiewende and Wuppertal Institut, 2019; Material Eco-
nomics, 2019; Schneider and Saurat, 2020). However, previous
bottom-up models have not assessed investment decisions of the
global chemical industry towards net-zero GHG emissions. Thus, a
comprehensive investment pathway for the global chemical indus-
try under carbon pricing is missing.

Here, we calculate transition pathways from 2020’s production
levels using fossil technologies towards net-zero GHG emissions by
2050. For this purpose, we develop a techno-economic bottom-up
model of the chemical industry. We expand our model (Meys et al.,
2021) by operating and investment costs. The model covers the
production of 18 large-volume base chemicals and 14 large-volume
plastics, accounting for over 75 % of the GHG emissions from
global chemical production (International Energy Agency, 2013)
and 90 % of the global plastic production volume (Geyer et al.,
2017; Zheng and Suh, 2019). Resource and carbon prices are
adapted from the International Energy Agency’s Sustainable Devel-
opment Scenario (SDS) (International Energy Agency, 2018b). Based
on the extended model, we minimize the net present costs of the
chemical industry between 2020 and 2050 to derive cost-optimal
transition pathways. First, we calculate a cost-optimal transition
pathway based on the SDS’s resource and carbon prices. Then, we
study the pathway'’s sensitivity to varying resource prices. Further-
more, we adjust carbon prices to incentivize pathways to net-zero
GHG emissions by 2050 for four combinations of low-emission
technologies: (1) A cost-optimal combination of technologies based
on electrification (including carbon capture and utilization) and re-
cycling, (2) electrification and biomass, (3) biomass and recycling,
and (4) a cost-optimal combination of all technologies. For the
four net-zero pathways, we discuss the cumulated capital expen-
ditures from 2020 until 2050, technology choices, corresponding
GHG emissions, as well as total annualized costs and resource con-
sumption in 2050.

Our results show that carbon prices between 190 and 370
USD/tcoz-eq Can incentivize the chemical industry to accomplish
net-zero GHG emissions by 2050. For this purpose, investments
need to increase by 37-51 % compared to a fossil-based Business-
as-Usual Scenario. In contrast, total annualized costs (TAC) could be
similar to fossil-based production under currently forecasted low-
end carbon pricing. For a cost-optimal combination of technologies,
the chemical industry would build on 62 EJ of biomass, 32 EJ of re-
newable electricity, and 37 EJ of plastic waste. High recycling rates
are a key to reducing resource demands and avoiding strong sen-
sitivity to prices for renewable electricity and biomass.

2. Methods to calculate cost-optimal transition
pathways

To derive transition pathways of the chemical industry, we de-
fine the chemicals and plastics within the scope (Section 2.2), gen-
eral assumptions valid for all calculations (Section 2.3), scenarios
to cover a broad range of potential pathways (Section 2.4), and
the mathematical framework to calculate cost-optimal pathways of
the chemical industry towards net-zero GHG emissions (Section 2.5
and 2.6).
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2.1. Chemicals and plastics within the scope

Our chemistry industry model covers 18 large-volume base
chemicals, 14 large-volume plastics, and the treatment of corre-
sponding plastic wastes (Supplementary Methods 3). In total, the
model consists of more than 400 processes based on engineering-
level data. Thereby, we consider flows of energy and materials
throughout entire supply chains. For a detailed description of in-
cluded processes, we refer to Meys et al. (2021). In the present
study, we expanded the model with operational and capital costs
(Supplementary Methods 2 & Supplementary Table 1).

2.2. General assumptions

Main assumptions relate to included GHG emissions (Section
2.3.1), the status quo of the chemical industry in 2020 (Section
2.3.2), investment decisions (Section 2.3.3), and carbon pricing
(Section 2.3.4).

2.2.1. Included GHG emissions

GHG emissions are calculated as CO,-equivalents (CO,-eq) ac-
cording to the IPCC GWP 100 (Edenhofer et al., 2014). We in-
clude GHG emissions from the production and the end-of-life
of chemicals and plastics. For production-related GHG emissions,
we include GHG emissions directly from the chemical plants as
well as from upstream processes, supplying energy, intermediate
products, and raw materials. Footprints of resources, i.e., energy
carrier and raw materials, are based on the original bottom-up
from (Meys et al, 2021) and stem from Ecoinvent version 3.6
(Ecoinvent, 2020), except for electricity. The electricity footprint
depends on the later introduced scenarios. GHG emissions from
transport are neglected. To account for GHG emissions occurring
during the use phase or the end-of-life, we model the end-of-life
as combustion of the chemical’s carbon content. Even though low-
emission technologies produce identical chemicals, the end-of-life
needs to be modeled to account for carbon pricing correctly. For
the example of methanol, methanol from fossil fuels is taxed with
a carbon price when burned, whereas “renewable” methanol is not
taxed, e.g., bio- or CO2-based methanol. This carbon tax at the
end-of-life provides a financial incentive to shift to “renewable”
methanol. The GHG emissions from the end-of-life are assigned to
the chemical’s production year. This assumption can be considered
conservative regarding annual GHG emissions. A chemical’s life cy-
cle could end later and/or the end-of-life might not release the
complete carbon content. For plastics, we model GHG emissions
of the end-of-life according to literature data (Geyer et al., 2017):
Landfilling rates are assumed to decrease from 49 % in 2020 to 6 %
in 2050 (Geyer et al., 2017), while recycling and energy recovery
rates in 2020 are 23 % and 28 %, respectively. The recycling and
energy recovery rates from 2020 until 2050 are determined by cost
optimization. Quantities and types of the treated plastic waste are
presented in Supplementary Table 3. As we model plastic waste
treatment as part of the chemical industry, we include the waste
treatment’s costs and GHG emissions and potential energy recov-
ery from waste incineration.

2.2.2. Status quo of 2020

For the status quo of the chemical industry in 2020, we include
the best available fossil-based technologies, i.e., the industrialized
technologies with the lowest costs per kilogram product. Thereby,
we underestimate the cost of the fossil-based chemical industry
to assess the cost-driven deployment of low-emission technologies
conservatively. For all plants existing at the beginning of the tran-
sition pathway, we assume a uniform age distribution for plants
producing the same chemical. Since the plants will go out of op-
eration once they reach their lifetime, the assumed uniform age
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distribution implies that the same production volume will retire
for each chemical each year. In line with the literature, existing
and new plants are assumed to have a lifetime of 30 years (Seto
et al,, 2016). Therefore, we assume for each chemical that 1/30 of
the production volume already existing in 2020 expire each year.
In reality, chemical plants might even exceed the maximum age
of 30 years but will need significant refurbishments. Here, we ap-
proximate the refurbishment costs to make a plant operatable for
another 30 years by the costs of deploying a new plant. The re-
furbishment costs are due as a single payment when the plant’s
lifetime expires. Modeling refurbishment in this way is thus iden-
tical to the investment in a new plant. Thereby, assuming a strict
age limit for plants also includes potential lifetime extension.

2.2.3. Investment decisions

Technologies are chosen to minimize the overall costs of the
chemical industry. Thereby, we represent cost-driven investment
decisions in the chemical industry. Following the literature on en-
ergy systems (E3Modelling, 2018; Loulou et al., 2016), we uti-
lize the net-present-value method to calculate costs, including the
capital costs’ depreciation, operating costs and costs from car-
bon pricing. The net-present-value method requires an interest
rate, often represented by the weighted average costs of capital
(WACC) (E3Modelling, 2018; International Energy Agency, 2020;
Loulou et al, 2016). In line with the literature, we assume a
WACC of 8% for investments in the chemical industry (Geres et al.,
2019; International Energy Agency, 2018b, 2020). To calculate tran-
sition pathways towards 2050, we assume perfect foresight on
future costs and perfect investor behavior, which is common
practice for modeling transition pathways of the energy sector
(E3Modelling, 2018; Loulou et al., 2016). Assuming perfect fore-
sight and investor behavior, we assess the potential of optimal in-
vestment decisions instead of estimating the outcome of imperfect
decisions. However, imperfect decisions may result for the global
chemical industry from lack of information, myopic decision-
making, or company-specific goals. Regarding company-specific
goals, further research could assess the impact of multiple play-
ers and objectives within the chemical industry (Avraamidou et al.,
2020).

