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Following current trends, the global chemical industry is set to become the largest consumer of fossil
fuels. Among energy intensive industries, the chemical industry is one of the most challenging to
defossilise due to the abundance of cheap fossil fuel-feedstocks and it is currently responsible for
roughly 3% of global anthropogenic CO, emissions. Unlike other energy-intensive industries, the
chemical industry cannot be made fully sustainable directly with renewable electricity and green
electricity-based hydrogen (e-hydrogen). Therefore, new green carbon feedstocks must be developed
to defossilise the production of large volume organic chemicals. The most promising green carbon
feedstocks are electricity-based methanol (e-methanol) and biomass-based methanol (bio-methanol),
which can be used directly or as a feedstock for olefin and aromatic production. Increased recycling of
plastics will reduce the amount of primary feedstock that will be required for chemical production.
To investigate the energy and feedstock requirements for a global defossilisation of chemical
production, scenarios are developed that reach net-zero emissions by 2040, 2050, and 2060 compared
to business-as-usual conditions to 2100. High and low biomass feedstock variations are included to
investigate the potential of biomass feedstocks in the future chemical industry, which are limited due to

Received 13th February 2023, strict sustainability criteria. The results suggest that the chemical industry could become the largest
Accepted 17th May 2023 e-hydrogen consumer, with a demand ranging from 16100 to 23100 TWhy, 1y in 2050. High shares of
DOI: 10.1039/d3ee00478¢ electricity-based chemicals (e-chemicals) were found to provide the lowest annualised costs, suggesting

that an e-chemical transition pathway may be the most economically competitive pathway to defossilise
rsc.li/ees the global chemical industry.

Broader context

While the defossilisation of energy systems is well understood, the decoupling of fossil fuels from the chemical industry has often been overlooked, due to the
abundance of cheap fossil feedstocks, which are used to produce plastics, fertilisers, pesticides, fibres, and personal care and consumer products, among other
ubiquitous chemicals. The key challenge with the defossilisation of the chemical industry is the requirement of carbon-based feedstocks, which cannot be
directly substituted with renewable electricity. Chemical demand is also expected to grow rapidly in the coming decades, and, without major disruption to
feedstocks, could become the largest driver in oil consumption. Renewable electricity- and biomass-based feedstocks have been suggested to substitute fossil
feedstocks; however, there is a knowledge gap in the energy system requirements to completely replace fossil feedstocks. This research presents scenarios for
the complete defossilisation of global chemical feedstocks from 2020 to 2100 using a high geographical resolution of 145 regions. The results of this study
found that the complete defossilisation of chemical production applying high levels of power-to-chemicals, in tandem with increased plastic recycling, will lead
to the lowest annualised costs by 2050.

1. Introduction
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2015, resins and fibres used in plastic production have grown at
a compound annual growth rate (CAGR) of 8.4%, which has
been estimated to be around 2.5 times higher than the CAGR of
the global gross domestic product.> Despite being the largest
industrial energy consumer of both oil and gas, the chemical
industry was only the third largest industrial emitter at
920 MtCO, in 2019 resulting from primary chemical production
alone, behind the cement, and iron and steel industries.* This
is largely due to the high shares of non-energy use of fossil
fuels as feedstocks where high shares of the fossil carbon are
embedded in the chemicals produced. Following current
trends, demand for chemical products in the form of fertilisers,
pesticides, plastics, and fibres, among others, is expected to
increase significantly in the coming decades,**° and esti-
mates suggest that, without intervention, non-combusted feed-
stocks will become the largest source of fossil fuel demand
growth. The use of chemical products will additionally be
essential to produce technologies that can eliminate emissions
in the energy sector.® Therefore, to meet the targets of the Paris
Agreement’ and develop a carbon-neutral and sustainable
chemical industry, a complete defossilisation of carbon feed-
stocks must occur.

