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Abstract: The chemical and petrochemical sector relies on fossil fuels and feedstocks, and is a major
source of carbon dioxide (CO,) emissions. The techno-economic potential of 20 decarbonisation
options is assessed. While previous analyses focus on the production processes, this analysis covers
the full product life cycle CO, emissions. The analysis elaborates the carbon accounting complexity
that results from the non-energy use of fossil fuels, and highlights the importance of strategies that
consider the carbon stored in synthetic organic products—an aspect that warrants more attention
in long-term energy scenarios and strategies. Average mitigation costs in the sector would amount
to 64 United States dollars (USD) per tonne of CO, for full decarbonisation in 2050. The rapidly
declining renewables cost is one main cause for this low-cost estimate. Renewable energy supply
solutions, in combination with electrification, account for 40% of total emissions reductions. Annual
biomass use grows to 1.3 gigatonnes; green hydrogen electrolyser capacity grows to 2435 gigawatts
and recycling rates increase six-fold, while product demand is reduced by a third, compared to
the reference case. CO, capture, storage and use equals 30% of the total decarbonisation effort
(1.49 gigatonnes per year), where about one-third of the captured CO, is of biogenic origin. Circular
economy concepts, including recycling, account for 16%, while energy efficiency accounts for 12%
of the decarbonisation needed. Achieving full decarbonisation in this sector will increase energy
and feedstock costs by more than 35%. The analysis shows the importance of renewables-based
solutions, accounting for more than half of the total emissions reduction potential, which was higher
than previous estimates.

Keywords: chemical and petrochemical sector; decarbonisation; renewable energy; circular economy;
electrification; material flow analysis

1. Introduction

The chemical and petrochemical sector is of vital economic importance. Global produc-
tion amounted to 5.7 trillion United States dollars (USD) in 2017, including pharmaceuticals.
Production is projected to quadruple by 2060 [1]. The sector’s reliance on fossil fuels and
fossil feedstocks results in the emissions of carbon dioxide (CO;) during the production,
use and end-of-life phases. As a result, the chemical and petrochemical sector is a major
contributor to global industrial CO, emissions, ranking third behind iron and steel-making
and cement production. Total direct emissions from production, product use and waste
handling amounted to 1.6 gigatonnes (Gt) of CO; per year, while indirect emissions related
to electricity supply accounted for 0.6 Gt of CO; per year. Production of chemicals results
in around 1.1 Gt of energy and processing CO, emissions annually, accounting for about
half of the full life cycle carbon footprint (estimated based on Ref. [2]). Emissions from the
use of around 178 million tonnes (Mt) of urea fertiliser and decomposition/incineration of
around 60 Mt of plastics per year result in an additional 0.3 Gt of CO, per year [3]. Another
0.2 Gt of CO, emissions arise from the use of solvents and surfactants.

The sector produces plastics, fibers, solvents, inorganic chemicals and hundreds of
other types of products. Plastics production grew 20-fold over the past five decades to reach
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360 Mt by the end of 2018 [4]. In addition, 115 Mt of other synthetic organic materials were
produced. However, three-quarters of the total energy and non-energy use is accounted for
by the manufacturing of certain products, such as: olefins (ethylene, propylene, butadiene)
aromatics, ammonia, methanol and carbon black (see Figure 1). Plastics and fibers account
for most of the product mix in volume terms, at around 400 Mt per year in 2018. Polyolefins
(made from ethylene, propylene and butadiene) account for nearly half of all plastics
production. Various polyethylene (PE) grades, polypropylene (PP) and polyamide (PA)
account for 30%, 17% and 15% of all plastics production worldwide, respectively. Polyvinyl
chloride (PVC) and polyethylene terephthalate (PET) combined account for another 19% of
the total [5].

World organic chemical industry mass balance, 2017
(in million tonnes per year)
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Figure 1. Estimated world petrochemicals production, processing and recycling balance, 2017. Source: updated to the year

2017 based o

n Ref [6].

Around 175 Mt of ammonia was produced in 2020 and was mainly used as nitrogen
fertiliser. Annual methanol production amounted to more than 98 Mt in 2019. Methanol
is used in the production of formaldehyde, acetic acid, di-methyl terephthalate, olefins
and solvents. While ammonia and methanol are largely produced from coal in China,
gas-based production dominates elsewhere. Figure 1 provides an overview of material
flows in global petrochemicals production in 2017.

The chemical and petrochemical sector is the largest energy user in the manufacturing
industry, with a total consumption of 46.8 exajoules (E]) in 2017 (including non-energy
use, NEU) [2]. Oil and gas dominated the sector’s total consumption, with around 10%
of global natural gas supply and 12% of all oil consumed by this sector. The chemical
and petrochemical sector is unique, as significant amounts of fossil fuels are used as raw
material (i.e., feedstock or NEU) [7]. This NEU reflects the energy content of the products
that are sold. For products such as ammonia, methanol and plastics, the NEU exceeds the
process energy use in their production [8]. This has profound consequences for strategies
to abate emissions in the life cycle of the sector’s products, which will be elaborated on
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below. The added carbon accounting complexity that results from NEU and carbon storage
in materials and products is an aspect that warrants more attention in long-term energy
scenarios [9]. As a result of this complexity, emission reductions in this sector constitute
one of the main challenges for realising the Paris Agreement goals [10]. Moreover, as a
large user of oil products, the sector’s continued reliance on fossil fuels results in emissions
outside of its boundaries in the petroleum sector [11,12]. This paper provides an assessment
of 20 options that can be categorized on five main strategies to put the sector’s life cycle
CO, emissions on a pathway to net-zero by the mid-21% century. The analysis investigates
each option’s contribution to put the sector on a net-zero pathway and the respective CO,
mitigation cost. The Supplementary Materials (Section A) provides a detailed overview of
the status of low-carbon technologies worldwide.
We address two research questions in this paper:

e  How can zero emissions be achieved, considering the full product life cycle?
e  What is the potential contribution of renewables-based solutions?

This paper combines specific technology assessments to provide sector and life cy-
cle level insights at the global level, with relevance in terms of future energy demand,
location choices, plant siting and investment needs. The analysis covers direct emissions
from production, as well as materials use and waste handling. The analysis accounts for
emissions and carbon storage in products and their subsequent treatment in the waste
management phase.

Section 2 provides a review of existing decarbonisation studies for the chemical and
petrochemical sectors. Section 3 provides the details of the methodology and technology
data. Section 4 presents results followed by a discussion of the opportunities and challenges
of decarbonisation in Section 5, and the conclusion is Section 6.

2. Review of Literature on Decarbonisation of the Chemical and Petrochemical Sector

So far, the sector has made limited progress in reducing absolute CO, emissions
levels at a global level, as demand growth has exceeded efficiency gains. Technical energy
efficiency potentials have been exhausted. Multiple conversion processes are usually
integrated in large, ageing industrial complexes that result in high energy efficiency on site,
but that also limits achieving additional energy savings by switching to the best available
technologies [8]. Around half of the sector’s heat demand relates to high-temperature
processes, which complicate renewable energy deployment [6]. Petrochemical production
is increasingly integrated into refinery operations, with modern refinery designs yielding
50% petrochemicals in the product mix. Such plant design locks in fossil energy use going
forward. The integration also complicates energy accounting for petrochemical products.

Plastics and other synthetic organic materials are currently produced from fossil fuel
feedstocks. These can be replaced with biomass or synthetic feedstocks produced from
CO, and renewables-based hydrogen. Bioplastics constitute less than 1% of current plastics
production. The high cost of low-carbon alternatives acts as a major barrier [6,13-15]
35% of the emissions reduction potential lies with materials systems optimisation, while
the remaining 65% is related to energy use in the materials production processes [16].
However, the circular economy is not well developed in this sector, despite decades of
efforts. A majority share of post-consumer plastic and textiles is incinerated or dumped in
landfills [17]. Low recycling rates and low energy recovery rates add to energy use and
CO; emissions [18]; the future reconciliation of product demand growth and sustainability
is therefore challenging.

Several studies have assessed the future CO, emissions reduction potentials in the
sector. However, the conclusions regarding emissions reductions are not in line with the
recent net-zero emissions objectives formulated by major economies [19]. For instance,
a study for the Dutch chemical and petrochemical industry, which is representative of
the global chemical and petrochemical sector, concluded that a 90% reduction in national
sectorial emissions is feasible [20]. This would require 63 billion euros of investments (USD
75 billion), split into 26 billion for new chemical plants and 37 billion for energy supply.
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Energy and feedstock supply cost would rise by 50%. The average emission mitigation cost
would amount to 140 euros per tonne of CO, (USD 170/t CO,). Annually, the industry
would require 280 petajoules (PJ) of biomass and 11.4 gigawatts (GW) of offshore wind
capacity. Biomass feedstock accounts for more than one-third, while renewable energy and
CCS each account for one-sixth of the effort, and the remainder is accounted for by energy
efficiency, closure of materials chains and nitrous oxide emission reductions.

