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Towards circular carbo-chemicals — the
metamorphosis of petrochemicals

J.-P. Lange

The petrochemical industry grew to become one of the world’s largest industries during the 20th
century. It is expected that it will continue to grow, as the world's population gets wealthier, social
dynamics change and people demand more affordable and useful materials. The industry recognises
that the Earth’s carrying capacity is limited. It is adapting to seek to become a truly sustainable ‘carbo’-
chemical industry. This paper will address the three main challenges of this transition: shifting
hydrocarbon stock, climate change and circular economy. As the energy sector transitions from oil, coal
and eventually natural gas, it is expected that the chemical industry will have access to abundant
hydrocarbon stocks for which it can find valuable uses. But rising CO, prices and increasing upgrading
costs will likely encourage greater use of alternative, low-carbon feedstocks. In particular, there may be
a development of biomass for manufacturing oxygenated chemical intermediates and bio-based materials. To
help tackle climate change, the industry will need to reduce the CO, emissions of its processes and utilities
(energy sources). Ways to achieve this will include efficiency improvements, electrification of utilities and
processes and switching to renewable Hp; upgrading by-products to chemicals; and CO, capture and
storage or utilisation (CCS/CCU). The issue of plastic waste pollution is combining with the challenges
discussed above to push society and governments towards a more circular economy. Customer demand for
sustainable products is growing. New regulations (and technologies) are being rolled out for waste collection,
sorting and recycling. In addition, the industry is making pledges to produce and use more sustainably.
However, it is expected that fresh carbon will still have to enter the material cycle. It will be needed to feed
the growth of the chemical industry and to compensate for inevitable recycling losses. For a truly circular
industry, this fresh carbon would come from a renewable source, ie. from atmospheric CO,, initially via
biomass and later possibly from direct CO, capture and utilisation (CCU).

Climate change, plastic litter and reliance on fossil resources are three issues that deeply concern society today. They have also been recognized by the
petrochemical industry and embraced in its ambition to keep serving humanity with valuable and affordable materials for everyday life, e.g. for health, energy,
clothing, mobility, communication, household, leisure and many more. This perspective attempts to present an integral view of the challenges, opportunities
and compromises that the petrochemical industry is facing. It describes how the industry could transform into a truly circular and sustainable carbo-chemical
industry by relying on recycled and renewable carbon feedstock and energy sources. It concludes by discussing the pace of this metamorphosis and by warning
us that it could take more than 50 years to reach completion. This metamorphosis will likely require the emerging carbo-chemical industry develop new
alliances to properly balance the three Ps of sustainability - Prosperity, People and Planet. It will likely look for collaborating with sectors such as renewable
electricity, agriculture and forestry, waste management and environmental protection as well as consumers and the public at large.

1 Introduction

on which it depends, endangering its future. This dilemma is at
the core of today’s energy transition. Global energy consump-

1.1 The multiple challenges

Humanity has reached an unprecedented level of wealth over
the past century. But it has also disturbed the ecological system
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tion is expected to double during the first half of the 21st
century, as population and prosperity increase in developing
countries. By 2050, however, the world’s population will need
to have reduced its fossil CO, emissions by more than 80% com-
pared with today’s level (i.e. >90% compared with ‘business
as usual’) to limit global warming to less than 2 °C and restrict
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the damage from climate change. Consequently, many energy
scenarios agree in expecting the consumption of coal, oil and
natural gas to peak in the coming decades through impressive
improvement in energy efficiency and growth in renewable
energy, particularly renewable electricity, by 2050 (Fig. 1, top)."”
The degree of electrification will likely vary for various energy
sectors, e.g. from nearly 100% for building to some 50% for
transport and industry.” Significant pricing of CO, emissions will
be needed to incentivise the shift to a low-carbon economy.” For
instance, meeting the Paris Agreement could mean pricing CO, at
$100 per t by 2050 (Fig. 1, bottom),which would effectively increase
the cost of oil by about $42 per bbl, the cost of gas by $5.5 per GJ
and the cost of fossil H, by $900 per t.}

The energy transition will shake up the chemical industry,
which for two centuries has developed by upgrading industrial
by-products (from the coal industry until about 1950 and then
from the oil industry). Firstly, in the short term the industry
will have an abundance of fossil feedstock that has become
available because of decreasing demand for transportation
fuels. In the longer term, however, the chemical industry will
need to pay an increasing portion of the cost of oil processing to
prepare its feedstock. Secondly, the industry will also need to
reduce its GHG emissions, which are a small fraction of today’s
global emissions but could represent a sizeable proportion in
future decades.”™ The chemical industry has also become
aware of a third important development: the emergence of a
circular economy. The issue of plastic waste in oceans, rivers
and enormous open landfills has come to public attention,

+ The penalties were determined by applying a penalty of $366 per t, the price of
the carbon contained in CO,, to the carbon contained in oil or natural gas; H, was
assumed to emit 9 tons of CO, per ton of H,.
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Fig. 1 Shell Sky 1.5 scenario of final energy consumption (top)’” and the
development of CO, pricing (bottom)* that is needed to meet the Paris
agreement of <2 °C (NB: the energy consumption is based on the IEA
2020 report of primary energy supply corrected for the inefficiencies of
electricity production).

joining the other two factors in prompting calls for a circular
economy.” The industry wants to address the issue and has
formed a global alliance to end plastic waste, involving the
whole value chain, from producers to brand owners and waste
collectors.®

This paper will briefly present today’s petrochemical indus-
try and then discuss various facets of the transformation into a
circular carbo-chemical industry that is required for it to
continue serving humanity while responding to the challenges
outlined above. The three transformational forces - shifting
fossil feedstock, CO, emissions, and circular economy - interact
with one another very significantly. They will nevertheless be
discussed sequentially, and their interactions will be highlighted
as we progress. These new developments will be illustrated by
a range of actions taken by Shell. Initiatives are also being
progressed by the other chemical majors, e.g. ExxonMobil, Total,
BASF, Dow and Sabic, and the reader is invited to visit their
websites to fully grasp the breath of this industry transition.
Various aspects of the future of the petrochemical and plastic
industries discussed here have been the subjects of valuable
analysis and review papers that are highly recommended.®"*

1.2 Today’s petrochemical industry

Today’s petrochemical industry is reported to consume about
10% of fossil carbon used as feedstock and another 7% as
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Fig. 2 Structure of the global petrochemical industry (top) and types of polymers and global markets (bottom, from IEA°).

energy to drive its chemical processes.’* The feedstock is
primarily used to produce olefins and aromatics, also called
base chemicals, at a scale of about 400 Mt a~ " globally (Fig. 2,
top)."® The largest share of these base chemicals is used to
produce hydrocarbon polymers such as polyolefins and poly-
styrene, while a smaller part is converted to intermediates by
the insertion of oxygen, nitrogen or chlorine. Most of these
intermediates are then used to make engineering plastics such
as PVC, nylon, polyurethane and polycarbonates, while a minor
share is used in solvents, detergents, plasticisers and multiple
other applications in the fine chemical industry. Accordingly,
some 90% of the output of the petrochemical industry consists
of polymers.

Packaging accounts for the largest share (36% globally)
(Fig. 2, bottom). Polymers are also used in construction (16%),
automotive, electrical/electronic and many other markets."® Petro-
chemicals are used in nearly all areas of modern life, from housing
to health, clothing to sport, and transport to food. Through such
pervasive use, the demand for chemicals is predicted to keep
growing by ~3% per year and thereby grow by a factor of 3-4
between 2000 and 2050. Chemical growth is expected to exceed the
growth rates of global wealth (GDP) and energy demand.