The foundations of the modern organic chemical industry
are built on seven key building blocks or primary chemicals:
ammonia (NH;), methanol (CH;OH or MeOH), ethylene (C,H,),
propylene (C;Hg), benzene (C¢Hs), toluene (C,Hg), and mixed
xylenes (CgH;,). Ethylene and propylene are often discussed as
light olefins, and benzene, toluene, and mixed xylenes are
referred to as BTX aromatics, and together are referred to as
high value chemicals (HVCs). Due to the abundance of low-cost
fossil feedstocks, discussions of emission reductions in the
chemical industry have largely focused on process emissions."
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However, many chemical processes have reached close to their
highest feedstock efficiency; however, processes may be improved
to reduce CO, emissions."® Today, primary chemical production
has emission factors of 2.4 tCO,/tNH;, 2.3 tCO,/tMeOH, and
1.0 tCO,/tHVC," related to both the fossil feedstocks required
and process heat and electricity.

The conventional production of ammonia uses the Haber-
Bosch process with fossil methane, coal, or oil as the feedstock,
as shown in Fig. 1, and fossil methane has become the
dominant feedstock globally, as it is responsible for 75% of
global ammonia feedstocks, followed by coal at 22% and oil at
3%.% With fossil feedstocks, this process is responsible for
around 1.8% of global CO, emissions.” Ammonia production
has grown exponentially since the development of the Haber-
Bosch process in 1909, and its global production reached
195 MtNH; in 2018.'° In addition to its use as a fertiliser,
ammonia has been discussed as a form of seasonal storage to
offset variable renewable energy (RE) and as a fuel for the
transport sector, especially in marine applications."*™*” From
both a feedstock perspective and an emission perspective, the
fossil methane-to-ammonia route has the best performance,
with a feedstock requirement of 28 GJcua Luv/tNH;'>'® and an
emission factor of 1.6 tCO,/tNH;."® However, as highlighted by
Smith et al," only marginal efficiency improvements are
available for conventional ammonia production.

Methanol production, as shown in Fig. 2, similarly converts
syngas, a mixture of H,, CO, and CO,, from a fossil fuel
feedstock to methanol® using a Cu/ZnO/Al,O; catalyst.>® Simi-
lar to the ammonia production process, steam methane refor-
mation is used for fossil methane and naphtha feedstocks,
whereas partial oxidation is used for heavy oils and solid fossil
fuels. Fossil methane is the most used feedstock for methanol
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Fig. 1 Conventional production route for ammonia production from natural gas and nitrogen from an air separation unit (ASU). Coal and oil can similarly
be used as a fossil feedstock, using coal gasification and partial oxidation for syngas production, respectively. Before nitrogen and hydrogen are input to
the Haber—Bosch reactor, an additional methanation step is required to convert carbon monoxide and carbon dioxide to methane that accumulates as
inert in the NH3z synthesis stage, minimising the poisoning of the Haber—Bosch catalyst. The condenser after the Haber—Bosch reactor removes H, and

N, impurities from the outlet stream. Adapted from Smith et al.'t
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Fig. 2 Conventional production process for methanol synthesis from natural gas over a CuO/ZnO/Al,O5 catalyst. Coal and oil can similarly be used as
fossil feedstocks for coal gasification and partial oxidation for syngas production, respectively. Adapted from Adnan and Kibria.2°

synthesis, corresponding to 57% of global methanol feedstocks,®
and has a feedstock demand of 33.9 GJopy Lv/tMeOH.*" Coal is
the next most used feedstock at 40% of global methanol feed-
stocks consuming 46.9 G]CH4,LHV/tMeOH,21 largely due to the
high shares of methanol production and consumption in
China," and oil composes only 3% of global methanol feedstocks,
for a total production of 95 MtMeOH in 2018.'° Additionally, CO,
emissions for the fossil-based methanol synthesis range from
0.5 tCO,/tMeOH for steam reforming to 1.5 tCO,.q/tMeOH for
partial oxidation.?*