Deep emissions reductions in Europe are technically possible through power sup-
ply decarbonisation and CCS integration with chemical processes in the 2030-2050 time-
frame [21]. A range of current and future technologies can sustain Europe’s track record of
energy and emissions intensity improvements: final energy demand can be maintained at
a constant level, and emissions could be virtually eliminated with energy efficiency (33% of
the total emissions reductions), CO; capture and storage (CCS) (25%), renewable electricity
(20%) and fuel switching and measures to reduce nitrous oxide emissions (22%). To enable
continuous and competitive production, access to large amounts of affordable and reliable
energy and feedstock will be necessary, which can be challenging for renewables [20].
Infrastructure will be crucial, including transmission grids for renewable power, pipelines
for hydrogen, CO; and heat, and waste logistics and recycling.

According to the International Energy Agency’s (IEA) Reference Technology Scenario
(RTS), global sectorial CO, emissions would grow by around 40% globally from the current
level, in line with a plastics demand growth of 600 Mt/yr [22]. The Clean Technology
Scenario (CTS) estimates direct annual CO, emissions of 0.8 Gt by 2050, equivalent to
a 60% reduction compared to the RTS. The IEA’s analysis focuses on the reduction of
emissions from direct energy use and processes that only cover two-thirds of the sector’s
total life cycle emissions. Energy efficiency therefore plays a key role in the IEA’s analysis,
contributing 25% to the mitigation effort. The role of alternative feedstocks and plastics
recycling is limited to 15%. The IEA analysis suggests a continued importance of fossil fuel
use in the sector, which is inconsistent with net zero by 2050.

According to Ref. [23], electrification of processes and new catalytic conversion routes
can be listed as key options. Biomass and recycling are key strategies to reduce fossil feed-
stock use, while CO,-based fuels and chemicals are unlikely to be significant contributors
to global abatement in the next two decades. For energy supply, clean hydrogen, heat
pumps and waste energy use, as well as energy management systems, are low-carbon
options for decarbonisation.

Historical chemical and petrochemical sector energy efficiency trends have been
assessed widely [24-26], but only a few studies have estimated the future efficiency poten-
tial [27-29]. More studies have focused on the assessment of renewable fuels and feedstocks
and electrification potentials [30,31]. The sector’s long-term decarbonisation potential is
typically assessed as part of all energy-intensive industry sectors [32-35]. While such a
broad perspective is useful from a general industrial policy perspective, gaining insights
into the potential, investment needs and challenges of these options in isolation from other
sectors is crucial to design sector-specific decarbonisation policies. According to Ref. [36]
the industry focuses mainly on supply side mitigation options. Downstream options like
material efficiency have received less attention due to the limited availability of material
flows and supply chain data, as well as the insufficient understanding of potentials. (The
industry often argues that its products reduce life cycle emissions compared to other
materials for a range of specific products. A full life cycle analysis for the whole sector
would require an assessment of the use stage of buildings, cars, and other type of complex
products where plastics and other materials are deployed, which is beyond the scope of
this paper).

According to Ref. [37] the lack of manufacturing experience, cost evaluations and
proofs of concept of most mitigation measures on a large industrial scale. This is particularly
the case for the hydrogen- and CO,-based routes, but also for emerging biomass routes [38].
While technologies for all proposed production pathways are in principle available and
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demonstration plants are in operation, more efforts are needed to deploy these technologies
on an industrial scale.

3. Materials and Methods: Prioritisation of Technology Options for Decarbonisation

A net-zero pathway has been developed for the global chemical and petrochemical
sector to 2050, based on a detailed bottom-up technology approach. The full product life
cycle emissions are covered in the analysis. Technology-specific mitigation costs have been
collected to assess transformation impacts on the sector’s total energy and feedstock cost.
The results presented in the paper are part of IRENA's global energy system optimisation
model. Thus, critical issues for the sector, such as competition for scarce biomass resources
and the availability of renewable power for chemicals production, have been considered in
technology choices.

In the case of the chemical and petrochemical sector, a large share of the energy inputs
is used as feedstock, and around two-thirds of all carbon input is stored in chemicals.
Moreover, as earlier analyses have shown, the sector’s energy statistics include large
uncertainties which require bottom-up methodologies that combine the production and
energy use data of individual chemicals [26,29,39]. In this study, energy balances are thus
combined with materials flow analysis and materials system optimisation, which includes
various stages of the product life cycle. According to Ref. [36], there is a need to enhance
the understanding of downstream mitigation options and their techno-economic potential
for the proper modeling of impacts from varying efficiencies in material service provision.
They also state that it would be important to include the relevant aspects of the MATerials
Technologies for greenhouse gas Emission Reduction (MATTER) project, conducted in the
late 1990s, which may have represented the peak of ambition with regards to integrated
energy- and materials-related climate change mitigation research and other similar models
in integrated assessment model frameworks [16].

The tracking of carbon flows from production to the waste management stage in this
study helps to better understand the circular economy potential and its role in net-zero
strategy development. Such bottom-up modeling can inform integrated assessment models
in the representation of complex solutions, such as circular economy concepts.

The analysis covers the 2017-2050 period, and is based on a techno-economic assess-
ment of technologies for decarbonising the global chemical and petrochemical sector, with
a special focus on five particular strategies. Each strategy includes several technological
options. The energy and emissions impact of each technology has been assessed to 2050,
by gauging its potential under the 1.5 °C case compared to the Planned Energy Scenario
(PES) [40]. Global results are estimated based on a bottom-up assessment of the energy
use and emissions in China, India, Japan, 27 countries of the European Union (EU-27),
the US, the remainder of the Group of 20 (G20) countries and the rest of the world. The
Supplementary Materials (see Section B) provides further details regarding the scenario
definitions and the additional data and assumptions used for the analysis.

As a first step, the production volumes of the major chemical production processes
(i.e., high value chemicals, ammonia, methanol and carbon black), their respective specific
energy consumption (for fuel and feedstock) values and the production process fuel mix
were collected for the base year 2017. The combination of production volume, fuel mix
and the specific energy consumption yields the total energy and non-energy use from the
production of these chemicals for the base year 2017. These major chemical production
processes account for more than 60% of the sector’s total global energy and non-energy uses
and related CO; emissions (Tables 1 and 2). The energy use related to the production of all
other chemicals has been estimated with a country/region-specific coefficient. This share
of energy use is attributed to the downstream processing of the chemical building blocks
of plastics, fibres, solvents and hundreds of other types of products. Projections reflect the
growth of this energy use in proportion with the rest of the sector. (The coefficient includes
corrections for energy accounting in the process energy and non-energy use categories in
the IEA energy balances, based on our bottom-up assessment of the non-energy use. The
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coefficient is estimated as a ratio of the bottom-up estimate of the process energy use based
on the selected chemicals and the reported process energy use according to the IEA energy
balances. While our bottom-up estimate covers 86% of the total NEU reported in the IEA
energy balances, we assume that non-energy use is 100% covered by the production of the
chemicals selected for this analysis. The 14% of the total reported global non-energy use
according to the IEA energy balances is equivalent to 3.6 EJ in absolute terms [2] and a
share of this is assumed to be consumed as process energy. Similar statistical accounting
issues have been reported previously [8,39]).

Table 1. Global energy and non-energy use for petrochemical production according to the energy
statistics, 2017.

[E]/yr] Energy Non-Energy Total Total in This Analysis
Coal 45 0.1 47 4.7
Natural gas 5.7 7.7 13.5 14.0
Oil 2.6 18.9 21.6 18.6
Biomass and waste 0.1 1.0 1.1 1.1
Heat 2.4 - 24 24
Electricity 4.6 - 4.6 4.6
Total 20.0 27.8 47.8 454

Source: Ref. [2] and own analysis. Note: biomass for NEU has been included based on bottom-up information.

Table 2. Estimated global energy and non-energy use per type of product, 2017.

[EJ/yr]
Ammonia 6.2
Methanol 2.7
High vale chemicals 21.2
Carbon black 1.0
Total 31.1

Source: own analysis.