Today, the petrochemical industry accounts for a small
fraction (5%) of global CO, emissions. On average, the CO,
emissions from producing base chemicals amount to about
1-2.5 Kgco, Kgproduct - '* This increases to ~2.5 t/tpjasic When

4360 | Energy Environ. Sci., 2021, 14, 4358-4376

considering plastic manufacture and ~5 t/tpjastic when includ-
ing product use and disposal.” If all these elements are
included, plastics are estimated to account for 1.7 Gt a~* of
COyeq. O ~4% of global GHG emissions.™

The environmental footprint of the industry goes beyond
CO, because it also includes the co-production of organic and
inorganic wastes such as salts or chlorinated by-products.
These may amount to several kgyasee kgproduct_1 for chemical
intermediates'>*>'® and up to 5-10 kgwaste Kgpolymer = When
considering the whole manufacturing chain for the production
of polymers.">'® The co-production of waste has been shown
to correlate with and contribute to the cost of the main
polymers.'® Hence, reducing waste production is likely to
further help reduce manufacturing costs.

The emissions from chemical manufacturing are more than
offset by the emissions saved by using the products made. For
example, the International Council of Chemical Associations
(ICCA) estimated an overall GHG saving of 4.4 Gt a~' CO,eq. in
2005 (excluding fertilisers and crop protection) resulting from
efficiency in insulation (2.4 Gt a™'), lighting (0.7 Gt a™%),
packaging (0.2 Gt a~ "), and transport (0.4 Gt a~ ' through the
reduction of weight or road/water/engine friction)."* But this
does not imply that the energy productivity supported by
chemical products offsets actual emissions; chemicals are not
a carbon sink for emissions helping to reduce the actual carbon
stock problem.

This journal is © The Royal Society of Chemistry 2021
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Let us now turn to the challenges that this important
industry will face throughout the 21st century.

2 Shifts in fossil feedstock

Oil refineries and gas power plants continue to be built to meet
growing energy demand. These plants are not expected to run
out of fossil hydrocarbons, as often claimed in scientific
papers, because the known resources of coal, oil and gas exceed
by a factor of 10 the amounts consumed since the industrial
revolution. Coal, oil and gas may, however, experience increas-
ing competition from renewable energy, which is growing even
faster and will increasingly challenge the utilization of existing
fossil capacity. Since the energy transition is largely driven by
government regulations, these shifts will proceed regionally.
The present section will attempt to describe the impact this
will have on the chemical industry, which today derives its
feedstock from oil, gas and coal facilities.

2.1 Crude oil

Oil refineries mainly produce fuels for road, air and water
transportation. However, the demand for crude oil is expected
to drop by 32%, which would lead to a rationalisation in the
refining sector."”” Such reduction in fuel production corre-
sponds to an ~800 Mt a~ ' capacity reduction or twice today’s
petrochemical output. The refining industry will therefore look
at minimising margin loss by shifting more of its fuel produc-
tion to making base chemicals.

In the medium term (10-30 years), distillates (i.e. gasoline
and diesel) will become an advantaged feed for chemicals
because refineries will need to divert more product from
transportation fuels to chemicals. Some complexes may select
light paraffinic crude oils that are easily upgraded to chemicals.
Light and sweet (low in sulphur) oils are becoming available
from the US shale industry and are expected to drive global oil
supply growth over the next five years.'® Others may prefer to
divert the heavier oil fractions to chemicals. According to recent
claims, adding processing units could stretch chemical output
from today’s 10% of refining output to 50%'® or even above
80%.%° Indeed, oil majors such as ExxonMobil and Shell have
announced that they see petrochemicals as a growing business
for decades ahead. Similarly, Gulf countries are seeking to
diversify their economies beyond pumping raw crude oil. They
have more than doubled their petrochemical output over the
past decade, reaching 160 Mt a~ ' in 2016, with Saudi Arabia
leading with ~70% of the area’s capacity.>® Petrochemical
capacity is also being ramped up in the other parts of the
world, particularly in the US to exploit cheap shale gas, and in
China to supply a growing market.>* According to Bloomberg,
“As the age of the hydrocarbon enters its final era, the action
increasingly moves to Asia and plastics take centre stage”.*
Oil-to-chemical facilities are now reaching scales of about
40-60 Mt a~ " in China (Rongsheng Petrochemical) and India
(Indian Oil).

This journal is © The Royal Society of Chemistry 2021
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As for technology, two ways of shifting capacity from fuels to
chemicals are being considered. In an evolutionary and indirect
approach, the various cracking units are run at higher severity
to crack the heavy oil fractions more thoroughly and increase
the production of distillates. These will subsequently be
upgraded to olefins and aromatics in steam cracker (for para-
ffin thermal cracking) and reformer (for paraffin dehydrogena-
tion/cyclisation) units. In a more revolutionary and direct
approach, a wider fraction of the crude is directly cracked to
olefins in a steam cracker or a fluid catalytic cracking (FCC)
unit. An example of the direct approach is ABB Lummus’ Heavy
Oil Processing System (HOPS) technology that was made public
in the early 1990s.>* Other developments include the Advanced
Catalytic Olefins (ACO™) technology that has been developed by
Kellogg Brown & Root and SK Innovation and the Indmax
process, developed by Indian Oil.>® The hot flue gas from the
cracking furnace is used to sequentially vaporise the various
vaporisable fractions of crude oil and use them as feed for
steam cracking. This technology is still available and applicable
for light crudes. Alternatively, as elegantly reviewed by
Corma et al.*® the FCC technology used today in manufacturing
gasoline can be modified to process the largest portion of crude
oil and convert it to olefins. The process and catalyst can be
redesigned to crack the heavy fraction more thoroughly to
olefins. Alternatively, a dedicated reactor can be added to crack
the light paraffinic fractions under high severity, as applied in
Shell’s Milos process.”” Alternatively, this recalcitrant light
fraction can be diverted to a steam cracker to produce olefins
or a reformer to make aromatics. Irrespective of the approach
adopted, the cost of upgrading crude oil to chemicals is likely
to increase significantly because of the need for sizeable
investment, increased demand for energy and hydrogen, and
increased CO, footprint. Moreover, the risk of retaining uncom-
petitive reserves of oil means the oil industry is reducing its
investment in long-term mega-projects, which could eventually
lead to oil shortages and price increases.*® All these develop-
ments could jeopardise the competitiveness of oil against
alternative sources of chemicals such as gas or biomass,
although there will likely be regional variations.

2.2 Coal

The use of abundant cheap coal as feedstock for making
chemicals has been increasing in China since 2000.>° The
chemicals share has gradually increased from 3% of coal
production in 2010 to approximately 16% in 2018.>° Fertilisers
aside, the main chemical product is methanol. Methanol
capacity has grown to 15 Mt a ' and has been increasingly
used for producing polyethylene (PE) and polypropylene (PP)
based on the Methanol-to-Olefin (MTO) technology developed
at Dalian.*" Coal-based polyolefin reached a production capa-
city of 5 Mt a~* in 2015.%? This production is still dwarfed by the
1.3 Gt a~ ! of coal used for power generation in China.** With
air pollution in megacities forcing coal power plants to close,
much coal remains available for chemical use. In the longer
term, however, chemical use may also get regulated because
of other environmental pressures, e.g. on CO, emissions and

Energy Environ. Sci., 2021, 14, 4358-4376 | 4361
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water consumption. Coal may still be a viable chemical feed-
stock in the short term, but it faces an uncertain future in the
longer term.*°

2.3 Natural gas

2.3.1 CH,. Fertilisers aside, the use of gas to manufacture
chemicals is dominated by the production of methanol, which
can subsequently be converted to acetic acid or to lower olefins.
Methanol is currently made via synthesis gas.** Over the past
30 years, the industry has explored alternative and more direct
routes to convert CH, to fuels and chemical products. Tradi-
tional approaches include reductive routes such as pyrolysis or
methane-to-benzene, and oxidative routes such as oxidative
coupling, direct oxidation to methanol, oxychlorination or
oxy-bromination.*>?® In general, the efficiency of these routes
is severely limited by methane’s chemical inertness, compared
with the product intended: the higher the thermodynamic
instability of the product, the lower the maximum product
yield reported (Fig. 3, top).*