HVCs are very often co-produced in several chemical pro-
cesses or produced as by-products from refineries. The most
widely used process for the co-production of ethylene, propylene,
and BTX aromatics is the steam cracker, and is shown in Fig. 3.
While naphtha is used as the feedstock, there are a wide range of
feedstocks that are used for steam crackers, which largely varies
on what low-cost fossil feedstock is readily available regionally. In
Europe and Eurasia, heavier oil feedstocks including naphtha
and gas oil are used due to their availability compared to lighter
natural gas liquid feedstocks such as ethane and propane
being preferred in North America and the Middle East and
North Africa (MENA) regions.'® The composition of the feed-
stock has a significant effect on the shares of products produced,
and ethylene and propylene yields from various feedstocks
and operating conditions can range from 24 to 55% and 1.5 to
18%, respectively.>* Along with propylene from steam cracking,

This journal is © The Royal Society of Chemistry 2023

propylene is also produced in large quantities via refinery
operations through deep catalytic cracking (DCC) as well as via
propane dehydrogenation, a form of on-purpose propylene (OPP).**
The global production of ethylene and propylene reached 160 and
107 Mt in 2018, respectively.'’

For heavier steam cracker feedstocks and DCC, as shown in
Fig. 4, BTX aromatics are produced in a pyrolysis gas (pygas)
component.

However, the majority of the BTX aromatics are sourced via
the catalytic reforming of naphtha (CRR) in refineries,"® shown
in Fig. 5. Additionally, toluene can be converted to benzene or
mixed xylenes through toluene hydrodealkylation (THD) and
disproportionation (TDP), which has been used to reduce the
overproduction of toluene relative to demand.”® In 2018, the
global production of BTX aromatics reached 43, 22, and 54 Mt
for benzene, toluene, and mixed xylenes (ortho/meta/para),
respectively.'”

Of the global chemical flows, roughly 61% of downstream
chemicals considered in this study are used for plastic produc-
tion, and comprise roughly 24% of all global chemical flows.®
Therefore, increasing plastic recycling has become a target of
many industrialised economies that will reduce the primary
chemical demand, particularly for HVCs." Global plastic collec-
tion rates for plastics have been increasing steadily since 1990,
increasing from 2% to 15% in 2019.>® However, there is
significant disparity between plastic recycling rates by regions,

Energy Environ. Sci., 2023, 16, 2879-2909 | 2881
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ranging from 8.2% in non-OECD other Africa to 25.2% in OECD
Europe for 2019, as shown in Fig. 6.%°

Additionally, the actual recycling rate of collected plastics is
still rather low globally, ranging from 50% in the United States
to 71% in non-OECD Latin America.”® Although plastic recy-
cling rates have grown rather significantly, global secondary
plastic production has not seen the same levels of growth, as
secondary plastic production has only grown from 1.5% of total
plastics in 1990 to 6.3% in 2019, as shown in Fig. 7.

Unlike other energy-intensive materials, plastics tend to
have short lifetimes, Table 1 shows the main uses of plastics,
shares of plastics by use, and mean product lifetimes according
to Geyer et al.,” with many packaging plastics returning to waste
streams in less than a year of manufacture.” However, plastic
waste mismanagement continues to be a global challenge, as
most plastic waste is either discarded or incinerated. Without
action, this issue may compound itself as Geyer et al.> project
that by 2050 humanity will have produced over 25 000 million
metric tons of plastic waste.

1.2. Perspectives of the chemical industry transition

Research regarding a transition of the chemical industry to
net-zero emissions has been increasingly gaining attention.
Chung et al?® reviewed decarbonisation options for the
chemical industry, finding CCU and biomass as significant
crosscutting options for the defossilisation of feedstocks as a
means to couple the chemical industry with the larger energy-
industry system. Material Economics®® develops net-zero