In this study, investments occur in three cases: (1) A plant’s
lifetime expires, and thus the plant needs to be replaced; (2) A
plant is replaced before its lifetime expires because keeping the
existing fossil-based technology is more expensive than investing
in the corresponding low-emission technology; (3) Growing de-
mand calls for additional plants. For the consumer demand of each
chemical, we assume a constant annual growth rate, with val-
ues between 1.2 and 5 % for the studied chemicals (ICIS, 2017;
Bazzanella and Ausfelder, 2017; International Energy Agency, 2013)
(Supplementary Table 2).

Furthermore, the chemical industry’s investment volume per
year is unlimited. Thereby, we derive the optimal time to substi-
tute fossil-based technologies. With limits, investments will be dis-
tributed around the optimal time, and thus the transition will be
smoother. However, the sequencing of technology changes will re-
main the same.

The capital expenditures presented in this work (Fig. 3) repre-
sent the capital expenditures needed to build all the plants on the
pathway to net-zero GHG emissions and do not consider salvage
values of plants that have not expired their lifetime by 2050.

2.2.4. Carbon pricing

In this study, carbon prices refer to the price per emission al-
lowance. We assume that the chemical industry has to purchase
allowances corresponding to its annual GHG emissions, including
the production and end-of-life of chemicals. Following the litera-
ture (Laing et al., 2014), we assume external markets, e.g., the elec-
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tricity sector, to pass through their costs due to carbon pricing to
the chemical industry. Thereby, we incorporate GHG emissions and
related costs from upstream processes into the chemical industry’s
investment decisions.

In contrast to most current emission trading schemes, we
include carbon pricing for end-of-life emissions of chemicals.
Thereby, we account for emerging carbon taxes, which assign costs
to a product according to the product’s carbon content. In line with
most current emission trading schemes, we exclude biogenic GHG
emissions from carbon pricing to account for the carbon uptake
during the biomass’s growth phase. In the same way, we account
for the uptake of CO, for carbon capture and utilization (CCU).

2.3. Scenarios for prices, footprints, and available technologies

In this study, we focus on six scenarios: A Business-as-Usual sce-
nario (BAU), a Sustainable Development Scenario (SDS), and four sce-
narios where the chemical industry reaches net-zero GHG emis-
sions by 2050, so-called net-zero pathways. All scenarios are tran-
sition pathways based on cost-optimal investment decisions. The
scenarios differ with respect to resources prices and footprints, car-
bon prices, and available technologies.

The Business-as-Usual scenario is a reference scenario: The
chemical industry remains fossil-based and maintains the current
recycling rate of 23 % until 2050, i.e., the cost optimization is con-
strained to only fossil-based technologies and the recycling rate of
23 %. Resource costs and footprints, and carbon prices correspond
to the Sustainable Development Scenario (SDS) described next.

The Sustainable Development Scenario represents a potential
pathway of the chemical industry under carbon pricing. In this
scenario, the chemical industry can combine all fossil and low-
emission technologies on a cost-optimal basis. Resource prices and
carbon pricing are based on the eponymous scenario of the In-
ternational Energy Agency (International Energy Agency, 2018b).
The IEA’s scenario includes prices for crude oil, natural gas, and
electricity (Supplementary Table 4) but does not include biomass
prices. Thus, we derive biomass prices from the literature. In this
study, we model biomass as energy crops represented by mis-
canthus. Corresponding biomass prices cluster around <100-200
USD/tqry (Alonso et al,, 2017; Geres et al., 2019; Lewandowski et al.,
2018; Sanchez et al.,, 2015a) with outliners of 50 and 279 USD/ty,,
(International Energy Agency, 2020; Khanna et al., 2008). We as-
sume a constant biomass price of 200 USD/ty,, to conservatively
assess the deployment of bio-based technologies in a cost-driven
industry. In reality, the biomass price would vary over time and
by region, for example due to difference in demand and supply. If
a high demand is paired with a scarce supply, price elasticity will
increase the biomass price. Our model does not reflect a price elas-
ticity. However, the biomass price assumed in this study is already
at the top-end of the literature data and, therefore, might repre-
sent the prices under high demand.

Resource footprints are based on (Meys et al., 2021), except for
electricity. The electricity footprint is adopted from the IEA’s sce-
nario (Supplementary Table 4), which considers grid-electricity.

For the four net-zero pathways, we change the electricity’s foot-
print and costs, available technologies, and carbon prices. Previous
literature already emphasized that electrification can only be eco-
nomically (Hepburn et al., 2019) and environmentally (Meys et al.,
2021) competitive when using low-cost renewable electricity. The
grid electricity from the Sustainable Development Scenario might
not achieve sufficient low costs and footprints. In contrast, off-grid
electricity might accomplish desirable costs and footprints. Thus,
in the net-zero pathways, we assume that the chemical industry
will have access to renewable off-grid electricity from wind and
solar power by 2030 (Supplementary Table 4). In this study, as-
suming access to off-grid electricity refers to a chemical industry
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that only consumes electricity at low price (36 USD/MWh) and low
carbon footprint (20 gcozeq/kWh). This assumption could represent
either of the following three designs of the chemical industry: A
chemical industry, where (1) production sites are directly linked to
a solar field or wind park, (2) the electricity-demanding process
steps, e.g., hydrogen electrolysis, are outsourced to regions, with
high solar and/or wind intensity, (3) or the decarbonization of the
grid electricity achieves corresponding low price and emission pa-
rameters. Our model does not reflect the effect of such setups on
plant design and operation. Thus, our model reflects a best-case
with low-price, low-emission electricity.

For each of the four pathways, we include a different combina-
tion of available technologies to assess the influence of technology
and resource availability: A cost-optimal combination of technolo-
gies based on (1) electrification, including carbon capture and uti-
lization, and recycling (Elect + Rec), (2) electrification and biomass
(Elect + Bio), (3) biomass and recycling (Bio + Rec), and (4) a com-
bination of biomass, electrification, and recycling (All).

Technologies based on biomass include fermentation to ethanol
with subsequent conversion to ethylene, gasification to synthe-
sis gas (2:1), and combustion for steam generation. Technolo-
gies based on electrification include electrical steam generation
and heating, water electrolysis to hydrogen, and CCU-processes for
methane and methanol with the option for subsequent conversion
to olefins or aromatics. For CO, sources, we modeled the highly-
concentrated point sources from the conventional ammonia pro-
duction, steam methane reforming, and ethylene oxide production
as well as from biomass fermentation and gasification. At the same
time, direct air capture is used to conservatively approximate all
further potential CO, sources (e.g., from utilities).

Pathways labeled with recycling allow recycling rates higher
than in the Business-as-Usual Scenario. Recycling technologies in-
clude mechanical recycling of packaging waste, and chemical re-
cycling to monomers or naphtha. Furthermore, all net-zero path-
ways allow conventional fossil technologies and waste treatment
via landfilling or energy recovery. The technology choice of all
pathways is subject to cost-minimization (Section 2.3.3). Supple-
mentary Table 1 includes a detailed list of all technologies.

The technologies are combined based on the following rea-
soning: The pathway combing all circular technologies, by defini-
tion, shows the overall cost-optimal transition pathway to net-zero.
However, the pathway will only provide insight into the most cost-
competitive technologies. Thus, we want to assess further subsets
of all low-emission technologies. For this purpose, we clustered
the available low-emission technologies by their dominant energy
sources, which are biomass, electricity, and plastic waste. Pathways
based on single energy sources would be an obvious choice to give
further insight. However, single energy sources, on their own, fail
to enable net-zero GHG emissions. Therefore, we assessed each
possible combination of two energy sources. Thereby, the absence
of one of the three energy sources can be assessed to give further
insights.

Carbon capture and storage (CCS) was excluded from all sce-
narios to focus on circular carbon technologies. However, we dis-
cuss the potential role of CCS in Section 3.4. We adjust carbon
prices for each combination of low-emission technologies to in-
centivize a cost-optimal deployment of the available low-emission
technologies so that the chemical industry accomplishes net-zero
GHG emissions by 2050.

2.4. Computational structure of the static bottom-up model
To derive net-zero pathways, we expand the Technology Choice

Model (TCM) (Kdtelhon et al., 2016) to model the transition of the
chemical industry’s production over time. Thus, we first describe

Computers and Chemical Engineering 162 (2022) 107798

the structure of the original static TCM and, after that, its expan-
sion.