The exploitation of shale gas in the US has reinvigorated
research on both reductive and oxidative routes over the past
decade. Upon critical review,>” however, recent claims are not
always convincing. Some claims of breaking through the yield
barrier still need independent confirmation. Other developments
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Fig. 3 Challenges in using natural gas. Top: thermodynamic limitation to
yields in direct conversion of CH,4 (the acronyms are explained in the
appendix).>® Bottom: economic trade-off between feed and plant costs in
direct oxidation of alkanes to chemical intermediates (black) vs. conven-
tional olefin conversion (grey) (the diagonal dotted lines of the bottom
figure represent the sum of feed cost and plant cost, the lion’s share of the
total manufacturing cost).>®
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on novel oxidants or novel engineering approaches (e.g: chemical
looping) do not appear to be affordable. For the sake of concise-
ness, we will not review them here but refer the interested reader
to other reviews.>”

Eventually, considering the way thermodynamics is appar-
ently limiting yields, we may have to accept proceeding via
synthesis gas (for oxidation routes) or carbon and hydrogen
(for reductive routes). The latter has recently been recognised as
a promising route to CO,-free H,.>% As it produces 4 t of carbon
per t of H,, it will have to find a large market for its carbon
by-product.®”

2.3.2 C,, alkanes. Natural gas is more than CH,. It often
contains C,-C, alkanes that can account for up to 40 w% of
the hydrocarbon content. These hydrocarbons are prime
feedstock for chemicals, particularly for lower olefins through
straight dehydrogenation and occasionally oxidative dehydro-
genation.>*™** More development is expected, as is exemplified
by Shell and Linde’s recent announcement that they will team
up to commercialise a low-carbon ethylene technology based
on oxidative dehydrogenation of ethane.*® The C;, alkanes can
even be converted to aromatics under dehydrogenation
conditions.** These processes are currently used in the industry
and will probably gain in market share.

However, the research community has also spent decades
looking for ways to bypass the olefin stage and directly convert
light alkanes to more valuable chemical intermediates such as
acetic acid (from ethane), acrylic acid and acrylonitrile (from
propane), and methacrylic acid (from isobutane).*” The lack of
industrial deployment so far suggests that the economic advan-
tage is smaller than anticipated. Fig. 3 (bottom) shows indeed
that the advantage of substituting olefins for a cheaper alkane
as feedstock is largely offset by the additional processing cost of
upgrading the more recalcitrant feedstock: all the processes
appear to move towards lower feed cost and higher plant cost,
roughly following the diagonal line of constant manufacturing
cost.>®

2.4 Key insight #1

The shift of transportation away from petrol and diesel and the
shift of power from coal to natural gas provide the cheap fossil
hydrocarbon feedstock for the petrochemical industry in the
short term.

In the longer term, however, the costs of oil processing will
eventually be charged to the petrochemical industry and the
demand for natural gas will eventually peak and then decrease,
thereby weakening the competitiveness of fossil hydrocarbons.

Further weakening will come about by the increasing pres-
sure on CO, emissions and on plastic recycling, as will be
discussed in the following sections.

3 CO, emissions

The petrochemical industry might be a modest contributor
(~1.5 Gt a~' or 5%) to anthropogenic CO, emissions,>™ but
should be part of reducing emissions. Inaction could make its

This journal is © The Royal Society of Chemistry 2021
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contribution to global CO, emissions reach unacceptable levels
by 2050, as the chemical industry grows by a factor of 3-4 and
the energy sector succeeds in reducing its CO, footprint by 80%
(in line with the Paris Agreement). Inaction could also result in
exorbitant increases in product prices of $200-1000 per t due to
CO, emission penalties, based on the emissions mentioned
earlier and the evolution of CO, pricing suggested in Fig. 1
(right).

The petrochemical industry has been recognised as one of
the sectors that are difficult to decarbonise because it needs
carbon for its product and requires a lot of energy for its
processes.” We will review the options for reducing the indus-
try’s carbon footprint, starting with its utility sector, i.e. the
generic provision of energy and hydrogen. We will then discuss
conversion processes. We also need to look at the carbon
footprint of the feedstock and will discuss this in Section 4
on circularity.

3.1 Utilities

3.1.1 Today’s utilities. A typical large chemical complex
currently consumes approximately 1 GW of energy to run its
processes. This corresponds to the capacity of a large power
plant or the energy demand of a European city of 1-2 million
inhabitants. A significant percentage (20-25%) is achieved by
burning hydrocarbon waste streams, e.g. CH,-rich off-gas from
steam crackers.”® The rest is delivered by burning natural gas
or importing electricity. These fuels are used for medium-
temperature heat (e.g. as steam at 150-350 °C) or for high-
temperature heat (typically at 350-550 °C but also up to
800-900 °C for steam cracking or steam reforming; see
Fig. 4). Part of the steam is used to drive pumps and compres-
sors or to generate electricity for various applications.

The steam cracker is a key unit in the energy balance of a
petrochemical complex.*> For instance, a large-scale naphtha
cracker (e.g. with 3 Mt a~* intake) converts 20-25% of its feed
into process fuel (CH, and fuel) that is fired to supply the
~900 MW needed to run the cracker. The heat of hot off-gas is
then used to raise steam to run other units. The H, produced
together with CH, is generally recovered for use in hydrogena-
tion reactions.

3.1.2 GHG reduction - efficiency and CCS/CCU. The CO,
emissions of utilities can be addressed in several ways.*®
The first consists of improving the efficiency of processes,
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something the industry has been relentlessly pursuing for
more than 50 years.*”**

The second measure consists of CCS, i.e. capturing the CO,
produced by boilers and furnaces and sequestering it under-
ground. For example, refineries and petrochemical complexes
at the port of Rotterdam are working together on building a
50-km-long pipeline to collect their CO, emissions and seques-
ter them 3.5 km below sea level in an old gas reservoir with a
capacity of 40 Mt CO,.*° According to the Global CCS
institute,*® there are currently 21 plants worldwide that capture
and sequester CO,. The total CCS capacity amounts to
37 Mta ', which corresponds to 0.1% of today’s anthropogenic
CO, emissions. CO, sequestration is generally used to enhance
oil recovery, i.e. pumping CO, into oil fields in order to push oil
out. But dedicated storage has recently started to appear. For
instance, Shell has so far sequestered 4 Mt of CO, by its Quest
project’® in Canada and is a partner in the Porthos project®®
development to sequester 2.5 Mt of CO,, offshore of Rotterdam,
the Netherlands. The cost of CCS depends on numerous factors
but a major one is the concentration of CO, that needs to be
captured. The cost of CCS in the power generation sector has
been claimed to have decreased, e.g. from $100 per t CO, in
2005 to $60 per t in 2017, and may reach $40 per t in 2020-
2025.%° However, public perceptions could impact its potential.
CCS is obviously not limited to utilities. It has the potential to
reduce process emissions, e.g. by capturing and sequestering
CO, co-produced in oxidation processes. All current credible
studies to reach 1.5 degrees require large-scale CCS deployment.
This is the subject of a later section.

CO, can also be captured (from flue/off-gas) for conversion
to chemical products, an approach that is often called carbon
capture and utilisation (CCU) - N.B.: CO, capture from air will be
discussed in Section 4.3. To deliver a net reduction in GHG
emissions, CCU typically requires extensive reduction of CO,
using renewable hydrogen. Today, CCU appears to be very
inefficient and expensive, particularly when compared
with the available alternatives for utilities discussed in this
section.®® However, CCU may be an alternative to CCS for
managing CO, released as a by-product of chemical manufac-
turing processes. We will therefore defer its discussion until
Section 3.0, which focuses on process by-products.

Nature can also capture CO, from the air and store it in
biomass such as trees, crops and algae. Protecting existing
forests and supporting reforestation programmes are therefore
part of tackling climate change. The Earth is said to be able to
carry 30% more forest canopy than it does today, which could
raise the amounts of greenhouse gases stored by around 200 Gt
of carbon (or ~730 Gt of CO,).>* This would be the equivalent
of around 18 years of global CO, emissions at today’s levels.
The energy and petrochemical sectors can help conservation
organisations here. For example, Shell is participating in refor-
estation programmes in the Netherlands, Spain and Scotland.’”