To assess the total energy and carbon flows in waste management, additional data
for the total volume of plastics production, demand and plastic waste generation have
been collected for 2017. In a subsequent step, the energy demand in the PES in the
year 2050 has been estimated by considering the growth in production of chemicals and
plastics (see Table 3). Projections for future plastics demand growth range from 1% to
3% per year [6,41-43]. The higher end of this range was used for the PES, with lower
demand in the 1.5 °C case due to greater circular economy efforts. In the PES 2050, the
production fuel mix and the shares of waste management options are the same as in
2017 for each country/region, whereas the production growth varies depending on the
regional dynamics. In the PES, the growth in energy demand is to some extent offset by
improvements in energy efficiency. It is assumed that the specific energy consumption
(excluding feedstock/NEU) of all chemicals would reach the level of current best practices,
which results in a savings potential of 15% by 2050, compared to 2017 [8].

The net-zero pathway (1.5 °C case) takes five major strategies into account:

- improve energy efficiency in the production process by adopting best practices and
breakthroughs, including substituting fossil fuels with direct renewable energy re-
sources, electrification and other renewables for process heat generation (A)

- aswitch to biomass and synthetic feedstocks based on renewable “green” hydrogen
and CO, (B)
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- ashift to circular economy to reduce primary materials demand by increasing reuse
and recycling of plastics and by reducing per capita plastics and chemicals demand
through changing consumer behavior and substitution with other materials (C)

- decarbonising production processes and waste handling by CCS (D)

- shifting power supply to carbon-free electricity, notably renewables (E)

Table 4 shows the technologies assessed in each pathway and the global cost of CO,
mitigation (per tonne) for each decarbonisation technology. For each strategy, the 2050
country /region implementation potential in the 1.5 °C case relative to the PES has been
estimated (see Supplementary Materials, Section B). In a subsequent step, the impacts of
decarbonisation on the total energy and feedstock demand and CO, emissions have been
estimated. Finally, a carbon flow analysis was conducted to assess the impact of the uptake
of these technology options on the global plastics metabolism and to gain insight into the
carbon storage in materials and products through the non-energy use emission accounting
tables (NEAT) model for the calculation of carbon storage in petrochemical products [44].
NEAT calculates both CO; emissions and carbon storage resulting from the non-energy use
of fossil fuels, independent from the energy statistics and the national GHG inventory, and
complements energy statistics with material flow analysis [39]. Supplementary Materials
(Section C) provides the details of the carbon flow analysis methodology.
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Table 3. Technology options covered in the assessment.

Rationale/Explanation and Key References Used to Estimate the Fossil

References for

Technology Option Application Fuel Substitution Potentials Cost Unit Costs
(A) Energy efficiency, renewable energy and process heat electrification
Global energy saving potential of best practice technologies that are currently
available in the market [8] would result in a continuation of the current
Best practice technologies (1) average energy efficiency trends of 0.5%/yr if they are implemented in all 20-60 USD/t CO; in 2030 [46]
. production processes by 2050 [45]. 1 The rate of improvement is average over
Improving energy the period to 2050, and does not necessarily follow a linear path.
efficiency to reduce . . :
process heat demand New technology options and cross-cutting technologies such as advanced
membranes to reduce process heat demand by 2050 [47] would double the
Breakthroughs and heat improvements to 1%/yr. 2 While pinch analysis for heat integration shows ;
integration (1) 50% and 30% savings for hot and cold utilities, respectively [48], actual Up t0200 USD/tCO,1n 2050 [47]
potential could still be lower, since efficiency is typically assessed at site level
where a high level of steam system integration reduces potential.
Solar process heat (2) Solar process heatlr;g systems can replace fossil fuels for process heat 0-100 USD/tCO, in2030  [49]
generation [49,50].
Biomass for process heat (4) Biofuels produced frf)m various b10mass4feedstocks can replace fossil fuels for 0-75 USD/tCO, in2030  [6]
oo process heat generation by 2030/50 [6].
Fuel switching :
Electrification of process Synthetlc naphtha produced from re'newablelilydrogen can replace crude 60-450 USD/tCO, in 2050  [52]
heating combined with oil-based naphtha for HVC production [51].
renewables (5) Heat pumps can replace fossil fuels to supply low-temperature process g .
heat [49,50,53,54]. 5 0-50 USD/tCO,in2030  [49]
(B) Switching from fossil fuel-based feedstocks to biomass and synthetic feedstocks
Biomass for plastics (9) Feedstock switching ~ Biomass can replace fossil fuels used as feedstock for plastics production [6]. ©  0-500 USD/tCO,in 2009  [6]
Biomass for ammonia (10,19)  Feedstock switching ~ _.omass can replace fossil fuels used as feedstock for 250-400 USD/t CO, [22,56,57]
ammonia production [55].
Biomass can replace fossil fuels used as feedstock for methanol production,
Biomass for methanol (10,19)  Feedstock switching either through gasification to methanol or by using biomethane in the —150-450  USD/t CO, [37,56,57,59,60]
traditional production route [58]. 1
Renewable-hydrogen for Feedstock switching Renewa.ble hydrcl);gen can replace fossil fuels used as feedstock for ammonia 0-150 USD/t CO, [37,60,61]
ammonia (11,20) production [22].
Renewable-hydrogen for g Renewable hydrogen can replace fossil fuels used as feedstock for methanol ~ _ =
methanol (11,20) Feedstock switching production [58]. 13 50-200 USD/t CO;, [37,58,60]
Methanol for olefins (13) Feedstock switching Renewable hydrogen-based methanol can be used for olefins production, 50-300 USD/t CO, [37]

thereby reducing the need of fossil fuels feedstocks [58]. 14
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Table 3. Cont.

Rationale/Explanation and Key References Used to Estimate the Fossil

References for

Technology Option Application Fuel Substitution Potentials Cost Unit Costs
(B) Switching from fossil fuel-based feedstocks to biomass and synthetic feedstocks
Synthetic fuels (naphtha) (12)  Feedstock switching iﬂ?;g::;c E:g}}:tt}}:: g‘rol(illlifgiirooil ;?2?{;5161?ydr0gen can replace crude —60-450 USD/tCO,in2050  [52]
CO, (14) Feedstock switching f:ﬁ;i(:ea;lgéﬁcigi I:iléoductlon can replace fossil fuels used as feedstock in —30-80 USD/t CO, in 2050 [15]
(C) Circular economy concepts
Plastics demand is reduced from high end of plastics production projections
Demand reduction/Reuse (18) Demand reduction (8%/yr) to the average of the range found in literature (2%/yr). Reuse of N/A N/A -
plastics has been assessed as part of this demand reduction strategy.
. . . Global mechanical recycling rate is assumed to grow around two-fold .
Mechanical recycling (6) End of life by 2030 [42] and triple by 2050. 6 140-200 USD/tCO, in 2015  [62-65]

. . . Chemical recycling rate is assumed to be commercialized and reach the level . [20,65-67] and
Chemical recycling (7) End of life of mechanical recycling by 2050 [42,66]. 7 80-500 USD/t CO; in 2015 industry sources
Incineration with highly . All remaining post-consumer plastic waste is assumed to be incinerated with | = . .
efficient energy recovery (8) End of life high efficiency combined with CCS [43]. 8 200-=50  USD/tC0,in2020  Own estimate
(D) CCS
Capture and storage (15 Process emissions 0-50 USD/t CO, in 2040

P ge (19) — - All high-purity process CO, emissions can be captured by 2050. 2 [20,60,68,69]
Cant d st 16 Eml%SIO?S fofssﬂ fuel  Three-quarters of all emissions from fuel combustion are assumed to be 50-150 USD/ CO
apture and storage (16) ggg; usréggvégm captured. It is assumed that a shift to energy recovery is meaningful from a a 2
8y ; Y climate perspective if only coupled with CCS. Biomass use is primarily for
i Emissions from ion of heat and power and all processes are assumed to be coupled
Capture and storage with . cogeneration of hea p p p g
biomass (3) biomass-based heat with CCs. 17 150-200 USD/t CO, [70,71]

generation

(E) Carbon-free electricity supply (17)