The TCM follows the general notation of Life Cycle Assessment
(Heijungs and Suh, 2002), and describes the production system by
five basic entities: (1) technologies, (2) intermediate flows, (3) the
final demand, (4) elementary flows, and (5) monetary flows. Tech-
nologies are defined as processes transforming inputs into outputs.
Intermediate flows include all flows between technologies, such as
raw materials, energy, intermediate products, and products for fi-
nal consumption. The amounts of products for final consumption
are specified as the final demand. Elementary flows include all
flows between technologies and the environment, such as GHG
emissions or resources extraction. Monetary flows include all ex-
penses to operate plants, i.e., the capital costs’ depreciation, oper-
ating costs, and carbon pricing costs.

We structure the data on the production system according to
the generalized calculus for Life Cycle Assessment (Heijungs and
Suh, 2002). The technology matrix A describes the transformation
of intermediate flows by technologies. In this matrix A, columns
represent production technologies, while rows represent interme-
diate flows. A coefficient g;; of the technology matrix A indicates
the production (for a;; > 0) or consumption (for a;; < 0) of the in-
termediate flow i by the technology j. Analogously, the elementary
flow matrix B describes the exchange of elementary flows between
technologies and the environment. In this matrix B, a coefficient
b,j describes the emission (for b,; > 0) or extraction (for b,j< 0)
of an elementary flow e by technology j. Likewise, the costs to op-
erate technologies are described by the cost matrix F. In this ma-
trix F, a coefficient f,; describes the monetary flow m that was
spent (fy,;>0) or earned (fy;<0) due to the operation of the tech-
nology j. The final demand vector y, describes the final demand
for intermediate flow i.

The production system has to meet the final demand. Therefore,
the scaling vector s scales each technology’s inputs and outputs
and determines the production level to meet the final demand. To
choose the most cost-efficient technologies, we introduce a linear
optimization problem:

min Z = Xn:Fs (1)
st As = }r}n:] (2)
s >0 3)
s <c (4)

The objective function Z is minimizing the sum of all costs of
the chemical industry, Eq. (1). The constraints ensure producing
the final demand, Eq. (2). All entries in s must be positive. Oth-
erwise, a process could convert products into inputs, Eq. (3). Fur-
thermore, we include upper bounds, Eq. (4), to incorporate treat-
ment scenarios for plastic waste and restrict the deployment of
low-emission, e.g., low-emisson-technologies are restricted in the
scenario BAU.

Based on the optimal solution for the scaling vector s, we can
calculate the GHG emissions of the cost-optimal chemical industry:

g:BS (5)

h = QBs (6)

The vector s scales the exchange of elementary with the envi-
ronment per process, Eq. (5). The characterization vector Q, char-
acterizes the exchange of elementary flows regarding their contri-
bution to climate change, Eq. (6). Thus, in Q, an element g, repre-
sents the 100-year global warming potential of elementary flow e,
according to the IPCC methodology (Edenhofer et al., 2014).



C. Zibunas, R. Meys, A. Kdtelhon et al.

2.5. Dynamic expansion of the technology choice model

The static TCM optimizes the chemical industry for one time
step only and thus cannot be used to derive a transition pathway.
Therefore, we expand the TCM to optimize multiple future time
steps based on cost-optimal investment decisions. For this purpose,
we incorporate the net-present-value method in three steps: (1)
We introduce variables for investment decisions to a single time
step; (2) we replicate the equations of the single time step to
model all time steps of the transition pathway, (3) we introduce
constraints that model dependencies between all time steps, i.e.,
plants can only operate if they were built in the past and have not
already been decommissioned.

The resulting optimization to derive cost-optimal investment
pathways is structurally similar to the static optimization problem:

n
min Z = (F*. xd*)s* (7)
m=1
S.b. AMs =y (8)
C**s** < b** (9)
s >0 (10)
s** < C** (11)

The Egs. (8), (10), and (11) are structurally the same as in
the static optimization problem, with matrices and vectors ex-
panded for investment decisions and for multiple timesteps (in-
dicated by the double asterisk). Furthermore, we add a discount
vector d** to the objective function to incorporate the net-present-
value method. Eq. (9) represents that plants can only operate if
they were built in the past and have not already been decommis-
sioned. Details on the expansion of the matrices and the resulting
model are presented in Supplementary Methods 1.

3. Results and discussion

Section 3.1 introduces the fossil reference scenario and dis-
cusses the influence of resource and carbon prices on cost-
optimal transition pathways. In Section 3.2, we assess capital
expenditures of transition pathways to net-zero GHG emissions.
Section 3.3 explores technology choices of net-zero pathways.
Then, we discuss residual emissions (Section 3.4), total annualized
costs (Section 3.5), and resource consumption (Section 3.6) of net-
zero supply chains in 2050. Finally, we discuss the availability of
renewable resources (Section 3.7) and the influence of recycling on
the chemical industry (Section 3.8).

3.1. Sustainable development scenario and carbon pricing incentivizes
for net-zero GHG emissions

In the Business-as-Usual Scenario (BAU), the chemical industry
remains fossil-based and maintains the current recycling rate of
23 % until 2050. Consumer demands for chemicals are expected
to increase until mid-century (on average +3.1 %/a) (Supplemen-
tary Table 2). If the production of chemicals remains fossil-based,
growing demands will increase the global chemical industry’s an-
nual GHG emissions from 2.1 Gtcopeq in 2020 to 5.5 Gtcopeq iN
2050, cumulating to a total of 106 Gtcgy.eq between 2020 and 2050
(Fig. 1).

To meet climate goals suggested by the Intergovernmental Panel
on Climate Change, the chemical industry needs to turn net-zero
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by 2050. However, cost-optimal investment decisions currently fa-
vor fossil-based production over a net-zero supply chain due to
lower total annualized costs. Thus, the chemical industry will need
incentives to transition to net-zero, e.g., carbon pricing.

The International Energy Agency’s (IEA) Sustainable Develop-
ment Scenario (SDS) suggests a linear increase in carbon pricing
from 25 USD/tcop-eq in 2020 to 190 USD/tcop-eq in 2050. The IEA’s
calculations forecast all sectors to mitigate 70 % of 2018 global
CO, emissions by 2050. Thereby, the global industry would be on
track to net-zero by 2070 (International Energy Agency, 2018b). Ac-
cording to our calculations with the carbon and resource prices
adapted from the IEA’s SDS, annual GHG emissions of the chemical
industry decrease by 63 % from 2020 to 2050 (Fig. 1, red line). The
decrease is similar to the IEA’s projections, where all sectors miti-
gate 70 % of 2018’s GHG emissions. Thus, carbon prices increasing
to 190 USD/tcpz-eq do not incentivize a net-zero chemical industry
by 2050.

However, the influence of carbon prices on investment deci-
sions and corresponding GHG emissions depends on the assumed
resource prices. A sensitivity analysis on resource prices shows
the range of the chemicals industry’s transition pathways un-
der the SDS’s carbon prices (Fig. 1, grey area). Under upper-end
cost for oil (143 USD/barrel) and natural gas (8.2 USD/GJ) com-
bined with low-end costs for biomass (100 USD/ty,) and electricity
(26 USD/MWh), reaching net-zero GHG emissions would be cost-
optimal by 2029. In contrast, the chemical industry would reduce
its annual GHG emissions of 2050 by only 17 % compared to the
Business-as-Usual Scenario when assuming low-end cost for oil (50
USD/barrel) and natural gas (4.9 USD/GJ) combined with upper-end
costs for biomass (279 USD/t) and electricity (79 USD/MWh) (Sup-
plementary Methods 4).

To incentivize a transition to net-zero by 2050, carbon pricing
can be adjusted to each set of resource prices. If resource prices
strongly favor fossil production, carbon pricing needs to be more
ambitious. In contrast, less favorable fossil resource prices can be
paired with lower carbon prices and still incentivize net-zero GHG
emissions by 2050, Fig. 2. Furthermore, the necessary carbon prices
depend on the availability of technologies and resources. There-
fore, we analyze the required carbon prices for four combinations
of technologies (Fig. 2): A cost-optimal combination of (1) electri-
fication (including CCU) and maximal recycling (Elect + Rec), (2)
electrification and biomass (Elect + Bio), (3) biomass and maximal
recycling (Bio + Rec), and (4) a cost-optimal combination of all cir-
cular technologies (All). Combinations without maximal recycling
still maintain the recycling rate of the Business-as-Usual Scenario at
23 %. Since carbon prices are adjusted to incentivize net-zero by
2050, carbon price trajectories differ between the net-zero path-
ways. Thus, earlier GHG mitigation (in Fig. 1) should not be in-
terpreted as a pathway outperforming another but higher carbon
prices making the low-carbon technologies cost-competitive ear-
lier.