3.1.3 GHG reduction - renewable energy and electri-
fication. A third way to decarbonise utilities is to switch to
renewable energy. This could be in the form of bio-energy,
e.g. bio-waste or biogas, if it could reach the necessary volume
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Fig. 5 Falling cost of renewable electricity and remaining cost gap with natural gas used as energy in industry (adapted from IRENA Renewable Power

Generation Costs in 2017°%).

and low cost. The industry is also examining the potential of
renewable electricity. For example, Shell’s chemical complex in
Moerdijk, the Netherlands, has built a solar park of 27 MW
capacity to support its utilities.>® Electrification of the
manufacturing industry requires more than accessing renewable
electricity, however. It also requires redesigning much of the
manufacturing complex. It therefore needs further discussion.
The following paragraphs are nothing more than an introduction.

Some processing equipment is easily converted to electricity.
This applies to shaft power, e.g. for pumps and compressors.
It also applies to low-temperature boilers that provide steam at
~150 °C and low pressure (a few atmospheres). Similarly,
distillation trains are already equipped with heat pumps when
separating components with close boiling points. Other
approaches to electrification are more challenging, however.
For example, the electrification of high-temperature applications
(350-800 °C) is practised in laboratories and other small-scale
units, typically at the kW scale. Deployment at a scale of 100 MW
(Fig. 4) remains unproven. Large-scale application will present new
challenges in terms of equipment design, construction materials,
process control, and system integration. Nevertheless, Shell and
Dow Chemicals have joined forces to develop an electric furnace
for steam crackers that will contribute to reducing carbon emis-
sions from the manufacture of chemicals.””

Another challenging task is to switch from steam reforming
to water electrolysis for H, manufacture. The technology was
proven at a large scale some decades ago in Norway, with a total
capacity of more than 100 MW (multiple electrolysers with a
total capacity of 30000 N m® h™" or 20 kt a—* of H,).>® Today,
large-scale electrolyser units (~5 MW) are said to cost > $500
kw ! investment or $1800 per N m® h™" of H,.”® This means
that electricity makes up 90% of the cost of producing the H,.
Electrolysers are still at a relatively small scale compared to
world-scale steam reformers, which are operating at 100 000-
300000 N m* h™" or 100-200 kt a~*.> Larger-scale electrolysers

4364 | Energy Environ. Sci., 2021, 14, 4358-4376

have entered the refining industry. For example, Shell is part of
the European consortium Refhyne, which is piloting a 10 MW
PEM electrolyser to produce 1.3 kt a~* of renewable hydrogen
for Shell’s Rheinland refinery. Today, renewable hydrogen (also
cold green hydrogen) is said to be produced for €4-8 kg™,
depending on the region,®® but within a decade this could drop
to €2.5 kg~ '.°" However, the economic premises need to be
reviewed before using the numbers seriously.

The challenges of electrification stretch beyond equipment
design. Deep electrification requires a profound review of the
complete heat integration of the whole chemical complex to
provide or remove the right amount of energy for chemical
processes. The complex also needs to operate at the right tem-
perature level and be able to manage trips and process changes in
a resilient and dynamic manner. Deep electrification also requires
a careful analysis of the grid infrastructure and how the grid
interacts with the industrial complex, e.g. to ensure that a shut-
down at the complex cannot destabilise the grid. Finally, society
will have to prioritize the access to green electrons, especially in
regions without plentiful renewable capacity. It may be better to
use green electrons for transport and buildings than for industry.

The cost and intermittency of renewable electricity warrant
further consideration (see below). An equally important chal-
lenge, the fate of the fuel gas of the cracker, will be discussed
later, in Section 3.2.

3.1.4 Cost and intermittency of renewable electricity. The
levelized costi of renewable electricity has dropped dramati-
cally from 30 to 5-10 ¢$ kW' h™" over the past 20 years as the
industry learned how to make plants more efficient and larger.
Renewable electricity is now competitive with fossil electricity
(Fig. 5). The cost decrease is still insufficient, however, because
the chemical industry is currently using natural gas and steam,

# The average net present cost of electricity generation for a generating plant over
its lifetime.
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an energy source priced at 1-1.5 ¢§ kW' h™'. To become
competitive, renewable electricity technology needs to further
improve and scale up while increasing the production capacity
100-fold. Alternatively, natural gas would have to be charged a
CO, tax of ~$200-300 per t CO,. Both scenarios are unecono-
mical today but potentially realistic in the future. It should be
recognised that the high CO, tax corresponds to what is
currently considered for low-carbon fuels in California.

Another major barrier to the electrification of utilities is the
intermittency of renewable electricity. In ideal subtropical
locations, photovoltaic (PV) facilities are operating at daily cycle
with ~30% capacity utilisation.®® Other locations will be sub-
ject to additional seasonal cycles and might operate at a lower
capacity. As for wind, temperate offshore locations probably
provide the highest capacity utilisation, at around 40%.°>
Chemical complexes, however, are designed to run 24/7, and
accommodating the intermittency of wind and solar power is
costly. One can partly smoothen the production of renewable
electricity by combining sources, for example, combining PV
and wind. But more measures are likely needed to secure 24/7
delivery. One additional measure is to oversize the generation
facility and store the excess energy for delivery when needed.
Energy can then be stored as electricity (batteries), as heat
(molten salt), as potential-energy (water pumped to higher
lakes or gas pressurised in caves), or as fuel (water electrolysis
and H, storage).®*®* Another measure is to design hybrid
utilities that operate with renewable electricity when available,
and switch to fossil electricity when necessary. But all these
options require additional investment that needs to be added
to the cost of renewable electricity reported in Fig. 5.

3.1.5 Nuclear electricity. The intermittency of renewable
electricity means that society continues to consider the risks
and opportunities of another low-carbon alternative, namely
nuclear energy. Most energy scenarios anticipate a significant
growth of nuclear energy. For instance, Shell’s Sky scenario
expects nuclear power capacity to grow from 28 EJ a~* in 2000
to 124 EJ a~' in 2100 to meet Paris agreement, a four-fold
growth that corresponds to 1.5% annual growth over 100 years."
Nuclear power plants occupy much less land that renewable
electricity parks and could deliver the 1 GW needed for
petrochemical complexes. Their electricity levelized cost
(60-80 $ MW ' h™"%%%7) is competitive with that of wind and
solar, with the advantage of continuous supply. However, the
levelized cost does not seem to consider the cost of recycling
nuclear waste, e.g. through closed or breeder fuel cycles, an
omission that should be corrected to avoid substituting a short-
term CO,-waste problem by a long-term radioactive-waste problem.

3.2 Process and by-products

A complementary approach to reducing the carbon footprint of
petrochemical processes is to keep improving them, as the
industry has been doing from its very beginning.*”*® Improve-
ments have been realised in catalyst performance, process
design and operation, energy and chemical consumption, and
many more. Examples taken from Shell processes show clear
reductions in resource consumption, waste production, hazard

This journal is © The Royal Society of Chemistry 2021

View Article Online

Energy & Environmental Science

and cost.*® However, the industry has also been developing new
and cleaner routes for its least efficient processes, e.g. the
manufacture of diisocyanates, methylmethacrylate, nylon
intermediates (adipic acid, hexamethylene diamine and capro-
lactam) and carbonates."'® Such developments will continue
in the future.

The industry will also have to look at where it can switch
from carbon-rich to hydrogen-rich feedstock to reduce its CO,
emissions. Carbon-rich feedstocks are known to lead to high
carbon emissions, as illustrated in Fig. 6 for methanol and
ammonia synthesis.

But all the improvements will unlikely deliver 100% effi-
ciency. Hence, chemical processes will still waste some valuable
feedstock in the form of undesirable and unavoidable by-
products. Examples include CO, co-produced in oxidation
processes, e.g. for producing ethylene oxide, maleic and phtha-
lic anhydride, and acrylic and methacrylic acid. Unavoidable
by-products also include CH, produced during steam cracking
or aromatic dealkylation. In the future, these by-products
should not be released into the atmosphere (CO,) or used as
fuel gas (CH,). Instead, they should be recovered and used as
valuable feedstock for more chemicals.