2882 | Energy Environ. Sci., 2023, 16, 2879-2909
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emission pathways for Europe by 2050 for plastics and ammo-
nia, finding for plastics that circular economy, recycling, and
bioplastic production are key technologies to reach net-zero
emissions without CCS, though they do not consider e-plastic
routes with e-methanol as the platform chemical. For ammonia,
new processes, i.e., electricity-based ammonia (e-ammonia), are
essential for emissions reduction without CCS, as circular
economy options are limited. Schneider and Saurat®' similarly
developed a zero-emission pathway for the European plastic
sector by 2050, finding significant roles of plastic recycling,
MTO, MTA, and e-naphtha steam cracking to reach net-zero
emissions. On a global scale, Kitelhon et al*® investigated
the potential for electricity-based methanol (e-methanol) and
electricity-based hydrogen (e-hydrogen) to substitute fossil
feedstocks by 2030, emphasising the role of defossilisation of
global electricity supply to achieve net-zero emissions in the
CCU-based chemical industry. The global net-zero emission
chemical industry scenario developed by Saygin and Gielen*
still has fossil feedstocks around 25 000 PJ (6940 TWh) in 2050,
largely for the production of HVCs, and therefore requires
0.94 GtCO,/a of fossil CCS and 0.55 GtCO,/a of bioenergy with
CCS (BECCS). Cost-optimal pathways for the global chemical
industry without CCS were developed by Zibunas et al,*

This journal is © The Royal Society of Chemistry 2023
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finding that the total energy consumption of the chemical
industry ranges from 134 to 160 EJ (37 200-44 400 TWh), and
that all primary energies for the global chemical industry
can be provided from biomass, ranging from 0 to 65%, and
electricity, ranging from 15 to 75% of all resource consumption.
Huo et al®* studied the net-zero transition of the global
chemical industry, finding a global CO, demand of 2.2-3.1
GtCO,, and a potential supply of 5.2-13.9 GtCO, from the
power, cement, steel, and pulp and paper sectors; however,
this still assumes some fossil usage in power plants and
steelmaking, which may not be available in a full defossilisa-
tion of the energy-industry system.

While there have been several studies demonstrating the
feasibility of the chemical industry to achieve net-zero emissions
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at both regional and global scales, there are no studies, to the
knowledge of the authors, providing long-term projections of
chemical production to the end of the century considering high
levels of sustainability. Net-zero transition scenarios for the global
chemical industry by 2050 have been performed at a global level,*?
and considering fossil CO, supply from the power sector and the
steel industry at a major region level;** however, none have been
performed at a high regional resolution providing techno-
economic implications for the chemical industry transition in
the context of a larger energy-industry defossilisation. Even the
leading Integrated Assessment Model (IAM) scenarios, such as
that developed by Luderer et al.,*® consider the continued usage of
fossil fuels in the chemical industry despite reaching 97.8% RE
share in electricity generation. The novelty of this research is
therefore in developing the first global chemical and feedstock
projections at a high geographical resolution to 2100 for business-
as-usual and net-zero emission scenarios considering high and
low biomass variations. Furthermore, this research is the first of
its kind to evaluate the annualised and levelised costs of the
global chemical industry based on green e-ammonia and green
e-methanol by applying the levelised cost of electricity (LCOE)
according to Bogdanov et al*® and greenhouse gas (GHG) emis-
sion costs according to the 2021 IEA World Energy Outlook.?” This
research on a high geographical resolution thus demonstrates
specific regional pathways for sustainable feedstocks to enter the
global chemical production landscape.

This study is organised as follows: Section 2 describes the
methodology and data, Section 3 presents the results, Section 4
provides a discussion of the results, limitations of this study,
and recommendations for future work, and Section 5 offers
conclusions.

2. Methods and data

This section presents the data and methodology applied for
developing scenarios for a defossilised chemical industry.
Section 2.1 describes the data and methods applied for devel-
oping the chemical production model for the base year of 2020.
Section 2.2 explains how future chemical demands were
determined and distributed among 145 LUT regions. Section 2.3
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Fig. 6 Plastic collection and recycling rates by OECD regions in 2019.28
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Table1 Main uses of plastics, shares of plastics by use, and mean product
lifetimes according to Geyer et al.?

Share of Mean use

Plastic use type total lifetime [years]
Packaging 45% 0.5

Building and construction 19% 35

Other 13% 5

Consumer and institutional products 12% 3
Transportation 7% 13
Electrical/electronic 4% 8

Industrial machinery 1% 20

then presents the scenarios that were considered in this research
to achieve net-zero CO, emissions in the chemical industry.