Note: 20 technologies included in the analysis are numbered according to the order of introduction in the assessment of their emissions reductions impact. ! Net additional cost of improving energy efficiency
with best practice technologies for high value chemicals (HVC), ammonia, methanol and chlorine is estimated as USD 6 billion per year in 2030 worldwide. Avoided global CO, emissions are estimated to
be between 100 and 300 Mt per year by 2030. The resulting CO, mitigation cost is estimated to range from USD 20 to USD 60 per tonne CO,. ? According to the BLUE scenarios of the IEA (where global
energy-related CO, emissions are halved by 2050 compared to 2007), breakthrough energy efficiency technologies would require a carbon price of up to USD 200/t CO, for their deployment by 2050. 3 Cost of
generating low-temperature process heat is estimated as USD 10-30 per gigajoule (G]) from solar thermal systems by 2030. Fossil fuel-based process heat generation costs are USD 10-20/G]. The generation cost
difference results in CO, mitigation cost of USD 0-125/t CO,, assuming around 100 kg CO, can be avoided per GJ of process heat generated. * Costs are estimated based on delivering one GJ of low- and
medium-temperature process heat from agricultural and forest residues and dedicated energy crops compared to a mix of fossil fuels in eight world regions from various boiler and combined heat and power
generation technologies. The referenced study provides a range for mitigation costs from as low as USD —150 to as high as USD 150 per tonne CO,. This range has been narrowed for this study. > Cost of
generating low-temperature process heat (<150 °C) is estimated as USD 10-25/G]J for heat pumps by 2030. Fossil fuel-based generation costs USD 10-20/GJ. The generation cost difference results in CO,
mitigation cost of USD 0-50/t CO,, assuming around 100 kg CO, can be avoided per GJ of process heat generated. 6 In the EU (e.g., Belgium, France, Germany, the Netherlands and Portugal), the costs for plastic
collection, sorting and transport range between euro 200 and euro 1450 per tonne plastic waste (in some countries the green dot fee is used as a proxy for recycling costs). Treatment costs of recycled plastics in the
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Netherlands are around euro 250-300/t of separated plastic. Hence the final production cost of recycled plastic could range from euro 500 to euro 2000 per tonne. Price of virgin plastics range from euro 750 to
euro 1500 per tonne. 7 According to industry sources, plastics produced from chemical recycling have a green premium of between 10% and 30%, which adds from euro 75 to euro 450 per tonne over virgin
plastics. Around 1 tonne of CO; is avoided per tonne of chemical recycling resulting in CO, mitigation cost of USD 75-450/t CO, in today’s conditions. 8 Costs represent post-consumer plastic waste incineration
in combined heat and power plant (total efficiency of 90% operating at 85% capacity factor) with USD 200-400/t waste price. Costs exclude CCS costs of capturing CO, from power plants at between USD
50-150/t CO,. ? Costs are estimated for drop-in and new bio-based chemicals and plastics based on their market value and production costs (assuming a sugar price of USD 400/t). 1 Costs are estimated for
biomass gasification with a fuel price of USD 8/GJ compared to steam reforming of methane route without CCS. Additional cost of biomass-based ammonia production is USD 600-1000, which avoids a
total of 2.3 tonnes CO, emissions per tonne of ammonia. !! Costs are estimated for various biomass feedstocks such as wood and residues (ranging from euro 160 to 940 per tonne of methanol) compared
to production costs of methanol in Europe from natural gas at USD 100-400/t methanol. Biomass-based methanol avoids around 1.7 tonnes of CO, per tonne of methanol. 2 Costs of renewable-hydrogen
based ammonia production (between USD 460 and 800 per tonne of ammonia) are estimated compared to steam reforming of methane route in Europe (USD 450 per ton) for electricity prices of USD 28-63 per
megawatt-hour (MWh) at full load hours of 40004500 h per year. Avoided CO, emissions per tonne of ammonia are assumed as 2.3 tonnes per tonne of ammonia. !> Costs of renewable-hydrogen-based
methanol production (for electricity prices of USD 12-58/MWh at full load hours of 3000-7000 h per year, between USD 350 and 1000 per tonne of methanol today that can go down to USD 70-630 per tonne by
2050) are estimated compared to steam reforming of methane route in Europe (USD 100400 per tonne). Avoided CO, emissions of 1.7 tonnes per tonne of methanol are assumed. * Costs of producing olefins
from renewable-hydrogen route could be up to by a factor of two times more expensive than the conventional naphtha-based route of producing ethylene and propylene. At least 1.89 tonnes of CO, can be
avoided per tonne of high value chemical. !*> Costs are estimated based on the production of synthetic methane and liquids from renewable electricity in Iceland, North and Baltic seas and North Africa and the
Middle East in 2050 that range from between euro 6.5 cents and euro 19 cents per kilowatt-hour (kWh) of final product. The reference price of liquid fuel is taken as euro 8 cents per kWh. 16 Costs are estimated
for electrocatalysis route at energy conversion efficiency of 70%, Faradaic efficiency of 90%, grid emission intensity of 350 g CO, /kWh and an electricity price of USD 40/MWh. Electrocatalysis route has an
estimated ethylene production cost of USD 1100/t. The fossil fuel-based route cost ranges from USD 600 to 1300 per tonne. 7 Costs include transportation costs and electricity demand for CO, compression

100 kWh/t captured CO,. Additional bioenergy demand of 2 GJ per tonne captured CO; is assumed for heat requirements of the solvent reboiler.
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4. Transformation Scenario for the Chemical and Petrochemical Sector

In this section, we discuss the commodity and technology characteristics (Section 4.1),
changes in the energy use (Section 4.2), CO, emissions and carbon flows (Section 4.3) and
cost implications (Section 4.4) of decarbonisation, as well as its implications for the global
energy system (Section 4.5).

4.1. Commodity and Technology Characteristics

Global plastics demand is projected to grow 2.5-fold in the PES. This growth of 3% per
year is the high end of the literature projections (1000 Mt/ yr by 2050) [42]. In the 1.5 °C case,
demand reduction strategies reduce plastics demand by one third to 650 Mt/yr in 2050, or
around 2% growth per year [72]. In the 1.5 °C case, ammonia and methanol production
grow significantly as new market segments emerge for chemical building blocks, shipping
fuels and power generation [22,73,74]. (In comparison, PES assumes a 2.5- and 2-fold
growth in ammonia and methanol demand, respectively.) Figure 2 illustrates the changing
material flows. Green hydrogen is treated as fuel and feedstock. Renewable electricity
needed for hydrogen production is shown separately.

4.2. Energy Use

In the PES, total demand for plastics increases from 385 Mt in 2017 to 986 Mt by 2050.
Sectorial demand for process heat and electricity more than doubles between 2017 and
2050, from 20.9 EJ to 44.5 EJ per year (see Figure 3). The PES includes autonomous energy
efficiency improvements of 0.5%/yr, which result in 15% energy savings by 2050 (7.8 EJ /yr).
The growing demand for plastics and other synthetic organic materials more than doubles
NEU to 62.4 EJ in 2050. The process energy and NEU mix remains the same throughout
the entire period; oil products represent more than 40% of the sector’s total consumption,
while gas represents about one-third. Electricity’s share in the total process energy use is

20% (see Figure 4).
2017 PES 2050 1.5/C 2050
Waste Waste Waste
management management management

HVC Plastics

Carbon
black

HvVC Plastics S8 i 3Mt HVC Plastics
369 Mt 57 Mt
2 Mt
Ammonia
172 Mt syathietic 1034 Mt
Organic 115 Mt

Methanol 36 Mt Materials
Synthetic
Organic
Materials 394 Mt
Methanol 50 Mt

Synthetic
organic AR
Materials
52 Mt

Ammonia

57 Mt

; Methanol
" 174 Mt 294 Mt
Hydrogen route Carbon
= 38 Mt
ecycled black

Energy recovery

Figure 2. Estimated production volumes of the key chemicals, 2017-2050.
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Table 4. Global production volumes and the specific fuel and feedstock use of the assessed chemicals in final energy terms, 2017 and 2050.