Under the resource prices of the IEA’s SDS, necessary carbon
prices range from 199 up to 817 USD/tcpy-q depending on the em-
ployed technologies. The lowest carbon price at 199 USD/tcgy.eq
suffices when combining all three technology categories (All) or
biomass with high recycling rates (Bio + Rec). The necessary car-
bon prices are equal since the cost-optimal combination of all
technologies does not include any electrification-based technolo-
gies when assuming the SDS’s resource prices. Electricity prices are
too high to compete with biomass and recycling.

Comparing the combination of all technologies (All) with elec-
trification and biomass (Elect + Bio) shows the impact of recycling.
High recycling rates reduce necessary carbon pricing from 323 to
199 USD/tcop-eq-

The combination of electrification and recycling (Elect + Rec)
needs the highest carbon prices at 817 USD/tcgz-eq- The high
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Fig. 1. Annual GHG emissions for potential transition pathways of the chemical industry until 2050. The Business-as-Usual Scenario (BAU) represents a fossil-based reference
where the recycling rate from 2020 (23 %) remains constant until 2050. The Sustainable Development Scenario (SDS) is a cost-optimal transition pathway based on resource
and carbon prices from the eponymous scenario of the International Energy Agency. The grey area shows the sensitivity of cost-optimal pathways to resource prices when
keeping the SDS’s carbon prices. Four additional pathways show cost-optimal transition pathways for four different combinations of technologies, where carbon prices
are adjusted to incentivize net-zero GHG emission by 2050: A combination of (1) electrification, including carbon capture and utilization, and recycling (Elect + Rec), (2)
electrification and biomass (Elect + Bio), (3) biomass and recycling (Bio + Rec), and (4) a combination of biomass, electrification, and recycling (All). Numbers indicate the
replacement of remaining depreciated fossil-based plants with low-emission technology for the pathway combining all technologies (All): 1 mechanical recycling, 2 chemical
recycling via pyrolysis, 3 bio-based methanol, 4 electrical steam generation, 5 shutdown of waste incineration, 6 hydrogen from electrolysis for ammonia production, and
resistance heaters, 7 bio-based ethylene, 8 propylene from bio-based ethylene (For references to colors in this figure, please see the web version of this article.).

Qil NG Biomass | Electricity | Elect + Rec All

[S/barrel] | [$/G)] [$/t] [$/MWh] Necessary carbon prices [USD/tcoz-eq/al
high renewable vs. low fossil 50 3.9 279 79 912 513 375 375
SDS 70 5.5 200 79 817 323 199 199
SDS with off-grid electricity 70 5.5 200 36 370 304 199 190
low renewable vs. high fossil 140 7.1 100 26 266 52 57 21

Fig. 2. Necessary carbon prices in 2050 to incentivize net-zero GHG emissions by 2050. Carbon prices are adjusted to incentivize a transition to net-zero GHG emissions
by 2050 when assuming costs-optimal investment decisions. The necessary carbon prices depend on the assumed resource prices and the available technologies. Resource
price scenarios include the IEA’s Sustainable Development Scenario (SDS), an adaptation of the SDS, where electricity is approximated by cheap off-grid electricity, and two
extreme scenarios, where upper-end fossil prices are compared to low-end renewable prices and vice versa. Prices in this figure depict the 2050’s prices. For all prices
between 2020 and 2050 see the Supplementary Table 4. For each scenario of resource prices, we assess four combinations of technologies: A cost-optimal combination of
technologies based on (1) electrification, including carbon capture and utilization, and recycling (Elect + Rec), (2) electrification and biomass (Elect + Bio), (3) biomass and
recycling (Bio + Rec), and (4) a combination of biomass, electrification, and recycling (All). Bold numbers indicate the original resource prices of the IEA’s SDS. NG = Natural

Gas, 0il = Crude Oil.

prices mainly result from the electricity price of the IEA’s SDS.
In the SDS, the electricity is assumed to be grid-electricity at 79
USD/MWh. Previous research already emphasizes the low econom-
ically (Hepburn et al., 2019) and environmental (Meys et al., 2021)
competitiveness of electrification when using grid electricity. Thus,
we also introduce a scenario SDS with off-grid electricity, where the
chemical industry has access to off-grid electricity at 36 USD/MWh
by 2030. All other prices of the original SDS remain unchanged.

Due to the lower electricity prices, necessary carbon prices
decrease by 55 % for the combination of electrification and
recycling (Elect + Rec). The influence on the other combi-
nations is smaller as the electricity consumption is lower.
Despite the introduction of cheaper off-grid electricity, the
ranking of combinations by their carbon prices remains un-
changed, indicating a lower cost-competitiveness of complete
electrification. However, electrification-based technologies are
now part of the optimal combination of all technologies (All)
since they become cost-competitive at 36 USD/MWh electricity
prices.

Besides electricity, changes in other resource prices influence
the necessary carbon prices as well. The extrema of carbon prices

result when comparing upper-end fossil resource prices with low-
end renewable resource prices and vice versa. Necessary carbon
prices can be as low as 21 or as high as 912 USD/tcpy-eq.

In summary, necessary carbon prices strongly depend on re-
source prices and the combination of low-emission technologies.
Consequently, regional differences in the availability and prices of
resources will determine the most desirable low-emission tech-
nologies and the corresponding needs for carbon pricing incen-
tives. However, regional differences in carbon pricing also bear the
risk of carbon leakage. Carbon leakage has to be contained to in-
centivize net-zero chemical production worldwide, e.g., via carbon-
border adjustments. Otherwise, fossil-based production may shift
to regions with mild carbon pricing and continue emitting green-
house gasses.

Suppose carbon leakage is contained and the chemical indus-
try has access to biomass at 200 USD/tcpzeq and electricity at 36
USD/MWh. In that case, carbon prices of 190-370 USD/tcgz.eq Can
incentivize net-zero GHG emissions by 2050. These carbon prices
are in the predicted range for certificate prices of the emission
trading scheme in the European Union and mid-century social car-
bon cost (European Commission, 2011; Ricke et al., 2018). Social
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Fig. 3. Cumulated capital expenditures of the global chemical industry between
2020 and 2050. In the Business-as-Usual Scenario (BAU), the chemical industry in-
vests in replacing decommissioned plants and building new production capacities
to satisfy growing consumer demands. The other scenarios show the capital ex-
penditures of the chemical industry to reach net-zero emissions by 2050 for four
combinations of available technologies based on (1) electrification, including carbon
capture and utilization, and recycling (Elect + Rec), (2) electrification and biomass
(Elect + Bio), (3) biomass and recycling (Bio + Rec), and (4) biomass, electrification,
and recycling (All).

carbon costs depict society’s costs due to climate change impacts.
Being in the range of social carbon costs indicates that a transition
to net-zero chemicals would be socio-economically appealing even
without carbon pricing.

In the following sections, we assess pathways to net-zero GHG
emissions in more detail. We focus on the net-zero pathways
based on the Sustainable Development Scenario with off-grid electric-
ity since previous research already emphasized the low compet-
itiveness of electrification when using grid electricity, like in the
SDS (Hepburn et al., 2019; Meys et al., 2021).

3.2. Capital expenditures to accomplish a transition to net-zero GHG
emissions

In the Business-as-Usual Scenario, the chemical industry spends
6.9 trillion USD between 2020 and 2050 to replace decommis-
sioned plants and satisfy growing consumer demands. The calcu-
lated investment is similar to extrapolations from past investments
(6.1 trillion USD) (Supplementary Table 5) (Cefic, 2020). Invest-
ments for research and innovation might add another 1.4 trillion
USD (Cefic, 2020) to the required investment but are not included
in Fig. 3. The chemical industry uses 34 % of the total 6.9 trillion
USD to replace decommissioned plants. The chemical industry uses
the remaining 66 % building new plants to satisfy growing con-
sumer demands (on average +3.1 %/a).