2.1. Global chemical production landscape

Globally, around 20 chemicals are responsible for 75% of the
chemical industry’'s GHG emissions.” As a starting point, a
bottom-up model was developed based on production data for
the most downstream chemicals modelled according to
Horton,'® which were then distributed regionally according to
Keiner et al.*® The bottom-up chemical model developed con-
siders the composition of each primary chemical based on its
downstream derivatives according to eqn (2.1), using 2018
production quantities and shares from Horton."® Shares of
downstream chemical demands for each primary chemical
are shown in Table S1 (ESIf).

)

P =
¢ Sp.c

(2.1)
where Pc is the total primary chemical demand, Dg; is the
downstream chemical demand for chemical 7, R;; is the
primary chemical demand to produce one ton of chemical i,
and Sp, ¢ is the total share of downstream chemicals modelled
relative to the total primary chemical demand.*®

The final chemical demands were separated by their end use
of plastics, non-plastics, and pesticides. Plastics as a share of
each final chemical were determined according to shares
reported by Levi and Cullen and are shown in Table S2 (ESIT).
The shares of plastics for each final chemical were then used as

2884 | Energy Environ. Sci., 2023, 16, 2879-2909

a basis for determining available plastics for recycling and
waste incineration. The amount of plastic chemicals was then
determined according to eqn (2.2). Regional plastic collection
and recycling rates were applied according to the OECD data
and are shown by OECD regions for each NZE scenario in
Tables S4-S7 (ESIt), with Table S3 (ESIT) showing the historical
CAGR of recycling collection rates by major regions from 1990
to 2019. Similarly, regional plastic incineration growth rates are
shown in Table S8 (ESIt), and regional growth rates by scenarios
are shown in Tables S9-S12 (ESIT). Collection-to-recycling rates
were varied linearly from their regional values in 2019 to reach
100% by the net-zero year for the NZE scenarios, and by the CAGR
from 2000 to 2019 under business-as-usual conditions.

Cplaslic = Z Cﬁnal‘iSplastic‘i (2‘2)
i

where Cpagtic is the total chemical-to-plastic demand, Cgipay,; is the
total demand of the final chemical 7, and Spjasticy; is the share of
the final chemical i to plastic production.

These downstream chemicals, along with chlorine, were
then allocated categories based on their chemical structure
and end-use, primarily to identify which chemicals are used as
plastics. The mass balances of the ecoinvent 3.0 database®®
were used to determine the primary chemical demand of the
downstream chemicals modelled, which then require primary
energy feedstocks. Additionally, secondary plastic production
was modelled as 6.3% of the total thermoplastics considered in
this study. Considering that feedstocks for HVC production
varies significantly by region, feedstocks for HVC production,
primarily those for steam crackers, were distributed by major
global region for Europe, Eurasia, Middle East and North
Africa (MENA), sub-Saharan Africa (SSA), the Southeast Asian
Association for Regional Cooperation (SAARC), Northeast Asia,
Southeast Asia, North America, and South America on a 145
LUT region-basis as used in Bogdanov et al.*®

The regional distribution of feedstocks for HVC production
is shown in Table 2 for ethylene and Table 3 for propylene.
Steam crackers additionally have a pygas component that con-
tains BTX aromatics, among other aromatic chemicals, and BTX
shares in pygas were applied according to Levi and Cullen,® and
are shown in Table S13 (ESIt). While significant quantities of

This journal is © The Royal Society of Chemistry 2023
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Table 2 Feedstock shares for steam crackers by major region according
to Horton© Steam crackers are used as the primary technology for
ethylene production, with propylene and BTX aromatic co-products. The
distribution of co-products per tonne of ethylene is shown in Table S13
(ESI)

Ethane Propane Butane Naphtha Gas oil Other”

Europe 11% 8% 8% 66% 7% 0%
Eurasia 8% 5% 5% 67% 15% 0%
MENA 63% 24% 5% 8% 0% 0%
Sub-Saharan Africa 25% 25% 0% 0% 0% 50%
SAARC 6% 3% 2% 77% 10% 3%
Northeast Asia 6% 3% 2% 77% 10% 3%
Southeast Asia 6% 3% 2% 77% 10% 3%
North America 44% 19% 13% 19% 3% 1%
South America 26% 10% 0% 58% 6% 0%

% The other feedstock assumed to be naphtha.