2017 2050 PES 2050 1.5 °C
Production l;::;:; Feegzteock Production é:z:;;sz FeeS:Zock Production I;?::;; FeeSzteock
(Mt/year) (GJ/v (GJIV (Mt/year) (GJv (GJv (Mt/year) (GJIV (GJIY
Conventional routes

Ethylene (steam cracking) 135 16.3 45.0 379 13.9 45.0 80 12.6 45.0
Propylene (steam cracking) 50 16.3 45.0 135 13.9 45.0 27 12.6 45.0
Propylene (fluid catalytic cracking) 21 3.2 45.0 58 2.7 45.0 22 2.5 45.0

Benzene (steam cracking) 17 16.3 - 48 139 - 15 12.6 -
Benzene (naphtha extraction) 44 3.2 40.1 120 2.7 40.1 51 25 40.1
Toluene 26 3.2 20.3 75 2.7 20.3 36 2.5 20.3
Xylene 47 3.2 41.0 140 2.7 41.0 68 25 41.0

Butadiene (steam cracking) 16 16.3 - 44 13.9 - 14 12.6 -
Butadiene (C4 separation) 16 7.3 44.6 44 6.2 44.6 21 5.6 44.6
Butylene 30 3.2 45.0 84 2.7 45.0 41 25 45.0

Carbon black 15 9.0 32.8 38 7.7 32.8 - - -
Ammonia 172 15.0 20.7 440 12.8 20.7 106 11.6 20.7
Methanol 86 10.0 20.0 174 8.5 20.0 50 7.8 20.0

Alternative routes

Plastics from biomass (excluding bio-ethylene) 3 - - - - - - 73 28.3 45.0
Synthetic organic materials from biomass 3 - - - - - - 52 23.3 45.0
Ethylene from biomass 4 - - - - - - 7 61.0 45.0
Ethylene from green hydrogen and captured CO, © - - - - - - 14 10.6 45.0

Methanol to olefins - - - - - - 62 5.0 -

Steam cracking with synthetic naphtha (ethylene +

7 - - - - - - 65 42.2 45.0
propylene)
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Table 4. Cont.

2017 2050 PES 2050 1.5 °C
Production Process Feedstock Production Process2 Feedstock Production Process Feedstock
Energy Use Energy Use Energy Use
(Mt/year) (GJ/v) (GJ/Y) (Mt/year) (GJ/Iv) (GJ/v) (Mt/year) (GJ/v) (GJ/IY)

Alternative routes

Steam cracking with synthetic naphtha (benzene +

butadiene) 7 ) ) ) ) ) ) 12 246 )
Ammonia from green hydrogen & - - - - - - 330 5.8 20.7
Ammonia from biomass ? - - - - - - 162 19.1 20.7
Methanol from green hydrogen - - - - - - 117 11.1 20.0
Methanol from green hydrogen for olefins 10 177 11.1 20.0
Methanol from biomass 1! - - - - - - 57 36.7 20.0

! See Ref. [8] for background assumptions related to the fuel and feedstock use of each chemical. 2 0.5% autonomous efficiency improvements that lead to 15% less demand (savings achievable with today’s best
practice technologies) in fuel use by 2050 compared to 2017 have been assumed [45]. 3 Average of the 34-163 GJ biomass per tonne of chemical range for bio-based plastics and synthetic organic materials
production. Feedstock demand is deducted to estimate fuel use [6]. # Bio-based ethylene production requires in total 100 GJ biomass per tonne of ethylene [75]. Ethylene’s feedstock demand is deducted to
estimate the fuel use. ® See note 10 for details of methanol production from green hydrogen. An additional 5 GJ process electricity is required for conversion [37]. ¢ The process requires 13.9 MWh electricity per
tonne of ethylene at 100% Faradaic efficiency [15]. Ethylene’s feedstock demand is deducted to estimate the electricity use as process energy. 7 The synthetic liquids production process requires 927 kWh of
renewable electricity. As a first step, 800 kWh equivalent hydrogen is produced at 86% efficiency. Processing yields a mix of jet fuel (146 kWh), diesel (348 kWh) and naphtha (81 kWh). Based on energy allocation
of outputs, electricity input per GJ naphtha is estimated as 1.6 GJ. Final product feedstock demand is deducted to estimate the hydrogen demand [76]. & Total electrolyser electricity demand is 52 MWh per tonne
of hydrogen (including 2 MWh for hydrogen storage). One tonne of ammonia requires 27 GJ hydrogen and an additional 2.3 GJ for its synthesis. The process exports 2.5 GJ heat per tonne of ammonia which is
assumed to be converted to electricity on site for process energy with a conversion efficiency of 50% [77]. Ammonia’s feedstock demand is deducted to estimate the hydrogen demand. ° 1 kg biomass yields 0.9
kg syngas. Ammonia production requires 2.1 m® syngas per kg of ammonia. In total, 38 GJ biomass is needed for 1 tonne of ammonia production. In addition, 2.4 GJ natural gas is partially oxidized per tonne of
ammonia and 0.25 GJ electricity is needed for process energy [78]. Ammonia’s feedstock demand is deducted to estimate the hydrogen demand. !° 1 tonne of methanol requires 0.19 tonnes of hydrogen and 1.4
tonnes of CO,. This requires 31.1 GJ hydrogen per tonne of methanol. In addition, 1.3 GJ fuel and 1.2 GJ electricity are needed in the process [59]. Methanol’s feedstock demand is deducted to estimate the
hydrogen demand. !! Production of 1 tonne of methanol requires 34.3 GJ bagasse, 9.5 GJ steam and 5.9 GJ electricity. It is assumed that steam and electricity are produced on site from 22 GJ bagasse per tonne of
methanol, resulting in total bagasse demand of 56.7 GJ [79]. Methanol’s feedstock demand is deducted to estimate the fuel demand for process energy.
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Figure 3. Development in the estimated total final consumption of the global chemical and petro-
chemical sector between 2017 and 2050.
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Figure 4. Breakdown of the estimated total final consumption of the global chemical and petrochemi-
cal sector by energy carrier, 2017 and 2050.

In the 1.5 °C case, efficiency breakthroughs and electrification limit process energy
use to 42.9 EJ/yr in 2050, a doubling from the 2017 level. This is equivalent to a 5%
reduction in total process energy demand compared to the PES, resulting from an annual
1% improvement in energy efficiency of processes, albeit an increase in energy use due
to higher demand for ammonia and methanol. (This accounts for the changes in demand
for chemicals in the 1.5 °C case compared to the PES: plastics demand decreases by 35%
and the demand for ammonia and methanol increases by 47% and 82%, respectively, in
2050). NEU grows by 58% between 2017 and 2050 to reach 43.4 EJ/yr. The limited growth
in NEU is driven by circular economy strategies for plastics, which include a combination
of demand reduction (limiting demand to 657 Mt/yr by 2050) and higher mechanical and
chemical recycling rates.

The final consumption mix changes in the 1.5 °C case (see Figure 4): the share of fossil
fuel use in total process energy drops from 65% in 2017 to 24% in 2050, a reduction of
19.4 E] /yr compared to PES in 2050. Direct use of renewables increases to 49% of process



Energies 2021, 14, 3772

15 of 28

energy use including 28% bioenergy, 19% green hydrogen and 2% solar thermal. Electricity
accounts for 20% of all process energy use (2320 terawatt-hours (TWh)). This excludes
electricity for hydrogen production. If green hydrogen production is included, sector’s
electricity demand would increase fivefold.

Fossil fuels constitute nearly all NEU supply in the PES by 2050. Their share de-
creases to 36% in the 1.5 °C case, with gas and oil representing 15% and 18% of the total,
respectively; coal’s share drops to 3%. The remainder is a mix of biomass (25%) and green
hydrogen (39%) feedstocks. Green hydrogen is the largest source of feedstock supply in
the 1.5 °C case. It is used to produce HVCs, ammonia and methanol. It also is the basis
for olefins production via renewable methanol, which accounts for 12% of the total HVC
production in 2050. The introduction of renewables-based feedstocks and circular plastic
economy strategies impact the use of oil feedstocks for HVC production. Compared to
the PES, oil feedstock uses decline by 25 EJ/yr (equivalent to about 13 million barrels per
day) to 8 EJ. Natural gas feedstock use is reduced by 70% in the 1.5 °C case (equivalent
savings of 18.3 EJ /yr or 520 billion cubic meters per year) compared to the PES in 2050.
Renewables, including renewable power and district heating, contribute to 68% of total
final consumption.

Biomass demand for NEU increases from around 1 EJ in 2017 to more than 10.9 EJ in
2050. Another 12.2 EJ of biomass is needed for process energy, raising the total demand
to around 23 EJ. Green hydrogen demand for process energy and NEU reaches 8.1 EJ
and 16.9 EJ by 2050, respectively (in total around 210 Mt/ yr, nearly twice today’s global
hydrogen demand).

Figure 5 provides a breakdown of biomass use. Apart from process heat, biomass
feedstock is used to produce plastics (5.5 EJ/yr), ammonia, methanol and other chemicals
(4.5 E] /yr) and other high-value chemicals (0.9 EJ/yr). To meet the sector’s total biomass
demand, around 1.3 Gt of primary biomass would be needed each year, equivalent to 75%
modern bioenergy use in 2017.

Other process  CCU/S
heat (incl. 2%
CHP) \
9%

Ammonia
28%

" _Methanol
14%

HVC /

47%

Figure 5. Estimated global use of biomass as fuel and feedstock in the 1.5 °C case, 2050.