To accomplish net-zero GHG emissions, the chemical industry
has to invest 9.4-10.4 trillion USD over the next 30 years, cor-
responding to 2.5-3.5 trillion USD (36-51 %) more capital than
in the Business-as-Usual Scenario (Fig. 3). Combining electrification
and recycling is the most capital-intense pathway (+51 %) as elec-
trification is the most capital-intense GHG mitigation strategy. In
contrast, the combination of biomass and recycling is the least
capital-intense strategy at +36 %. When combining all strategies,
the chemical industry’s investments are even 1% higher (+37 %),
while operating costs are reduced to accomplish the overall lowest
total costs over the invested period. All in all, the range of capital-
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intensity for net-zero chemicals increase the capital intensity sim-
ilar to the energy sector’s decarbonization (15-50 %) (Gielen et al.,
2019; International Energy Agency, 2018b; International Energy
Agency and International Renewable Energy Agency, 2017).

Necessary capital might come from governments, banks, and
households, as awareness of climate change and commitment to
climate goals increases (McCollum et al., 2018). For instance, Black-
Rock, a multinational investment management corporation, has
pledged to direct more investments to climate-friendly enterprises
(BlackRock, 2021). BlackRock currently manages over 9 trillion USD
in assets and thereby, on its own, already exceeds the additional
capital needs of the chemical industry (CNBC, 2021). In 2020,
BlackRock’s customers invested 288 billion USD in sustainability-
oriented financial products, more than doubling the additional
investment need of net-zero chemicals (83-117 billion USD/a)
(BlackRock, 2021). Also, governments plan to acquire capital for
mitigating climate impacts, e.g., the EU plans to mobilize 0.9 tril-
lion USD over the next decade (European Commission, 2020). On
an annual basis, the EU’s investment would be 90 billion USD,
which is in the range of the additional investment needs of the
chemical industry. The chemical industry most certainly will not
be the only sector looking for low-carbon investments. However,
being in the same range as planned investments of single players
suggests that capital acquisition could be a feasible task.

3.3. Technologies deployment of net-zero pathways

The four net-zero pathways (Fig. 1) are derived assuming cost-
optimal investment decisions. Investment decisions are based on
the resource prices of the Sustainable Development Scenario with off-
grid electricity, and the carbon prices are matched to incentivize
net-zero for each combination of technologies (Fig. 2). By defi-
nition, the pathway combing all circular technologies shows the
overall cost-optimal transition to net-zero. A mix of all three GHG
mitigation strategies is optimal: recycling, biomass usage, and elec-
trification. In the following, we focus on this pathway for analyzing
the timing of investment decisions and technology choices. How-
ever, for each technology choice, we discuss possible alternatives
from the other pathways.

The transition pathway shows disruptive changes in GHG emis-
sions (marked by numbers in Fig. 1). Disruptive changes result
when a low-emission technology substitutes all corresponding de-
preciated fossil plants. This substitution only occurs if the low-
emission technology’s total annualized costs are lower than the
operational costs of the already depreciated fossil plant. Before
each disruptive change, the operational costs of the low-emission
technology and the fossil technology break even. After the break-
even point, the chemical industry gradually deploys the low-
emission technology to replace decommissioned fossil plants or
satisfy growing demands. This gradual deployment lowers the GHG
emissions’ gradient compared to the Business-as-Usual Scenario in
Fig. 1. During such gradual deployment, GHG emissions can still
increase since consumer demands continuously grow. Only recy-
cling cannot replace all fossil plants during a disruptive change
since the amount of treatable waste is insufficient to substitute
all virgin production. Each year virgin plastic production exceeds
the amount of waste due to growing consumer demands, the long
life cycle of non-packaging plastics, and losses during the life cycle
(Geyer et al., 2017).

The disruptive changes occurring in the Sustainable Development
Scenario with off-grid electricity using all technologies are discussed
in the following based on the numbering introduced in Fig. 1:

(1) In 2021, the chemical industry deploys additional mechani-
cal recycling plants and recycles 169 Mt of packaging waste return-
ing from the use phase (polyethylene, polypropylene, polystyrene,
and polyethylene terephthalate). This amount corresponds to all
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the global packaging waste included in this study (Supplemen-
tary Table 3). Thereby, the cost-optimal pathway suggests deploy-
ing mechanical recycling as much as possible. In reality, the de-
ployment might be slower, on which we expand in more detail in
Section 3.9. By introducing more mechanical recycling, the chemi-
cal industry replaces fossil polymer production and mitigates GHG
emissions. Until 2050, the mitigation potential of mechanical recy-
cling will grow with the increasing amount of packaging waste re-
turning from the use phase (Supplementary Table 3). The remain-
ing non-packaging waste and residues from sorting and recycling
predominantly go to waste incineration and landfills.

Landfilling would have been the cost-optimal choice over recy-
cling and waste incineration with energy recovery due to its lower
costs and lower direct GHG emissions in the short term. However,
landfilling causes external costs due to long-term GHG emissions
(Finnveden and Nielsen, 1999), leakage of heavy metals, and leak-
age to the marine environment (Borrelle et al.,, 2020; Lau et al.,
2020). Thus, landfilling is regarded as not acceptable. Therefore,
landfilling rates are assumed to decrease linearly from 49% in 2020
to 6% in 2050, which is in line with the literature (Geyer et al.,
2017).

(2) From 2023 on, at a carbon price of 41 USD/tcopeq, the
chemical industry gradually deploys chemical recycling via pyrol-
ysis. At first, the chemical industry recycles residues from sorting
and mechanical recycling, which previously have been incinerated.
From 2027 on, at a carbon price of 63 USD/tcoz-eq, the chemical
industry recycles a part of the non-packaging waste. Another part
still goes to energy recovery to supply heat and electricity. The de-
ployment of chemical recycling is not disruptive as landfilling rates
are assumed to decrease gradually. However, more rapid deploy-
ment of chemical recycling would be cost-efficient. By 2050, all
pyrolysis processes produce 319 Mt of naphtha per year. The naph-
tha fuels conventional steam crackers to produce benzene, toluene,
and xylene. Without waste pyrolysis, the chemical industry would
lack a cheap route to produce benzene, toluene, and xylene, as ob-
served for the pathway Bio + Elect. In this case, the chemical in-
dustry would need to produce additional methanol for subsequent
methanol-to-aromatics conversion.

(3) In 2030, at a carbon price of 80 USD/tcgy.eq, cONSstruct-
ing bio-based gasifiers becomes cheaper than running depreciated
fossil-based synthesis gas production. In 2050, the chemical in-
dustry gasifies 470 Mty /a of biomass to synthesis gas for subse-
quent methanol production. The alternative process to bio-based
methanol is CO,-based methanol production. In the pathway with-
out biomass (Elect + Rec), the chemical industry substitutes all
fossil-based methanol with methanol from CO, and hydrogen from
electrolysis at a carbon price of 140 USD/tcop.eq- ASSuming an elec-
tricity price of 30 instead of 36 USD/MWh will make CO,-based
methanol the most cost-efficient technology by 2050, while bio-
based methanol would act as a bridging technology (Supplemen-
tary Fig. 1).

(4) In 2032, at a carbon price of 91 USD/tcgr.eq, electrical
steam boilers become cost-competitive compared to methane-
based steam boilers. In 2050, the chemical industry will utilize an
additional 8 E] of electricity. The counterpart is bio-based steam
production. In the pathway without electrification (Bio + Rec), bio-
based steam-boilers are fully deployed at 118 USD/tcoy-eq-

(5) In 2037, at a carbon price of 118 USD/tcpy-eq, incentives are
sufficient to shut down the remaining waste incineration of non-
packaging plastic waste. All non-packaging waste is recycled via
pyrolysis, while some residuals from sorting and mechanical recy-
cling still go to waste incineration. In contrast, waste incineration
is the dominant waste treatment with 71 % for the pathway with-
out recycling (Bio + Elect).

(6) In 2038, at a carbon price of 124 USD/tcpy-eq, the chemi-
cal industry replaces decommissioned plants for steam-methane-
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based ammonia with ammonia synthesis via hydrogen from elec-
trolysis. In 2050, hydrogen electrolysis for ammonia production
will consume 11 EJ additional electricity. The bio-based alternative
to producing hydrogen would be biomass gasification with a sub-
sequent water gas shift, fully deployed at 153 USD/tcopeq in the
pathway without electrification (Bio + Rec).