Table 3 Feedstock shares for propylene production by major region
according to Horton.*® Shares in this table were primarily used to deter-
mine the shares of technology applied to the remaining propylene
demand after considering propylene co-products from steam crackers.
The distribution of co-products per tonne of propylene is shown in
Table S14 (ESI)

Steam Deep catalytic ~ Propane

crackers cracking dehydrogenation
Europe 26% 25% 7%
Eurasia 26% 25% 7%
MENA 30% 26% 44%
Sub-Saharan Africa 30% 26% 44%
SAARC 44% 25% 31%
Northeast Asia 44% 25% 31%
Southeast Asia 44% 25% 31%
North America 33% 54% 13%
South America 42% 58% 0%

propylene and BTX aromatics are supplied by steam crackers,
especially those with heavier feedstocks, this supply is not enough
to meet global demand. Therefore, refinery oil and propane
are used as feedstocks for propylene production through deep
catalytic cracking and propane dehydrogenation, respectively.
Additionally, catalytic reforming of naphtha is used to satisfy
the remaining BTX aromatic demand, with p-xylene being the
chemical most supplied from refinery naphtha.® The result is that
there is often a mismatch between supply and demand of BTX
aromatics, especially toluene, though this can be somewhat
mitigated by converting toluene to benzene and xylenes through
toluene disproportionation and toluene hydrodealkylation.*"°
For ammonia and methanol production, regional feedstock data
were not available; therefore, global feedstock shares for these
chemicals were applied according to Levi and Cullen,® as shown
in Fig. 8.

The global flow of these chemicals along with chlorine, as
shown in Fig. 9, traces the fossil feedstocks to primary and then
downstream chemicals that are then used for fertilisers, pesti-
cides, plastics, resins, and fibres. The results of the bottom-up
model for 2020 find that the production of primary chemicals
required a total energy and feedstock input of 11029 TWhy,.
The total fossil feedstock was then compared to the 2020 results

This journal is © The Royal Society of Chemistry 2023
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provided by the IEA*® and DNV*' to verify the accuracy of the
model with the collected data. According to the 2019 IEA energy
statistics,*® the most recent year of data available, the total non-
energy use was reported at 38.7 PJ, or 10750 TWhy,, a 2.6%
difference with the calculated number. When compared to 2020
number published in DNV’s 2022 energy transition outlook*" of
40 EJ, or 11111 TWhyy,, this study’s model results find a -0.7%
difference, thus verifying the model functionality for the start-
ing year of 2020. Regionally, China has the largest share of the
fossil feedstock demand, as well as Saudi Arabia, Korea, and
Belgium and the Netherlands (BNL), and several regions in the
United States. The regional fossil feedstock demand is shown
in Fig. 10.

2.2. Future alternatives

For many energy sectors, such as power, heat, and transport,
the discussion on reaching carbon neutrality is often centred
around the concept of ‘decarbonisation’; however, for the
chemical industry, ‘decarbonisation’ is impossible due to the
requirement of carbon feedstocks to produce all large volume
organic chemicals.”? Therefore, the development of a net-zero
emissions or even negative emissions chemical industry must
centre around the concept of ‘defossilisation’, which requires
the introduction of new sustainable carbon feedstocks
through sustainable biomass and carbon capture and utilisa-
tion (CCU).**>***> The most discussed sustainable feedstock
for the global chemical industry has been e-methanol and
biomass-based methanol (bio-methanol),*® which can either
be used directly or as a feedstock for olefins and aromatics
through the methanol-to-olefins (MTO) and methanol-to-
aromatics (MTA) processes. Indeed, methanol has been dis-
cussed as a substitute for oil-based feedstocks and fuels as early
as the 1980s, though fossil methane was suggested as the major
feedstock.”” Both methanol and ammonia can be synthesised
through green e-hydrogen and biomass, and e-methanol and
bio-methanol as the central feedstocks would lead to a metha-
nol economy*® basis for the current petrochemical industry.
In this study, electrolysis based organic syntheses**™>* are not
included in this study due to the early stage technology devel-
opment and low technology readiness levels (TRL 3-5).