The chemical and petrochemical sector’s electricity demand is estimated to reach
around 2640 TWh/yr in 2050 in the PES - equivalent to 80% growth from 2017. The sector’s
demand would be around 5% of the estimated total global gross electricity demand in
2050 [40]. In the 1.5 °C case, demand for electricity is slightly lower, at around 2320 TWh/yr
(Figure 6). However, this excludes the electricity needed for green hydrogen production for
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ammonia, methanol and synthetic fuels, estimated at 9895 TWh/yr in 2050. Total electricity
use in the sector equals 17% of global electricity demand in the 1.5 °C case. Compared
to the PES, electricity efficiency improvements save 925 TWh/yr. Heat pumps for low-
temperature process heat generation require another 320 TWh/yr electricity. Electrification
has profound impacts; a total of 73 GW of (electric) heat pump capacity would be needed
to supply low-temperature process heat. To meet the hydrogen demand for chemicals
production, a total of 2435 GW of electrolyser capacity would be needed. (Assuming
350% heat pump efficiency and 65% electrolyser efficiency, with 50% capacity factor for
both systems.)

Electricity demand (TWh/yr)

12,000
9,897
10,000
8,000
6,000
4000 642 219 322 62 5 390
— ,
— [
0
PES New Heat CCsS Electricity 1.5C Hydrogen
processes  pumps savings production

(H2, CO2)

Figure 6. Changes in the estimated electricity demand in the global chemical and petrochemical
sector between the PES and the 1.5 °C case, 2050.

4.3. Emissions Reductions and Carbon Flows

Renewable solutions, in combination with direct and indirect electrification, account
for 40% of the emissions mitigation effort to go from 4.74 Gt in 2050 in the PES to zero
emissions in the 1.5 °C case, including indirect electricity production emissions of 0.84 Gt
and 0.11 Gt, respectively. These emissions reductions include all options (see Figure 7).
Recycling rates increase six-fold, and this is coupled with deep demand reduction and
CCS-retrofitted energy recovery (circular economy concepts account for 21% of the effort).
However, all of this is still not enough: there is a need for 1.2 Gt per year of CCS to remove
CO; from fuel combustion flue gases and the ammonia production process (26% of the
total effort). 15% emission savings result from improving energy efficiency, and 8% from
renewable-based process heat generation and feedstocks. The relatively small energy
efficiency contribution is on top of the PES energy efficiency gains. Demand reduction
including reuse of plastics contributes another 16% to total emissions reductions in the
1.5 °C case compared to the PES (350 Mt demand reduction yielding 0.56 Gt emissions
savings). Higher mechanical and chemical recycling rates contribute another 5%: from
105 Mt in the PES to 276 Mt mechanical and chemical recycling in the 1.5 °C case. Around
16% of emissions reductions are related to switching to hydrogen-based feedstocks for
methanol and ammonia (but also methanol and synthetic naphtha feedstocks for ethylene
production). The implication is that part of industry will relocate to regions with lower
cost renewable power sources. Finally, the contribution from power supply transformation
is 15%, through a shift to renewable electricity.
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Figure 7. Breakdown of the estimated CO, emissions reductions in the 1.5 °C case compared to
the PES, 2050. Note: the breakdown has been estimated by removing the technology penetration
of each measure from the 1.5 °C case to arrive back at the estimated PES results in 2050 based on
the following order: demand reduction, energy efficiency, renewable process heat, plastic waste
treatment, renewable feedstocks, CCUS and renewable power/process heat electrification. The
breakdown and the average mitigation costs may change somewhat if a different order is followed.

Analysis of the zero-emission pathway shows a 60% reduction potential in the sector’s
direct emissions (from 3.9 Gt in the PES to 1.58 Gt in the 1.5 °C case) from energy efficiency,
renewable heat and feedstock, hydrogen-based routes and industry relocation and demand
reduction (Figure 8). Reducing the remaining 40% relies on CCS integration with pro-
duction processes and waste management of plastics, as well as through biomass carbon
accounting practices. CO, emissions captured from fossil fuel-based production processes,
process emissions and incineration total 0.94 Gt (0.83 Gt of which flows back for use with
green hydrogen in the production of synthetic hydrocarbon feedstocks). Another 0.55 Gt
is captured from biomass sources, which implies negative emissions. Finally, 0.14 Gt of
biomass carbon is recycled back into plastic production. As a result, the sector’s direct
emissions become carbon neutral by 2050.

Figure 9 shows the sector’s carbon flows in the PES and the 1.5 °C case (top and
bottom, respectively). The graphs show the major changes that are required, with much
more use of biomass carbon as well as carbon recycling and CO; capture and storage.

4.4. Costs of Emissions Reductions

We estimate the costs of decarbonising the chemical and petrochemical sector as the
product of CO, emissions mitigation potential and the cost of each option considered in
the analysis. On average, total mitigation costs amount to USD 310 billion per year in 2050;
this results in an average mitigation cost of USD 64/t CO, (see Table 5). The total cost
of mitigation equals more than 35% of the total energy and feedstock cost of the global
chemical and petrochemical sector, estimated at around USD 860 billion per year in 2050.
This is comparable with the findings of Ref. [72], which estimates an increase in production
cost of 20-43% by 2050 for the deep decarbonisation of plastics production compared to
business as usual (including energy, investment, operation and maintenance costs).
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Figure 8. Changes in the sector’s CO, emissions, 2017-2050.
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Figure 9. Embodied carbon flows for chemicals and petrochemicals in the PES and the 1.5 °C case in 2050. Figures refer to

CO; equivalent flows.
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Table 5. Estimated CO, mitigation cost in the 1.5 °C case, 2050.

Emissions Mitigated Mitigation Cost Range
[Gt COy /yr] [USD/t CO,]
Demand reduction 0.76 0-50
Energy efficiency 0.72 25-125
Solar process heat 0.03 0-100
Biomass process heat 0.13 0-75
Recycling 0.24 —50-300
Energy recovery + CCS 0.31 —50-100
Biobased chemicals 0.13 —100-400
CCS for combustion and processes 1.18 0-200
Hj-based chemicals 0.54 —100-300
Industry relocation 0.05 0-50
Renewable power 0.73 —25-25
Total 4.79 —20-150

The 1.5 °C case technology portfolio identified requires a total investment of at least
USD 4.5 trillion between 2018 and 2050 (on average USD 140 billion per year over the entire
period) — an increase of USD 2.55 trillion compared to the PES (Figure 10). Low-carbon
technologies require an additional USD 4.3 trillion, but fossil fuel-based production capacity
investment needs are reduced by USD 1.8 trillion compared to the PES. Investments related
to feedstock switching to biomass and hydrogen represent 61% of the total, followed by
energy efficiency (18%), CCS (9%), recycling and energy recovery (8%) and direct use
of renewables, including heat pumps (4%). Investments exclude infrastructure needs
such as waste collection systems or hydrogen pipelines. Notably, investment cost for
circular economy solutions is uncertain due to the complex supply chains and may be
underestimated — more research is warranted. At the same time, such investments provide
auxiliary environmental services, so their allocation to energy transition is a topic for debate.

Energy recovery CCS for CHP

Mechanical PES (assuming 10% 4% 1.5C Solar process
recycling plastic content) ces foroprocess \ BECCS Energy efficiency heat
2% 5% Ll 2% 18% 1% Biomass
Bio-based plasti Methahol to k process
/ and organic olefins heuat
materials s Heat pumps e
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Nechanical
Renewables- === recycling -pamical
Fossil fuel based based hydrogen \ % recycling
production (no feedstacks 4%
replacement of 27% Energy recovery
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93% plastics and plastic content)
Bio-based Bio-based organic 2%

methanol ammonia Materials
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Figure 10. Estimated investment needs in the global chemical and petrochemical sector according to the PES and the 1.5 °C
case, 2017-2050.
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4.5. Implications for the Global Energy System

The chemical and petrochemical sector’s role in the global energy system would grow
substantially in the PES. Oil demand would double in absolute terms. In the 1.5 °C case,
however, oil demand would decrease 30% between now and 2050 (Table 6). Still, the
sector accounts for 60% of remaining oil demand in 2050, which is nearly a 6-fold growth
from today’s share. This shows the importance of the petrochemical industry energy and
feedstock demand for total oil demand projections. A similar effect can be seen for natural
gas, where demand in the PES grows 2.5-fold between now and 2050, while consumption
is reduced in the 1.5 °C case. The difference in demand levels exceeds today’s natural gas
demand in Europe. The scenarios also differ markedly in biomass use, a six-fold increase
in the 1.5 °C case compared to the PES. Total electricity demand is nearly five times higher
in the 1.5 °C case when the needs for hydrogen production are accounted for, requiring
more than 7000 GW of renewable power. Furthermore, in the future the chemical and
petrochemical sector will remain deeply integrated with the energy sector, but the nature of
the integration changes fundamentally. Despite the significant growth of renewables, the
sector would rely on significant use of CCS for production processes and waste incineration,
accounting for a quarter of total global CCS use. Around 1200 waste incinerators would
require CCS deployment — up from four plants today.