At a carbon price of 124 USD/tcoy-eq and an electricity price of
36 USD/MWh,, it is also cost-competitive to substitute natural gas-
based process heat with electricity-based resistance heaters. Resis-
tance heaters have higher abatement costs than electricity-based
steam production due to assumed retrofitting costs.

(7) In 2041, at a carbon price of 140 USD/tcop-eq. Substituting
all remaining fossil-based ethylene with ethylene from bio-ethanol
becomes cost-competitive. A low-carbon alternative would be CO,-
based methanol for subsequent ethylene and propylene produc-
tion using methanol-to-olefines technology. In a pathway without
biomass (Elect + Rec), methanol-to-olefins substitutes depreciated
fossil ethylene production at a carbon price of 324 USD/tcgy-eq-

(8) In 2050, at a carbon price of 180 USD/tcpy-eq. the chemical
industry substitutes all depreciated fossil-based propylene produc-
tion with propylene from bio-based ethylene. The chemical indus-
try will ferment 3.5 Gty /a of biomass for ethanol production with
subsequent dehydration to ethylene in 2050. 44 % of the ethylene
is designated for propylene production.

In summary, market-ready technologies can enable a pathway
to net-zero annual GHG emissions: Mechanical and chemical (py-
rolysis) recycling, bio-based ethanol and methanol, the subsequent
production of ethylene, propylene, as well as electrical steam pro-
duction, and the production of ammonia via hydrogen from elec-
trolysis. High-temperature electrical heating via resistance heaters
may be the only technology, which is currently not market-ready
but is expected to be market-ready by 2035 (Geres et al., 2019).
However, since all other technologies are already commercially
available, research and technological development will probably
not limit the pathway. On the contrary, further development could
even improve efficiencies, costs, and remaining emissions. Such im-
provements could accelerate the transition towards net-zero chem-
icals based on circular technologies (Geres et al., 2019).

An alternative for a cheap and fast transition to a net-zero GHG
emission system could be carbon capture and storage (CCS). The
costs of CCS range from less than 20 (Global CCS Institute, 2021)
up to 600 USD/tcop-eq (Lebling et al., 2021). The lower-end costs
can be achieved for highly concentrated CO,-sources. For exam-
ple, CCS could be combined with fossil-based ammonia and ethy-
lene oxide, reducing GHG emissions at low costs. Another scenario
would be carbon capture at the high-concentration point sources
from gasification and fermentation of biomass. The combination
with bio-based production could even result in net-negative GHG
emissions, similar to bioenergy and carbon storage. In contrast,
utilizing dilute CO,-sources, e.g., CO, captured from the air, leads
to upper-end costs of 600 USD/tcoy-eq, Which are expected to de-
crease to 200 USD/tcoy-¢q in the future (Lebling et al.,, 2021). How-
ever, CCS is not a circular approach; fossil resources and storage ca-
pacities are ultimately limited (Fasihi et al., 2019) (Supplementary
Discussion 1). Thus, in the following, we focus on circular tech-
nologies only.

3.4. Residual GHG emissions of a net-zero chemical industry

Even though the sum of annual GHG emissions can reach net-
zero by 2050, the production of chemicals and plastics would still
emit greenhouse gasses. Direct CO, emissions from production are
offset by the carbon uptake of biomass and CCU technologies. For
biomass, this assumption only holds if as much biomass grows
back as utilized (Wiloso et al., 2016) and no GHG emissions oc-
cur from land-use change. This study assumes biomass from lig-
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nocellulosic energy crops cultivated on marginal lands, which re-
grow fast and are not connected to land-use-change emissions
(Lewandowski et al., 2018). However, resource availability will be
important for the envisioned large-scale deployment and is there-
fore discussed in Section 3.7. The carbon uptake can also not off-
set the residual GHG emissions from biomass cultivation, electric-
ity generation, and non-carbon process emissions, e.g., dinitrogen
oxide from biomass gasification.

Despite these residual GHG emissions, two mechanisms enable
net-zero annual GHG emissions: (1) Due to an unavoidable land-
filling rate of 6 % (Geyer et al., 2017), carbon is stored in land-
filled plastics. According to Althaus et al. (2007), we assume plas-
tic waste on landfills only emits 1 % of its carbon content over the
next 100 years. Thereby, landfills store 99 % of the carbon con-
tent, corresponding to 0.19 Gtcgyeq/a. However, the carbon con-
tent could be emitted later. Thus, landfilling should not be mis-
taken as permanent carbon storage (Gabrielli et al., 2020). (2) Each
year, more plastics enter the stock of in-use plastics than return for
their waste treatment (Geyer et al., 2017). Thereby, also the plastic
stock acts as a carbon storage corresponding to 0.65 Gtcop-eq/a in
2050. However, this mechanism will vanish when plastic produc-
tion reaches a steady-state, where plastic waste equals production
volume. However, a steady-state will also lead to a better match of
the produced plastics and the availability of plastic waste for re-
cycling. Increasing recycling will lower resource consumption and
thus corresponding residual emissions. To ultimately accomplish
net-zero without either of the two mechanisms, the chemical in-
dustry would need to mitigate residual emissions completely or
deploy net-negative technologies, e.g., direct air capture and car-
bon storage.

3.5. Total annualized costs of net-zero supply chains in 2050

Assuming the resource prices of the Sustainable Development
Scenario with off-grid electricity (Fig. 2), the total annualized cost
(TAC) might increase for net-zero supply chains compared to fos-
sil production (BAU). However, the increase in TAC is smaller than
the increase of capital expenditures: TAC of net-zero supply chains
increase by only 4-18 % compared to fossil production, including
currently-forecasted low-end carbon pricing (42 USD/ tcoz-eq, SUp-
plementary Methods 4) (International Energy Agency, 2018b). The
highest TAC occur when combining electrification and recycling
(18 %), while the lowest costs (4 %) are found for the combination
of all circular technologies (All). Under the most ambitious carbon
pricing from the Sustainable Development Scenario (190 USD/tcoz-eq)
the TAC of fossil production would increase to 3.8 trillion USD
(BAU). Then, net-zero supply chains would all outperform the fos-
sil supply chain. Thus, the fossil-based production costs depend
strongly on carbon pricing. The potential risk of increased cost
through carbon pricing might shift investors from fossil-based pro-
duction to net-zero products despite the TAC increase by 4 % in the
studied base case.

However, all cost contributions are uncertain. The depreciation,
fixed operational expenditure, and resource costs contribute 22-
27 %, 34-40 %, and 34-40 % to the overall TAC. Depreciation rep-
resents the capital intensity of each supply chain. Thereby, im-
provements for capital expenditures of each deployed technology
could change the TAC. Moreover, the depreciation depends on the
weighted average cost of capital (WACC), which is assumed to be
8 % in this study. The WACC are known to differ by region and
technology (E3Modelling, 2018), e.g., due to varying risk premiums.
Fixed OPEX include maintenance, operating supplies, insurances,
etc., which also can be subject to uncertainty. The uncertainty of
fixed OPEX and the depreciation depend on all technologies of the
supply chains and is therefore complex to resolve.
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In contrast, the uncertainty of resource costs is defined by the
prices of only five resources, so that price changes for a single re-
source could significantly change the overall cost. Therefore, we
study the impact of changes in resource prices on costs. Resources
prices may vary due to regional demand and availability. Thereby,
the uncertainty bars also represent the possible regional-specific
difference. The lower- and upper-end of resource prices are defined
by the extrema from Fig. 2. Biomass prices may also differ due to
the type of biomass, e.g., energy crops or forest residues. Thus, the
uncertainty bars could also represent different biomass types.

Among the net-zero supply chains, the combination of elec-
trification and recycling has the highest uncertainty (Fig. 4). The
high uncertainty results from the upper-end electricity prices rep-
resenting grid electricity. This finding highlights the economic im-
portance of cheap electricity for an electrification-based chemi-
cal industry. Combining recycling with biomass instead of elec-
tricity results in a smaller uncertainty even though the upper-
end biomass prices are represented by outliners from the litera-
ture (International Energy Agency, 2020). Combining biomass and
electrification as well reduces the price uncertainty compared to
electricity and recycling. Moreover, resource reliance is spread over
two markets. The inclusion of high recycling rates can reduce un-
certainty even further as resource consumption decreases. Thereby,
the uncertainty is also smaller for the combined circular technolo-
gies compared to the fossil supply chain.