Molecular separation is responsible for about half of the US
industrial energy use and 10-15% of the total US energy use.®’
Half of the energy used for molecular separation is consumed
in distillation, with the main contribution coming from crude
distillation, ethene/propene purification and BTX purification.
CO, and CH, recovery from off-gas is also a significant energy
consumer. Energy-lean alternative technologies are needed,
e.g. based on affinity or membrane separation.

As mentioned earlier while discussing utilities (Section 3.1.2),
CO, can be captured from off-gases and sequestered to avoid
release into the atmosphere. Alternatively, CO, can be used as
feedstock (CCU) in two main ways. Firstly, CO, can react with
high-energy reactants such as epoxides to make cyclic or acyclic
carbonates, or with ammonia to make urea. Secondly, CO, can
be converted to valuable products through reduction either
electrolytically or with hydrogen. Importantly, the reduction
agent needs to be ‘decarbonised’ to contribute to a net CO,
saving. However, the reduction of CO, to chemical products will
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Fig. 6 Carbon intensity of fossil feedstocks for producing methanol and
ammonia (adapted from Neelis®®).
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probably remain an economic challenge for decades to come,
as illustrated by the following consideration. Let us consider
hypothetical CO, conversion to a variety of products and
assume that the price of the final product needs to cover only
the cost of the stoichiometric hydrogen consumption. For the
sake of argument and quite unrealistically, we will ignore all
other costs - of investment, catalyst, chemicals and energy. We
will also assume that CO, is free or, even better, has a heavy
negative price of $100 per t that penalises CO, emission. Under
such very optimistic assumptions, only a few commodity pro-
ducts could afford costly low-carbon H,, namely formic acid
and ethylene glycol (Fig. 7). Most other chemical intermediates
cannot afford H, at ~$4 kg~ '. Renewable hydrogen is more
expensive than this in most parts of the world®®®* but will
probably drop to this level in a few decades as PV and electro-
lyser technologies improve (Fig. 7). One should also realize the
burden CCU could pose on the production of green electricity:
the production of 1 Mt a~* of methanol will require 1.25 GW
of low-carbon electricity or 4 GW of installed capacity for
intermittent generation (see Section 4.4).

In a low-carbon world, the CH, by-product of chemical
processes, e.g. of steam crackers, may no longer be a desirable
process fuel. It may be valued more as a chemical feedstock. So
far, the most valuable feedstock use is likely to be as synthesis
gas, e.g. for carbonylation or hydroformylation reactions.
Classic examples include the hydroformylation of propene
of higher olefins to n-butanol or detergent alcohols. Such
processes are likely to be too small to make full use of the
~500 kt a~' of CH, that is produced by a naphtha cracking
plant of 1 Mt a ' ethylene capacity. Direct upgrading to
chemicals is a very challenging task that will be briefly
discussed later.

3.3 Key insight #2

Cutting the CO, emission of petrochemical plants to a net zero
level will be very challenging. Efficiency improvements will
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Fig. 7 Affordable price of renewable H, for hypothetical CO, conversion
assuming that the full product value is used to pay for the stoichiometric
H, consumption, without placeholder for investment and operating costs
(cost of renewable H, from ref. 60,61, HCOOH: formic acid, MEG:
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acetic acid, CoHy: ethene, MeOH: methanol, CH4: methane, (CH,O),:
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reduce emissions at modest cost but also at modest volumes.
Electrification of utilities and processes and switch to renew-
able H, promise larger CO, reduction but will be expensive:
it will require major investments for electricity production,
storage and utilisation and will require new technologies and
investment to divert the unavoidable by-products (e.g. CH,)
from process fuels to chemical products. Beyond a few niche
applications, CCU will require massive amounts of electricity
and thereby massive investments. In fact, CCS is probably the
most promising option for CO, abatement for the short term.

Moreover, these measures are insufficient, for none of them
address the intrinsic carbon intensity of the fossil feedstock of
the industry. This will be discussed below.

4 Circular economy

The forces of the energy transition discussed above combine
with a broader societal aspiration, namely the development of a
circular economy throughout all sectors.”> For the petrochem-
ical industry, the circular economy calls for closing carbon
cycles (Fig. 8, top). It starts by collecting and recycling our used
carbon, with waste plastic being the most visible example.
Options for recycling used carbon and, more specifically, waste
plastic will be discussed in Section 4.1.
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Fig. 8 Artist's impression of future sustainable carbo-chemical cycles
(top) and shift in feedstock oxidation state (bottom; the carbon value has
been defined as market price divided by carbon content, the carbon
oxidation state has been calculated from the C:H: O ratio of the product
following the eq. reported in the figure).
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However, recycling is inevitably accompanied by losses and
therefore requires a significant amount of fresh input. This
fresh carbon input will come from fossil carbon, e.g. from oil or
gas, for some time (Fig. 8, bottom left). Applying CCS to the CO,
produced during recycling will help reduce the environmental
footprint of plastic but will not make the industry truly circular.
A circular economy will require feeding renewable carbon into
the fresh carbon input stream. Renewable carbon is derived
from atmospheric CO,. As discussed in Section 3.2, the
reduction of ‘free’ or even ‘penalised’ CO, to chemicals is
unlikely to be affordable except in a few cases. Adding the
expense of capturing CO, from the atmosphere will make the
cost of CCU more prohibitive.

The use of biomass as renewable carbon could be more
attractive. Biomass has already captured CO, from the atmo-
sphere and has also performed much of the costly reduction
duty needed (Fig. 8 - bottom right). This will be the subject of a
later section (Section 4.3).

4.1 Recycled carbon - plastic recycling

Efficient recycling of the used polymer should ensure efficient
recycling of carbon and aim at minimising energy consumption
and waste production over the whole life of the product. This
implies operating the shortest possible recycle loop. Depending
on the quality and purity of the waste, priority should therefore
be given to reuse, then reprocessing (mechanical recycling),
then depolymerisation, then conversion of a general hydrocar-
bon feedstock and, as a last resort, energy recovery (Fig. 9, top).
This priority list is often presented as the priority pyramid in
waste management, which really starts with reducing the use of
polymers, e.g. by avoiding superfluous packaging or using more
advanced polymers in lower amounts.

Globally, about 12% of used plastic is recycled mechanically,
while <1% is recycled back to its monomer.”® The rest is either
incinerated (25%) or ends up in landfill or unmanaged dumps.
Accordingly, mechanical recycling has developed well over the
years by using the pure and clean waste fractions, often coming
from industrial waste. Minor polymer contaminants that are
present in such streams are generally stabilised by additives
prior to blending recycled resins with virgin ones.”"”*

While very efficient, mechanical recycling is bound to be
limited to a few cycles, using the minor fraction of the purest
and cleanest waste stream.”®”* But even these purest streams are
slightly contaminated (e.g. with additives and foreign polymers)
and may have been slightly degraded upon use or processing
(e.g. oxidation and/or minor depolymerisation). Blending them in
virgin polymers requires the use of compatibilizers, which further
increases the degree of contamination of the final product. In fact,
mechanical recycling seems to mainly consist of downcycling,
e.g. from PET bottles to PET fibers or from PP textile to playground
equipment.”>”* Moreover, mechanical recycling is unsafe for food
packaging since it is difficult to guarantee the purity required.
Hence, there is a need for complementary recycling options,
particularly chemical recycling. So, let us review the limitations
of mechanical recycling.

This journal is © The Royal Society of Chemistry 2021
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Fig. 9 Options for plastic recycling (adapted from Lange?®).

In these circumstances, chemical recycling is needed.”"””

Some polymers can and should be depolymerised back to their
monomers. Others can only be cracked to a general feedstock,
while still others have no attractive chemical recycling options.
The basis for these recommendations is illustrated in Fig. 9
(bottom)."> The horizontal axis helps identify the polymers
that are easily depolymerised back to their monomer (dH <
70 kJ mol ™, typically condensation polymers) and those that
are only cracked to a general hydrocarbon through more severe
pyrolysis (dH >70 k] mol ™", typically addition polymers). The
y-axis represents the resources wasted when producing the
polymer. It thereby represents the ‘incentive’ to recover the
monomer rather than degrade it back to hydrocarbon. This
simple mapping suggests the benefits of cracking polyolefins
back to general feedstocks (lower right quadrants) while
depolymerising PET and polyamides back to their monomers
(upper left quadrants).