Table 6. Indicators for energy systems relevance of the chemical and petrochemical sector.

Unit 2017 2050 PES  20501.5°C Case 1.5°C case % World Demand 2050

Oil demand [mbd] 7.1 18.1 5.2 60

Gas demand [BCM] 525 1343 357 11
Biomass use [Mt/yr] 5.1 9.0 1320 15
BECCS! [Mt/yr] 0.0 0.0 550 6.5

Fossil CCS 2 [Mt/yr] 0.0 0.0 940 11
Electricity demand 3 [TWh/yr] 1278 2645 2307 3.2
Green hydrogen demand [Mt/yr] 0.0 0.0 210 34
Hydrogen electrolyser capacity * [GW] 0.0 0.0 2468 48
Heat pumps [GW] 73 30

Solar thermal [min m?] 190 5

1 share of total global CCS. 2 share of total global CCS. 3 excludes green hydrogen production (10 PWh/yr). 4 chlorine production 1 Mt
green hydrogen by-product today excluded.

4.6. Impact on Commodity Prices

Commodity price volatility that resulted from the Covid-19 crisis has been widely
reviewed in the literature [80-83]. Oil and gas prices responded markedly, but have
recovered since. Additionally, prices of commodities that are in demand because of the
energy transition have risen substantially, as is the case for copper and lithium. Changing
resource prices may also affect the cost effectiveness of transition strategies for the chemical
and petrochemical industry. Fossil fuel prices are likely to decline, while prices of scarce
biomass may rise; however, carbon pricing can still compensate wholly or partially for
such developments. For renewable electricity and green hydrogen, as well as CCS, it is
likely that economies of scale will overcome any scarcity effects. Longer term, the analysis
indicates a 40% rise of energy and feedstock cost.

The impact of energy transition on product prices will vary. It will be most pronounced
for the energy-and carbon-intensive products, and the effect will be moderate for more
sophisticated products with higher value added. While prices will reflect the increased cost,
the supply and demand balance will remain volatile, and prices will therefore continue
to fluctuate.
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5. Discussion of Decarbonisation Challenges

This analysis shows the technology needs for a zero-emission pathway and its impacts
on sector’s energy consumption, feedstock needs, carbon flows and investments. In the
PES, the sector is responsible for a rising share of the global oil and gas demand. This trend
can be reversed through a combination of biomass feedstock use, CCS, circular economy
and renewable hydrogen. The implications of such a transition for the sector structure will
be profound (Section 5.1). We also reflect on the robustness of the analysis (Section 5.2).

5.1. Discussion of Results

The analysis highlights a need for life cycle policies that encompass both energy and
materials. The sector outlook is uncertain, and this poses a risk that investors must consider.
The wrong investments in the coming years can result in billions of dollars of stranded
assets. The uncertainty also creates a conundrum in terms of where to invest. The analysis
suggests that global strategies cannot simply be applied equally at the country/region
level without tailoring. At the country level, analysis shows a large potential for hydrogen
in China, India and in the rest of the G20 countries (see Figure 11). Biomass share in total
final consumption is high in the “Rest of the G20” and in the “Rest of the World” countries.
Solar thermal use is higher in India and the United States compared to others. Coal would
continue to represent the largest fossil fuel use in China, whereas Japan’s sector would
continue to rely on oil to a large extent. In other countries and regions, gas would comprise
the majority of fossil fuel use.

Total final consumption
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Figure 11. Breakdown of the estimated total final consumption by country/region in the 1.5 °C case,
2050. Note: RG20 = rest of G20; RW = rest of the world.

New petrochemical complexes are concentrated in the Middle East (based on cheap oil
and gas) and China (driven by national product demand). However, future location choice
may be determined by the access to low-cost renewable power, biomass feedstock and
CO, storage potential. While it is possible to transport large amounts of biomass to central
processing plants, the economics may favor smaller, decentralised plants close to biomass
production sites. Such a decentralised structure is evident in existing biomass industries,
such as sugar and ethanol plants, as well as pulp and paper mills, where access to fuel and
raw material supply is crucial. Similar to existing sugar/ethanol biorefineries, new types
of electricity /biofuel/biochemical biorefineries may emerge that can adjust their product
mix based on market circumstances. North and South America, as well as South Asia, are
potential locations for such a roll-out, given resource endowment and existing economic
structure. Low-cost renewable-hydrogen production will be concentrated in remote desert
locations, including in the Middle East and Africa as well as Australia and Chile, among
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others. Since hydrogen is a commodity that can be traded, it offers an opportunity for
countries that already produce and export gas — a pillar of today’s chemicals production
— to switch to renewable exports. Manufacture of products such as ammonia, methanol
and other chemicals should take place nearby to hydrogen production sites in order to
reduce shipping costs, thereby highlighting the opportunity for new industrial activities
that may result in a global relocation of chemicals production. Such developments are
evident, with green ammonia projects in Australia, Chile, Oman and Saudi Arabia currently
under development.

Demand for chemicals is currently concentrated in developed countries [46]. As de-
veloping countries catch up, demand for plastics could triple, as assumed in this analysis.
However, concerted action to minimise consumption and maximise circular economy
efforts may reduce plastics demand from nearly 1000 Mt in PES to 650 Mt in 1.5 °C case
in 2050, with future fossil fuel-based production returning to the 2017 level of 350 Mt.
Therefore, the growth potential is significant but uncertain. The outcome will depend on
new product policy, waste management policies, innovation and R&D in material sciences,
as well as logistics in end-of-life management of post-consumer plastic waste [13].

We demonstrated a single zero-emission pathway based on the 1.5 °C case. We argue
the robustness of this finding, since the pathway is comparable with the findings of other
studies, as reviewed in Section 2, whilst we added several new insights at the technology
and material levels. The sectorial pathway assumes the rest of the global economy will
join a zero-emission pathway, following the ambitious climate policy choices countries
have started taking. However, key hurdles are present for the sector. In a nutshell, these
are: (a) the availability, accessibility, and acceptance of CO, storage sites for the CCS route,
but not their safety, which has been extensively proven; (b) the very high electricity and
energy demand (due to the need to synthesise hydrogen via electrolysis and to energise
CO, for the CCU route, with the associated strict requirement of very low carbon-intensity
of the electricity mix); and (c) the availability of land for biomass production, as well as
competition with other biomass and land use.

Decarbonisation solutions need to be developed by considering that a large share
of the carbon is stored in products. This limits the contribution of traditional measures
such as energy efficiency. New sources of carbon feedstock have been identified from
CO; capture, biomass and recycling. The CCS route has two main advantages: (i) it can
exploit the existing technology and the infrastructure of the current petrochemical and
chemical industry, without the need for a complete reshaping of it; and (ii) CO, captured
from point sources and/or from air plus permanent CO, storage in geological formations
constitutes the key elements of the negative emissions technologies [84]. The analysis
assumed massive use of CCS, to the tune of 1.5 Gt per year (including BECCS as a backstop,
which is not yet deployed globally). In comparison, today’s CCS use across all sectors is
well below 50 Mt per year. It is likely that the incumbents will opt for CCS-based solutions
that can be integrated into existing plants, while new players will aim for more innovative
solutions. However, local acceptance and availability of suitable CO, storage sites could
restrict its application. The key role of CCS in this sector is so far not fully appreciated
and very few pilot projects exist beyond enhanced oil recovery. Therefore, the potential
to ramp up CCS use is unclear. While there has been some progress on CCS for ammonia
plants, other components are lagging. In the context of the life cycle of petrochemicals,
emerging BECCS technologies and CCS for waste incinerators must be part of the solution.
Our analysis suggests significant CCU use as captured carbon from chemical production
processes would supply the carbon needed for green hydrogen-based routes. At the sector
level, however, CCU must be combined with biomass use to fully replace primary fossil
fuel feedstock and ensure carbon neutrality, as CCU for fossil CO, sources would yield
only a 35-50% emissions reduction for the petrochemicals sector overall.