At the lower-end of fossil and renewable resources prices, two
net-zero supply chains can break even with the fossil supply
chain’s TAC of 2.7 trillion USD (even for low-end carbon pricing
at 42 USD/tcop-eq): (1) The combination of all technologies and (2)
the combination of biomass and recycling. Biomass and recycling
being part of both supply chains indicates their significance for the
cost-efficient production of net-zero chemicals. Recycling is partic-
ularly important to reduce costs in scenarios with high prices for
electricity and biomass.

3.6. Resource consumption of net-zero supply chains in 2050

Low-emission technologies allow reducing the GHG emissions
but are usually associated with high resource demands. We, there-
fore, compare resource demands of net-zero production to fossil-
based production (Fig. 5). In 2050, the fossil supply chain (BAU)
will build on crude oil (71 EJ), natural gas (29 EJ), electricity (2 EJ),
and plastic waste (37 EJ). Plastic waste primarily fuels energy re-
covery plants (23 EJ).

The supply chain based on electrification and recycling builds
on electricity (127 EJ) and plastic waste (37 EJ). Compared to the
fossil supply chain (BAU), resource consumption increases by 18 %
measured in terms of exergy content. In contrast, the combination
of biomass and recycling consumes 133 EJ, 5 % less than the fos-
sil supply chain. The resource consumption also indicates a higher
resource efficiency of bio-based production compared to electrifi-
cation. When combining all circular technologies, the chemical in-
dustry could build on 1 EJ of crude oil, 33 EJ of electricity, 62 E]J of
biomass, and 37 EJ of recycled plastic waste. This chemical industry
would balance its resource consumption so that neither biomass
nor electricity makes more than 50 % of the resource consump-
tion. Furthermore, high recycling rates reduce the overall resource
consumption from 160 E]J (Bio + Elect) to 134 EJ (All): Biomass con-
sumption decreases from 101 EJ to 62 EJ, while electricity con-
sumption slightly increases from 23 EJ to 33 EJ to compensate for
the energy recovery. While biomass dominates the resource con-
sumption, a further shift to electrification is possible. Reducing the
electricity price from 36 USD/MWh to 26 USD/MWh makes CO,-
based methanol with hydrogen from electrolysis cheaper than bio-
based methanol (assuming a fixed biomass price at 200 USD/tyyy ).
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Thereby, resource demands could shift from 62 to 33 EJ of biomass
and electricity to 50 and 49 EJ (Supplementary Discussion 2). Ei-
ther way, the chemical industry will need access to low-cost and
low-emission biomass and electricity. Their availability is therefore
discussed next.

3.7. Availability of cheap and sustainable resources

The previous analysis shows the importance of low-cost and
low-emission biomass and electricity for transitioning to a net-
zero chemical industry. Biomass could significantly influence the
GHG emissions and operational costs of net-zero chemicals and
plastics. In the literature, biomass prices cluster around 100-200
USD/tqry (Alonso et al, 2017; Geres et al, 2019; Kiihner, 2013;
Lewandowski et al., 2018; Sanchez et al., 2015a) with outlin-
ers of 50 and 279 USD/ty, (International Energy Agency, 2020;
Khanna et al., 2008). Even at a biomass price at the upper end
of the cost range (200 USD/tyy ), total annualized costs of net-
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zero chemicals are in the range of current fossil-based production
(Fig. 4). Thus, cost-competitive biomass processes are likely. To af-
firm this cost-competitiveness, future research needs to quantify
biomass’s price elasticity due to the very large biomass demand in-
duced by the chemical industry. If the global demand exceeds the
supply, the price elasticity could increase biomass prices. In partic-
ular, the chemical industry could be not the only sector relying on
biomass for GHG mitigation. However, the biomass price assumed
in this study is already at the top-end of the literature data and
thus, might as well represent the prices under high demand.
Besides competitive biomass prices, sufficient availability for
biomass with a low carbon footprint is essential to realize the
promised GHG reductions (Carus et al., 2020). A closed carbon
cycle requires that as much biomass needs to regrow as har-
vested (Wiloso et al.,, 2016). Otherwise, a carbon debt would be
created. In particular, forest wood harvesting will create a car-
bon debt as regrowing takes several decades (Raven et al., 2021).
First-generation biomass promises a faster regrowth but is edi-
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ble, and thus, the chemical industry would compete with the food
sector.

Using energy crops, such as Miscanthus assumed here, allows
fast regrowth and does not directly compete for biomass with
the food industry (Lewandowski et al., 2018). However, the chem-
ical industry would compete for land to grow biomass. To avoid
competition for land, energy crops should only grow on marginal
land, not designated for food production (International Energy
Agency, 2017). Energy crops could even create economic rev-
enue as the land otherwise might have no economic value
(International Energy Agency, 2017). Furthermore, increasing yields
of food crops might create surplus land to grow energy crops
(Hoogwijk et al., 2003; International Energy Agency Bioen-
ergy, 2007). Estimates of biomass availability from marginal and
surplus lands range widely between 0 EJ and ~1000 EJ in
2050 (Hoogwijk et al., 2003; International Energy Agency, 2017,
2020). However, many sources consider 200 EJ of biomass rea-
sonable for sustainable biomass harvesting (International Energy
Agency, 2020). As the chemical consumes 62 EJ of biomass for
the cost-optimal combination of all circular technologies, it would
claim 31 % of the sustainable biomass. Thereby, the chemical in-
dustry would not compete with land for food products and leave
another 138 EJ of energy crops for other sectors.

For the available biomass, the chemical industry needs to avoid
GHG emissions from direct and indirect land-use change, which
could compromise bio-based GHG mitigation (International En-
ergy Agency, 2017). Initial literature estimated GHG emissions
from land-use change (e.g., deforestation of carbon-rich tropi-
cal forests) to completely offset the biomass’s carbon uptake
(Searchinger et al., 2008). Although subsequent studies have esti-
mated lower GHG emissions from land-use change (Broch et al.,
2013), avoiding land-use change is crucial to the success of bio-
based GHG mitigation (Harper et al., 2018). If the biomass grows
on marginal land, no land elsewhere has to be repurposed, and
thus, no indirect land-use change occurs. Still, careful deploy-
ment strategies need to be developed to allow for large-scale
deployment of biomass. Regarding direct land-use change, en-
ergy crops might increase the soil organic carbon content. Thus,
net emissions from direct land-use change might be negative
(Agostini et al., 2015; International Council on Clean Transporta-
tion, 2018; McCalmont et al., 2017). However, potential negative di-
rect land-use change emissions are neglected in this study to con-
servatively assess the energy crops’ carbon footprint. Even though
previous research indicates a potentially low price, low footprint,
and sufficient availability, energy crops have to prove their eco-
nomic and sustainable potential on a regional level (Escobar and
Laibach, 2021).

Besides biomass, the footprint and costs of electricity genera-
tion impact the potential net-zero chemical industry. For the cost-
optimal combination of all circular technologies, electricity con-
sumption amounts to 33 EJ. The IEA’s scenario estimates electric-
ity generation to increase by 108 EJ for net-zero GHG emissions
of all sectors (International Energy Agency, 2020). So, the chemical
industry would claim 31 % of the additional renewable electricity.
Although the chemical industry’s demand lies within the IEA’s esti-
mates, it will compete with demands from multiple other sectors,
e.g., for e-mobility or hydrogen-based steel production. Thus, ac-
quiring sufficient renewable electricity might be challenging.

Costs and footprints of electricity generation can be especially
low for wind and solar power (Agora Verkehrswende, Agora En-
ergiewende and Frontier Economics, 2018). To minimize electric-
ity footprints, full-load hours have to be maximized. Thus, in the
future, chemical production might need to move to wind and
solar-intense regions if not already located there, e.g., Scandinavia
or North Africa. Alternatively, the chemical industry could im-
port electricity or electricity-intensive precursor, like hydrogen and
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CO,-based methanol, from those regions. Footprints can further
decrease if GHG emissions from the production of solar panels and
wind turbines decrease as well, e.g., due to GHG mitigation in cop-
per and steel production.