Chemical recycling becomes particularly critical in valoris-
ing the 10% of plastic waste present in municipal solid waste
(MSW).”® After preliminary sorting, around 60% of the plastic
component consists of polyolefins (HDPE, LDPE, LLDPE
and PP), with the rest being PET, PVC, PS and other minor
polymers. Further and careful sorting may deliver a modest
quantity of relatively pure polymers that can be considered
for mechanical recycling. However, it also produces mixed
fractions that, at best, allow mechanical ‘downcycling’ for
applications with low-quality requirements. More often,
though, the residual plastic stream cannot be reprocessed
because of contamination, for example, and it cannot be
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depolymerised, for example, because of its high polyolefin
content (lower right quadrant in Fig. 9, bottom). It therefore
needs to be pyrolysed back to a hydrocarbon stream.
This technology produces paraffinic/olefinic waxes under mild
conditions, aromatic products under more severe conditions
and gas and char at the highest severity.”>’® The hydrocarbon
product can eventually, after proper treatment, be processed
into a synthetic fuel or cracked further into lower olefins. Steam
cracking typically delivers olefins and aromatic base chemicals
with an ~ 65 w% yield, with co-production of ~10% of gasoline
and 25% of fuel gas and fuel oil. A similar product slate
is expected from processing the pyrolysis oil obtained from
polyolefins. At the end of 2019, Shell announced it had used its
cracker at the Norco Refinery, in Louisiana, USA, to process
pyrolysis oil which had been made from waste plastic by Nexus
Fuels.”” It also announced its ambition to process 1 Mt a* of
plastic waste by 2025.

But one should not underestimate the challenge of waste
collection. A small amount of plastic waste, such as small-sized
single-use packaging, could remain uncollected and end up
in the environment. They could be made of biodegradable
material to stop them from accumulating in the environment
(Fig. 9, bottom).

However, recycle loops inevitably have losses. The case study
presented in Box 1 shows that these can be quite significant, up
to 50%. These losses will need to be compensated for by fresh
input. Fresh input will also be needed to feed the growth of the
chemical industry. Hence, fresh input could still be quite
significant, e.g. 400-550 Mt a~" by 2050 (see Box 1).

Box 1. Inefficiency of carbon recycling.
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dirtiest ones with minimum health and environmental impact.
But complete recycling will remain a utopia, for material losses
will be unavoidable throughout the cycle. Fresh carbon input
will be needed to compensate for recycling losses and business
growth.

In the short to mid-term, the fresh carbon input may contain
fossil carbon that is ideally accompanied by CCS to avoid
net CO, emissions. But all the factors discussed so far will
eventually erode the competitiveness of fossil carbon and open
the field to renewable carbon, i.e. biomass and atmospheric
CO,.

4.3 Renewable carbon - biomass

Biomass is a convenient way to feed atmospheric CO, into the
petrochemical value chain, because it has captured CO, from
the atmosphere and has also done >2/3 of the reduction duty
required (Fig. 8 - bottom right). The true promise of bio-
based chemicals will depend on factors including feedstock
selection, availability and sustainability, and product and
process selection.

4.3.1 Feedstock. The industry is primarily considering
carbohydrates (starch and sugars) and lipids (animal fats and
vegetable/microbial oils) as prime feedstock because they are
readily used with existing technologies. Lignocellulosic bio-
mass, such as agricultural or forestry residues and energy
grasses, is more heterogeneous and recalcitrant. It therefore
requires complex and costly conversion technologies.”®

But are these feedstocks available in enough volume to
supply the 400-550 Mt a~' needed for the chemical cycle by

Plastic recycling will be accompanied by material losses at every step of the cycle, from collection to sorting to high/low grade material, mechanical recycling

of the high-grade fraction and chemical recycling of the low-grade fraction. Assuming optimistic efficiencies of 90% for collection, 80% for sorting (20% to
high-grade, 60% to low-grade), and realistic efficiencies of 90% for mechanical recycling and 80% + 75% for the pyrolysis and steam cracking steps of

mechanical recycling, we arrive at an overall efficiency of 50%. Hence, ~50% of the material is lost. Ideally, the lost material will avoid ending up in the
environment as uncontrolled litter or controlled landfill, and will instead be valorised as energy or fuel.

The lost material and an expected 3% demand growth need to be covered by fresh carbon input. For today’s scale of ~350 Mt a
185 Mt a_ ' of fresh input. By 2050, the required fresh input could have grown to 400-450 Mt a~'.

3% growth
12Mt/a

Optimistic efficiencies:

80% (Pyro)
80% (Crackg)

~1, this implies a need for

1

||
400 Mt/a .

4.2 Key insight #3

The deployment of collection, sorting and recycling techno-
logies will lead to a cascade of solutions that vary from recycling
the cleanest stream with the highest efficiency to destroying the
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1 50% Lost
200Mt/a <«
(o energy)

2050? Today’s grain and sugar production for food and feed
amounts to 3-4 Gta . This volume is expected to keep growing
in the future as agricultural knowledge spreads throughout the
world. Hence, some 60-80 Mt a~* (i.e. 2%) could be diverted to
chemicals without disturbing the food/feed supply. Such pro-
duction volume could take some 20-25 years to develop,
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considering today’s volume of 7 Mt a~" and growth of 10%.”°
By then, one can expect lignocellulosic technologies to have
been deployed and improved to the point of being competitive
for chemical production. They could then contribute to the
further growth of bio-based chemicals, catching up on sugar/
starch-based chemicals in 20 years and then growing to
~400-550 Mt a~ " over the following 20 years, i.e. by about
2080 (still assuming the annual growth of 10%). Once ligno-
cellulose is competitive, the potential stock of biomass
becomes more than enough, with conservative estimates of
6-18 Gt a~' (100-300 EJ) being available after deducting for
world food supply and allowing for sustainable water and land
management.®*

One also needs to consider the environmental footprint of
biomass. Since biomass stores atmospheric carbon and solar
energy, bio-based chemicals are generally produced with lower
CO, emissions and lower non-renewable energy demand than
fossil-based chemicals (Fig. 10, bottom).*"*> However, the
production of biomass may affect air and water quality, water
and land usage or biodiversity.®" These factors are determined
by the specifics of the project (e.g. location, climate, agricultural
practice). A proper balancing of advantages and disadvantages
must therefore be done on a project-by-project basis.

4.3.2 Product. The switch to a new feedstock may also warrant
reconsideration of what products will be made. The strategies can
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be summarised as drop-in products, new intermediates or new
materials (see Fig. 10). Drop-in products benefit from existing
markets and infrastructure. The speed of commercialisation is
therefore limited by the speed of technological development.
Among the drop-ins, oxygenated intermediates seem more
promising targets for biomass than base chemicals, i.e. olefins
and aromatics.”® Examples include butanol, ethylene and
propylene glycols, butanediol, acrylic acid, and acetic acid.
They are more valuable and offer the possibility of making use
of the oxygen already present in the biomass (Fig. 10, right;
Box 2). In fact, similarity in functionality between feedstock
and product has been proposed as a basis for selecting
biomass conversion routes.** This conclusion is limited not
just to the valorisation of sugars but also to upgrading of
lignocellulose, as illustrated in Box 2. Chemical intermediates
are also produced at a smaller scale, e.g. 50-500 kt a~*, which
matches well the scale that
collection.