Around 1.3 Gt of biomass needs to be deployed. Large biobased industries will likely
be located close to the biomass supply. Whereas harbors with large petrochemical activities,
such as Rotterdam and Antwerp, are developing biorefineries based on imported biomass,
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the economic feasibility of such strategies is not yet evident. Another key uncertainty
is the availability of sustainable biomass feedstock. To put the 1.2 Gt into perspective,
that equals the potential bioenergy production of the United States [85]. This illustrates
the land use implications and the logistical challenges of such a strategy [6]. More than
one-fifth of all products should be biomass-based by 2050. Some studies suggest even
more ambitious shares of 40% to 70% by 2050, but the progress in recent decades has been
modest [55,86]. Food production and consumption requirements in a world with rising
populations, sustainability concerns, changing consumption patterns and climate change
effects result in an uncertain outlook for biomass-based production [87].

Synthetic feedstocks provide a technically feasible option, but our analysis suggests
that given the high cost and small pilot plant deployment scale today, its growth will be
too slow to have a significant impact by 2050. The same applies for green hydrogen; while
demand may grow substantially on relative terms, the small capacity today means that
a roll-out will take time. Around 0.3 GW of hydrogen electrolyser capacity is in place
today, while the 1.5 °C case assumes 2435 GW of electrolyser capacity for the chemical and
petrochemical sector alone by 2050. This equals nearly half of the total green hydrogen
manufacturing capacity that is projected for 2050 in the 1.5 °C case [40]. Green ammonia
production will represent an economically viable early opportunity for renewable hydrogen
deployment, and the first commercial plants are expected in the coming years. Wider use of
hydrogen and other synthetic feedstocks will require the availability of low-cost electricity,
high utilisation of electrolyser capacities and improvements in the efficiency and costs
of electrolysers. Any transition in this sector will have profound effects on the power
system and its cost-effective development will depend on the availability of renewable
power. Growth of green hydrogen production must be matched by the roll-out of massive
renewable power generation capacity, on top of the necessary transition of the existing
generation capacity. Supplying the necessary power to meet 25 EJ hydrogen by 2050
would require around 7000 GW of electricity generation capacity, roughly the level of total
global power generation capacity today [40]. Assuming an average investment cost of USD
1000/kW for renewable power, this translates into a total investment of USD 7 trillion.

As the analysis shows, biomass-based feedstocks will be the key solution to stem
the growing demand for fossil fuels for plastics and chemicals production. Production of
300-350 Mt of biomaterials (from less than 10 Mt per year today) requires a growth rate of
13% per year over the next three decades. This is compatible with the second scenario of the
drawdown project (https://drawdown.org/, accessed on 1 June 2021), where bioplastics
demand grows to 357 Mt, or 46% of the market in 2050. Plants in Brazil and India have
already demonstrated that bio-ethylene can be produced at competitive prices if low-cost
biomass is available. The next step is the accelerated expansion of bio-based chemicals to
substitute petrochemical-based polymers, starting with high value-added opportunities.
Early niche markets include beverage bottles and cosmetics packaging.

The analysis assumes stringent circular economy measures, including minimisation of
product use, such as one-way packaging, new ecological product design and maximum re-
cycling efforts. Increased waste recycling is also essential. Around half of all plastics should
be recycled by mid-century (from around 10% today); this includes chemical and mechani-
cal recycling. Higher mechanical recycling rates require industry innovations, notably in
collection and sorting. A better collection infrastructure would lead to a larger supply of
well-sorted, high-quality, post-consumer plastics. This would increase the scale and further
improve the economics of mechanical recycling [88]. Chemical and feedstock recycling
offer the possibility of operating at a larger scale with less pure feedstock. The various
scenarios suggest rapid growth of pyrolysis, a technology that is not yet fully proven, and
that would incur significant carbon and energy losses (see also Supplementary Materials).
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5.2. Strategic Implications

Overall, the sector’s development in the 1.5 °C case is very different from the sector’s
current investment trends. This is a cause for concern, as it points to a significant risk of
stranded assets that need to be better understood.

In this analysis, several key aspects that pertain to the decarbonisation of the global
chemical and petrochemical sector have been combined, namely the energy impacts,
emissions reductions potential and the costs and investment needs of the key low-carbon
emission technologies covering the life cycle of chemicals and plastics, the impacts of
decarbonisation on location choices and plant siting, as well as on materials use and waste
handling, and finally, the role of accounting carbon storage in products as a crucial step in
the complete assessment of the sector’s emissions. This combination helps to provide an
overall picture for the sector’s net-zero pathway, thereby complementing the many existing
studies that individually focus on the various components of decarbonisation. At the same
time, the analysis is subject to uncertainty, as it is based on a set of bold yet uncertain
assumptions regarding technology uptake for a limited number for key chemicals. Higher
product granularity and further regional granularity may affect the findings.

While thorough technological analysis was carried out for certain solutions (e.g., en-
ergy efficiency, renewable energy heating and feedstocks, hydrogen and CCU/S), the
potentials of recycling and other circular plastic strategies are uncertain. Technology
progress continuously changes the outlook for a zero-emission pathway. For instance,
green hydrogen has only emerged in the last couple of years. New prospects of green
ammonia production and the scale up of hydrogen use in the production of methanol and
other HVCs brighten the outlook for energy transition in the sector. The emphasis of the
sector’s technology and emissions analyses has somewhat shifted strategy in recent years,
from energy efficiency and biomass feedstocks to understanding the role of renewables for
heating, hydrogen, CCUS and circular energy. It is unlikely that the technology transfor-
mation outlook will change fundamentally in the coming three decades, and we therefore
regard our choice of five components as the key strategies. Specific to the chemical and
petrochemical sector, most carbon is stored in products, and this limits the strategy scope;
either carbon supply is carbon free, or CO; is stored after use. This aspect is not prop-
erly reflected in existing models, as they lack material flows, and few industry strategies
properly account for such scope-3 emissions. For example, if urea continues to be used as
nitrogen fertiliser (and CO; is released in the use phase), there is no way around biomass
feedstock for ammonia production to ensure renewable CO, supply. At a regional level,
the analysis suggests the need for targeted solutions, notably for China and the Middle
East, which deserve attention in the coming years. More refined analysis will result in a
higher accuracy regarding the 1.5 °C case’s viability, and provide a better understanding
regarding the steps needed from now until 2050.

6. Conclusions

A zero-carbon chemical and petrochemical industry is feasible by mid-21st century.
Today, fossil hydrocarbon feedstocks are at the center of the chemical and petrochemical
industry — this has profound implications for CO, mitigation strategies. A life cycle ap-
proach is needed to capture the full greenhouse gas emissions impact and all mitigation
opportunities. A set of twenty options across five strategies have been identified that can
be deployed for this purpose. Energy efficiency and renewables-based process heating,
biomass feedstocks, circular economy concepts, synthetic hydrocarbons from green hydro-
gen and CO,, CCS and the correct accounting of biomass carbon have key roles to play;
together they can yield deep emissions reductions.

However, the product cost may increase by more than 35% compared to today’s level.
Such a cost increase implies that a premium must be paid for green products, or the negative
environmental impacts of fossil fuels and feedstocks must be priced properly. Renewables
would provide nearly 70% of final consumption of energy, and feedstock and renewable
supply solutions — in combination with direct and indirect electrification — account for
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40% of the emission mitigation effort. When BECCS is included, the role of renewables
increases to more than half of all emissions reduction. The key role of renewables-based
solutions represents a new insight that reflects the significant cost reduction and technology
improvement witnessed in recent years. Investment needs amount to USD 4.5 trillion
between now and 2050, and CO, mitigation would cost on average USD 64/t in 2050
— these costs are lower than previous estimates, yet this transition will not happen by
itself. There is no significant experience with such an operating structure beyond a few
scattered demonstration plants. The upscaling effort will be significant, and a certain
lock-in of pathways may occur. The sector’s structure must change fundamentally, and
the implications for the global energy system can be significant, as well as the material
flow and location choice effects. Significant uncertainty remains in terms of how quickly
this transition will take place, and what direction it will take — this creates an important
conundrum for investors today. A concerted global effort to transition the chemical and
petrochemical sector seems unlikely. Front runners — consumers, governments and chemical
and petrochemical clusters and companies alike — will need to force this change, and
this will require attention for competitiveness issues and carbon leakage. For example,
certification of green supply chains may be required, as well as the creation of market
niches, including a mandatory share of green product supply. Governments must create
the right enabling environment to allow for transition experiments and foster the necessary
growth to achieve the required economies of scale and technology learning.
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