In summary, resource acquisition will undoubtedly be challeng-
ing. However, the estimated demands seem to lie within the range
currently deemed feasible. Regional differences in availability and
footprints of biomass and electricity will determine operational
costs and overall GHG emissions. Careful monitoring could help to
select the best resources, which live up to the promise of low foot-
prints for electricity and avoid land-use-change and carbon depts
for biomass.

3.8. The role of recycling for a transition towards net-zero GHG
emissions

As already emphasized, recycling is a key technology to reduce
resource demands and costs. In the following, we compare the net-
zero supply chain combining biomass electricity and maximal re-
cycling (All) with the supply chain combining biomass and elec-
trification (Bio + Elect), where the recycling rate is limited to the
2020’s status quo (23 %). High recycling rates reduce the TAC of
the net-zero chemical industry by 10 %. Moreover, biomass con-
sumption decreases by 38 %, and thus net-zero production would
rely less on biomass. The lower demand also reduced the sensi-
tivity to biomass prices. Ultimately, a lower resource consumption
might facilitate the acquisition of cheap and sustainable resources.

However, recycling has to be promoted globally to accomplish
these desirable cost reductions and reduce the cost’s sensitivity
to high resource prices. So far, global recycling capacities do not
match the rapid deployment in recycling plants suggested by the
cost-optimal transition pathways. Thus, GHG mitigation would be
slower than in the suggested pathways. Therefore, persistent ef-
forts and a continuous increase in recycling capacities seem critical
for the chemical industry.

Currently, most plastic waste is either landfilled (50 %)
or combusted for energy recovery (27%) (Geyer et al, 2017).
Landfill bans have already emerged to increase recycling rates
and tackle environmental concerns regarded with landfilling
(PlasticsEurope, 2018). Thereby, the availability of plastic waste can
also increase. Currently, available plastic waste is mainly used for
energy recovery due to lower costs. So far, carbon pricing poli-
cies exclude greenhouse gasses from plastics’ end-of-life, i.e., from
energy recovery. Thus, energy recovery would remain a cheap
source of electricity and heat even under high carbon prices. To
incentivize GHG mitigation over the whole lifecycle, carbon pric-
ing needs to include GHG emissions from energy recovery of plas-
tic waste. This inclusion would be similar to already existing car-
bon taxes of fuels. Fuels are taxed by their carbon content, thus
accounting for GHG emissions from combustion.

In summary, mitigating landfilling and incorporating end-of-life
emissions into carbon pricing could be crucial pillars to support
recycling. Where recycling is desirable, further research might help
to improve the design and operation of local waste management
systems (Mohammadi et al., 2019).

4. Conclusion

This study shows that carbon pricing between 190 and 370
USD/tcoz-¢q in 2050) in combination with biomass at 200 USD/tg;y
and renewable electricity at 36 USD/MWh can incentivize a cost-
optimal transition to net-zero chemicals and plastics by 2050. To
accomplish this transition, the chemical industry has to spend 36-
51 % more capital compared to fossil-based production. The re-
cent boom of sustainability-supporting investment funds indicates
that low-carbon investments are already appealing to investors.
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To make investments economically even more appealing, policies
could create a predictable and transparent investment environment
(Gielen et al., 2019) with low economic risk. For example, subsi-
dized insurances on sustainability investments could mobilize vast
amounts of private capital (Schmidt, 2014).

Besides new production plants, investments will be needed for
research to improve technology (e.g., reduced energy consump-
tion or increased yields) and new infrastructure (e.g., networks
for biomass, electricity, hydrogen, or CO,). However, infrastruc-
ture might be beyond individual companies’ scope and thus calls
for governmental support (Bruyn et al., 2020). Beyond R&D in-
vestments within the chemical industry, technology improvements
from other sectors could help the chemical industry (e.g., improved
electrolyzer or gasifier from the energy sector).

In contrast to the large additional investments (36-51 %), to-
tal annualized costs (TAC) are expected to increase by only 4-
18 % compared to the fossil-based production under currently-
forecasted low-end carbon pricing. Depending on resource prices,
the total annualized cost could also break even or be lower than
fossil-based production. Under ambitious carbon pricing, TAC of
fossil-based production could even face an increase of 27 % com-
pared to currently forcasted low-end carbon pricing. The poten-
tial risk of a 27 % cost increase could discourage investors, while
emission-free products might be appealing, even if production
costs increase slightly.

For competitive prices and low emissions, policies need to pro-
mote sufficient resource availability to exploit the full GHG miti-
gation potential and counteract high prices due to price elasticity.
Simultaneously, policies need to address issues that compromise
GHG mitigation, e.g., carbon debts (Wiloso et al., 2016). Address-
ing sustainability issues in advance should also be accompanied by
monitoring the sustainability once renewable resources are used
(Gilbert and Sovacool, 2015; Sanchez et al., 2015b).

For biomass, forecasts on availability range widely, and com-
petition for biomass with the energy sector could emerge
(International Energy Agency, 2017, 2020). Competition with the
energy sector could be reduced by using biomass over multiple
product life cycles in the chemical industry before being delegated
to energetic use (Stegmann et al., 2020). Regarding biomass foot-
prints, policies should promote crops with fast regrow rates to
prevent a carbon debt (Wiloso et al., 2016) and biomass cultiva-
tion on marginal lands to prevent land-use change (Escobar and
Britz, 2021). Besides GHG emission, policies have to check further
sustainability aspects (International Council on Clean Transporta-
tion, 2018), such as soil degradation, water use, and biodiversity
(Pawelzik et al., 2013).

For renewable electricity, hydrogen from electrolysis with off-
grid electricity could provide a cheap and sustainable build-
ing block for renewable ammonia production and CCU tech-
nologies (Carus et al., 2020; International Energy Agency, 2018a;
Kdtelhon et al,, 2019; Material Economics, 2019). To assure low
footprints and high availability, companies could import precursors
(e.g., hydrogen or methanol) from wind- and solar-intense regions
as they often import fossil feedstock today.

Since renewable electricity and biomass could be scarce, syn-
ergies between CCU- and bio-based technologies might help
the chemical industry reach net-zero (Bachmann et al., 2021;
Meys et al., 2021). Combining electricity and biomass also dis-
tributes resource demands onto two resources, while realizing high
recycling rates can drive down the overall resource consumption.
Recycling can be a crucial pillar to accomplish net-zero chemicals
and plastics. Recycling not only drives down resource consump-
tion but thereby also reduces the sensitivity to resource prices. To
unleash the potential of recycling, policies could introduce further
landfilling bans. Furthermore, carbon pricing needs to include GHG
emissions from waste incineration to level the playing field among
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waste treatment options, which may grant recycling an overall cost
advantage in the future. In addition to recycling, policies should
also consider reuse of plastics, as so far it is often granted less fo-
cus (Klemes et al., 2021). Strengthened reuse could decrease con-
sumer demands for new plastic and corresponding GHG emissions.

All net-zero pathways still emit greenhouse gasses in 2050,
which are offset by storing carbon in the stock of in-use plastics
mitigating 0.65 Gtcgp-eq- Thereby, the chemical industry reaches
net-zero for annual GHG, but not necessarily over the whole prod-
uct life cycle. While reaching net-zero of either kind might be de-
sirable, politics have to address the differences to adjust policies
and carbon accounting. However, if the chemical industry wants to
reach net-zero over the whole product life cycle, all residual GHG
emissions, which cannot be mitigated or captured, have to ulti-
mately be offset by net-negative technologies (e.g., direct air cap-
ture and carbon storage (Creutzig et al., 2019)).

In this study, we derived multiple cost-optimal investment
pathways towards net-zero chemicals and plastics. In summary,
the economics of net-zero chemicals appear to be quite promis-
ing: Indeed, the capital intensity of net-zero chemicals increases
significantly (36-51 %) but so does recent capital acquisition for
low-emission investments. TAC could even be similar to current
fossil-based production, and necessary carbon pricing incentives
might not exceed social carbon costs. The biggest challenge for
net-zero might be the availability of renewable resources. However,
high recycling rates can reduce overall resource demands and thus
could be an essential steppingstone enabling net-zero GHG emis-
sion chemicals and plastics.
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