An alternative strategy that is also widely encountered in the
industry is the production of novel intermediates or materials
(Fig. 10, left). Novel intermediates include lactic acid, succinic
acid, furandicarboxylic acid, levulinic acid, propane diol and
isosorbide. Novel materials can also be derived from biomass
through simple modification of biopolymers without the
need for extensive depolymerisation. Typical examples include

is achievable for biomass

$6,000
$5,000
$4,000 p~
$3,000 %

$2,000

$1,000

0.8 1

(O+N)/ C atomic ratio

AcOH  acetic acid

ADA  adipic acid

BuOH n-butanol

EtOH  ethanol

Eila  ethyl lactate

PDO  1,3-propanediol

PHA polyhydroxyalkanoate

PLA polylactide

PTT polytrimethyleneterephthalate
SA succinic acid

Fig. 10 Bio-based chemicals: strategies for product selection (top left). Market prices of drop-in base and intermediate chemicals (top right, acronyms
are clarified in the appendix, updated for $70 per bbl crude from ref. 78). Lifecycle GHG emissions of chemicals are generally lower when derived from

sugars than fossil feedstock (bottom, adapted from ref. 82).
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nanocellulose and lignin materials. Novel intermediates and
materials might be more readily and efficiently manufactured
from biomass. They might therefore come at a lower cost.
However, the market does not yet exist and needs to be created.
The pace of deployment may therefore be limited by the creation
of the market. The history of the petrochemical industry has
shown that it takes some 20 years for a new polymer to break
through and an additional 20 years to mature its market.

Since it is renewable, biomass is intrinsically circular. This
raises the possibility that bio-based chemicals can also be
largely circular, if the manufacturing process involves the use
of small amounts of energy or renewable energy and chemicals.
This potential for circularity does not release bio-based chemi-
cals from the need to be recycled through the smallest possible
recycle loop. Biodegradation and incineration remain options
of last resort, e.g. for products that are difficult to collect and
therefore liable to end up in the environment.

The valorisation of biomass will also require the develop-
ment of alternative separation technologies with low-energy
demand.®*® Intermediates are often produced in water and
therefore costly to recover, particularly when they have a higher
boiling point than water.®® Moreover, bio-based intermediates
and bio-based products are generally polar and therefore prone
to the formation of azeotropes that are challenging to break
using distillation.

Box 2. Valorising the oxygen of biomass.
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4.4 Renewable carbon - atmospheric CO,

Atmospheric CO, could also be used directly as a renewable
carbon source. There has to be CO, capture from the air and
deep CO, reduction with renewable electricity, either directly
via CO,/H,0 co-electrolysis or indirectly via water electrolysis
and subsequent CO, hydrogenation. Such approach will
require much electricity and high investment.

The conversion of CO, to methanol using electrolytic H, is
reported to require about 10 MWh renewable electricity to
produce 1 ton of methanol.?” To match a world-scale methanol
of 1 Mt a~' capacity such process will require about 1.25 GW of
electricity or nearly 4 GW of installed wind or solar capacity,
when considering a production factor of ~30% due to inter-
mittency. Further conversion of methanol, e.g. using MTO
technology, can deliver about 400 kt a~*, about a quarter of
the production of a world-scale steam cracker.

As for the cost, the chemical hydrogenation of CO, is
arguably the cheapest of all process steps. Catalytic technolo-
gies are already available to convert CO,/H, to methanol or
hydrocarbons.*®®*® All other steps of the manufacturing chain
are much more expensive and account together for the lion’s
share of the investment and production costs of CO,-derived
fuels and chemicals.”® Working backwards, this applies to
water electrolysis to get H, (see Section 3.1.3) and even more

The economic potential of biomass conversion routes can be readily assessed by checking that the stoichiometric selectivity of a process exceeds the affordable

selectivity, e.g. as defined by eqn (1) [a].

Affordable selectivity [¢/t] = (feed price + 200 x N° steps) [$/teca)/product price [$/fproduct] (1)

For illustration purposes, eqn (1) has been applied to several routes to convert sugar to chemicals (figure below). Under the present premises, the production of
base chemicals (ethylene and benzene; red symbols) and the production of H, suffer from low stoichiometric selectivity (0.3-0.4 t per t) and low product

value (<$1000 per t), which push the affordable selectivity beyond the stoichiometric selectivity. In contrast, the production of oxygenated intermediates
(e.g. 1,4-butanediol, acrylic acid, adipic acid, ethylene glycol; green symbols) offers higher selectivity and/or product value and, consequently, much better

economic potential.
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A similar analysis can be applied to the direct valorization of lignocellulose. With feedstock and product prices of $80 per t and $700 per t, the production of

mixed mono/diaromatics would require a selectivity of 40 wt%, which corresponds to <10% of the carbon being lost to gas and char. For the production of

sugars, priced at $300 per t, the combination of pretreatment and hydrolysis requires a sugar selectivity of 160 wt%, which is about three times the sugar

content of lignocellulose.

Economic premises: glucose: $300 per t; conversion cost $200 per t per step; product prices from [b]
References: [a] J.-P. Lange; Catal. Sci. Technol., 2016, 6, 4759 — 4767; [b] A.J.]J. Straathof, A. Bampouli; BioFPR 2017, 11, 798-810
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for the co-electrolysis of CO, and H,0, which is at an early stage
of development.” The generation of renewable electricity (see
Section 3.1.4, Fig. 5) and the capture of CO, from the atmo-
sphere can also be costly.”> Furthermore, all these emerging
technologies need to be proven at scale. Overall, CO,-derived
fuels and chemicals, being methanol or Fischer-Tropsch hydro-
carbons, are estimated to cost €1200-1700 per t at 220 kt a~*
scale,”® which is very expensive when compared to methanol
($300 per t) and naphtha (~$500 per t) and even sugars
($300 per t). However, methanol and naphtha might not be
the best product targets. Like biomass, CO, valorisation will
offer better opportunities when targeting less reduced oxyge-
nated products such as formic acid and ethylene glycol (Section
3.1.3). The cost structure might be more promising when
targeting less reduced products, as discussed and illustrated
in Fig. 7 and confirmed for CO, electroreduction.*

Although more expensive than biomass today, the valorisa-
tion of atmospheric CO, should not be discarded. Technology
is improving rapidly and the manufacturing route may have a
much lower environmental footprint in terms of GHG emis-
sions, and land and water use than bio-based routes.”?

4.5 Key insight #4

Eventually, the chemical industry would have to switch to
plastic waste and biomass (ultimately CO,) as feedstock to
reduce the CO, intensity of plastics and achieve full circularity.

The switch of feedstock, from reduced to oxidised carbon,
may lead to a different product slate, one that has more
oxidised materials. In the long term, hydrocarbon polymers
such as polyolefins may be superseded by oxygenated polymers
such as polyesters or bio-based materials (e.g. based on wood,
straw or paper) in various applications.

The whole sorting and recycling chain that is being built
now will have to evolve to accommodate more bio-based
plastics and materials.

4.6 Pace of the transition

Inspired by the historical emergence of energy technologies
reported by Kramer and Haigh,’* a model can be developed to
illustrate the potential emergence of new technologies and
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their respective feedstock for the carbo-chemical industry
during the 21st century. Based on the premises described in
Box 3, the new technologies could remain modest around 30%
(20% for recycling and 10% for bio) until ~2050 but could
overtake fossil feedstock by ~2070 (Fig. 11). Such development
would see fossil-based chemicals peaking in about 2050 and
ending the century at ~0.2 Gt a~*, slightly below today’s level
and 4% of the total demand of ~5.7 Gt a~'. It should be
stressed that the present scenario is describing the growth of
demand, not that of chemical production. Part of the demand
might indeed shift from today’s plastics to natural light-weight
materials such as wood, paper, cardboard, natural fibers, etc.
This scenario represents an aggressive feedstock diversifica-
tion. Low oil prices or technological setbacks could cause
diversification to develop more slowly. For example, reducing
the early growth rate from 20 to 15% would shift the peak in
fossil feedstock back to ~2100. But it also underlines the
challenge that the chemical industry is facing in decarbonizing
utilities and feedstock to meet the Paris agreement. How can it
become carbon neutral by 2050 if it needs to use three times
more fossil hydrocarbon as feedstock than today? Can it all be
compensated by CCS or NBS? This not very likely. The industry
must transition much faster than modelled here. So, it is
important to understand the basis of the premises applied.
The model was derived from the deployment of energy
technologies over the past 50 years.”* This development was
driven by balancing convenience and energy price for the
consumer, and balancing profitability and economic risks for
the industry, all in a period of high economic growth. But these
conditions do not apply today anymore. The slower economic
growth and the drive are shifting to societal and governmental
concerns about the state of the environment. Let us assume
that these conditions could accelerate the development of new
technologies and also accelerate the deployment of non-
technical enablers such as infrastructure, governance, educa-
tion of future installers and operators. Let us also assume that
the public accepts new facilities in its own backyard. If it all
works out, the transition to recycled and renewable feedstock
could materialise a bit earlier. If, for instance, the new tech-
nologies are deployed with 30% annual growth instead of 20%,

6000
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4000 Solar
H2G Bio
3000 1G Bio

W Chem Rec.

2000
Mech Rec

Feedstock demand [Mt/a]

m Fossil

Fig. 11 Scenarios of feedstock diversification towards carbo-chemicals — market-driven scenario (left) and regulation-driven scenario (right) (key
premises: technologies are deployed with an annual growth of 20% (left) or 30% (right); global demand growth at 2% after 2050 (left) or after 2025 (right);

more details of the market-driven scenario are provided in Box 3).
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the peak in fossil feedstock could shift by 5 years to around
2050 and from a maximum demand of 1.5 Gta ' to 1.2 Gta .

But such a scenario is not yet complete: the economic
burden of such accelerated transition could also reduce the
growth of the global economy and of the demand for chemicals.
If we now assume that the accelerated deployment of new
technologies discussed above also reduces the growth of the
global economy to 2% beyond 2025, the demand for chemicals
could be limited to 3.5 Gt a~" by 2100 and the demand for fossil
chemicals could peak around 2040 and 0.7 Gt a~* (Fig. 11,
right), i.e. 10 years earlier than estimated for the market-driven
scenario and with 50% peak demand for fossil feedstock.

But such a scenario may still need more refinements.
It could bring social tensions, as part of the people recognize
that they cannot reach the wealth they aspire to and another
part needs to give in what it has enjoyed so far. This would
further affect the economic development and the demand for
chemicals. Such refinements are better left to social and modelling
scientists and will not be considered further here.
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5 Conclusion

During the energy transition, the petrochemical industry will
initially have an abundance of hydrocarbon feedstock because
light-duty transport will have less demand for distillate frac-
tions of crude oil, and C,. hydrocarbons will be produced with
natural gas. But the growing demand for chemicals will be
unable to compensate for the fall in demand for transportation
fuels. The combination of decreasing fuel revenues, increasing
investment intensity and increasing CO, pricing could even-
tually challenge the industry on several fronts, namely CO,
emissions and alternative low-carbon feedstock (recycled and
renewable carbon).

Like all sectors, the chemical industry is being urged to
minimise its contribution to climate change. Managing the
chemical industry’s CO, emissions will require redefining its
utilities and processes. For example, redefining the industry’s
utilities will probably require a combination of improved
efficiency, a shift to low-carbon fuel, electrification, CCS, and

Box 3. Illustrative scenario of potential emergence of new feedstock for chemicals.
The market-driven model assumes that the overall demand for petrochemicals amounts to 300 Mt a~* in 2000 and will grow by 4% annually until 2050 and then

by 2% a year until 2100. During this period plastic recyclate, first and second generation (1G and 2G) bio-feedstock, and solar chemicals gradually displace
fossil feedstock. Novel technologies are assumed to start at 50 kt a—* scale and grow by 20% annually until they reach about 10% of their “mature share” of
petrochemicals defined in the table below, typically after ~ 30 years. Their growth rate decreases gradually to the total growth (4% or 2%) within 20 years and
stays there until 2100. The starting date and mature share assumed for the various technologies were defined arbitrarily, though sensibly, as reported in the

table below. The remaining demand is then satisfied by traditional fossil feedstock, which is assumed to eventually drop to zero when all alternative
technologies have fully matured. The resulting development of new technologies is illustrated in the figure below.
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4.7 Key insight #5

The transition from fossil to recycled and renewable carbon as
feedstock for chemicals is likely to take most of the 21st
century, even when accelerated beyond the pace expected for
market-driven development. The demand for fossil feedstock
could peak around 2030-2050 and reach 0.7-1.5 Gt a *,
i.e. 2-5 times the demand of 2000.

4372 | Energy Environ. Sci., 2021, 14, 4358-4376

water electrolysis to produce H,. Emissions from chemical
processes will probably be tackled by improving efficiency,
switching to hydrogen-rich feedstock (e.g. from coal to oil and
ultimately from gas to bio-feedstocks) and converting unavoid-
able process by-products such as CH, and CO, to chemicals.
All these measures will require very large investment and will
take time to be deployed. Furthermore, they do not address the
intrinsic carbon intensity of the fossil feedstock, which will
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eventually force the industry to switch to renewable carbon
as feedstock, i.e. first to biomass and, possibly, to CO, in the
longer term.

Society and industry are also being urged to solve the
problem of plastic pollution. Proper management will start
with strong governance to stimulate people to collect their used
plastic responsibly. However, it will also require a resilient
approach that recycles or disposes of waste according to its
quality and follows a responsible hierarchy of waste manage-
ment. Such an approach will comprise a combination of
mechanical recycling, chemical recycling (e.g. depolymerisation
and cracking to feedstock) and, ultimately, energy valorisation
(e.g. by conversion to fuel or co-incineration with organic
waste).

Despite all possible efforts, one should not expect to achieve
full carbon recycling. Fresh input will be needed to compensate
for the carbon losses in the cycle. Initially, this will come from
fossil hydrocarbons whose use will be mitigated by CCS. But
fossil hydrocarbons will gradually be replaced by renewable
carbon, particularly biomass for supplying high-value oxyge-
nated intermediates. As technology matures, first generation
(1G) biomass feedstock will be complemented by second gene-
ration (2G) biomass, and products will gradually move towards
lower-value commodity chemicals. In the longer term, some
renewable carbon may come from direct capture of CO, from
the atmosphere, followed by partial reduction with renewable
electricity and water. However, the technology needs to develop
dramatically before it can compete with biomass. The under-
lying technology development to this longer-term shift to
renewable carbon as feedstock is not being solely driven by
chemicals, but by the broader energy transition, e.g. to provide
renewable carbon-based fuels. They will become part of the
transition of the chemical industry.

Overall, the transition of the chemical industry from fossil to
recycled and renewable carbon could take most of the 21st
century. The demand for fossil carbon may still increase until
2030-2050 and only then decrease to near zero by 2100.
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Appendix — list of acronyms

2EH 2-Ethyl hexanol

ACN Acetonitrile

AcOH Acetic acid

ADA Adipic acid

BDO 1,4-Butanediol

BTX Benzene, toluene, xylenes
BuOH n-Butanol

Cl Methane chlorination
CPL Caprolactam

EtOH Ethanol

EtLa Ethyl lactate

This journal is © The Royal Society of Chemistry 2021
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MALA Maleic anhydride

MEG Monoethylene glycol

MEK Methyl ethyl ketone (butanone)

MMA Methylmethacrylate

MPG Monopropylene glycol

MTBE Methyl t-butyl ether

ocl Methane oxychlorination

OCA Oxidative coupling of methane to aromatics

OCO Oxidative coupling of methane to olefins

OCP Oxidative coupling of methane to paraffin

OCSs Oxidative coupling of methane/toluene to
styrene

PC Polycarbonate

PDO 1,3-Propane diol

PE Polyethylene

PHA Polyhydroxyalkanoate

PK Polyketone

PLA Polylactide

PMMA Polymethylmethacrylate

PO Propylene oxide (Fig. 10) or partial oxidation to
syngas (Fig. 3)

POF Partial oxidation of methane to formaldehyde

POM Partial oxidation of methane to methanol

PP Polypropylene

PS Polystyrene

PTA Purified terephthalic acid

PTHF Polytetrahydrofuran

PTT Polytrimethyleneterephthalate

PUR Polyurethane

PVA Polyvinyl alcohol

PVC Polyvinylchloride

SA Succinic acid

SMR Steam methane reforming

TDI Toluene diisocyanate

VAM Vinyl acetate monomer

VCM Vinyl chloride monomer
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