2.2.1. Power-to-ammonia. Research regarding sustainable
ammonia has largely fallen into three categories focusing on
blue hydrogen, green e-hydrogen, and electrochemical ammo-
nia production. The use of blue ammonia for ammonia pro-
duction would use carbon capture and storage (CCS) to reduce
the emissions of conventional ammonia production, though
this process would not capture all related CO, emissions and
life-cycle emission factors may be further limited to 60-85%.">*
Green e-ammonia, conversely, proposes the use of green
e-hydrogen for the Haber-Bosch synthesis unit, and a tempera-
ture of 480 °C at a pressure of 150 bar is applied in this research.*®
The use of water electrolysis adds a new water demand of 1.6 tH,0/
tNH; for the water electrolyser that is not present in conventional
ammonia production, which may cause an additional water stress
in regions experiencing water scarcity.'' The green e-ammonia
process, as shown in Fig. 11, consists of two primary subsystems,

Energy Environ. Sci., 2023, 16, 2879-2909 | 2885
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Fig. 9 Global flow from feedstocks to chemicals in 2020. Downstream chemicals are categorised according to their use for chemicals-to-plastics or by
their chemical structure for non-plastic chemicals. Abbreviations: steam cracker (SC), deep catalytic cracking (DCC), catalytic reforming (CR), on-
purpose propylene (OPP), toluene hydrodealkylation (TH), toluene disproportionation (TD), polyethylene (PE), vinyl chloride (VC), ethylene oxide (EO),
ethylene glycol (EG), styrene (St), polypropylene (PP), acrylonitrile (Acr), propylene oxide (PO), acetone (Ace), cumene (Cu), and terephthalic acid (TA).

which are the gas subsystem supplying nitrogen and hydrogen,
and the ammonia synthesis system consisting of the Haber-Bosch
reactor.'” Of the green e-ammonia options, the power-to-ammonia
is the most commercially available, at a TRL of 8-9.'* While there
is research investigating direct electrochemical synthesis of ammo-
nia from water and nitrogen under low temperature and low
pressure conditions, such ammonia synthesis systems are not
yet commercially available.'®

2.2.2. Power-to-methanol. Compared to conventional metha-
nol production, which synthesises methanol from carbon monoxide
and hydrogen, a power-to-methanol route could convert carbon
dioxide and hydrogen to methanol over a Cu/ZnO/Al,O; catalyst,
as shown in Fig. 12. The chosen e-methanol synthesis reactor has an

2886 | Energy Environ. Sci., 2023,16, 2879-2909

inlet temperature of 210 °C and 76 bar.” The entire process has a
water requirement of around 27 tH,0O/tMeOH, for water electrolysis;
however, this requirement is lower than conventional methanol
production, which requires 90 tH,0/tMeOH."® While the overall
synthesis route is similar, e-methanol synthesis from carbon dioxide
and e-hydrogen is at a lower TRL compared to the conventional
route, currently around TRL 7.° Power-to-methanol has been widely
researched as an alternative to conventional production, due to the
wide range of applications for methanol to replace fossil fuels in
marine and aviation transportation as well as chemical production
as envisioned by Olah et al*® and Bertau et al*® and methanol
derivative syntheses envisioned by Banivaheb et al.°® Furthermore,
pilot power-to-methanol plants from Carbon Recycling International

This journal is © The Royal Society of Chemistry 2023
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in Iceland have operated since 2012, and additional pilot plants
are being developed by Power to Methanol Antwerp®” and
Project Air,>® which plan to have operational plants by 2022
and 2026, respectively. The first commercial power-to-methanol
plant using atmospheric CO,, with a capacity of 110 ktMeOH,
started production in October 2022 in Anyang, Henan Province,
China. It uses the emissions-to-liquids technology developed by
Carbon Recycling International.”®

In this research, a carbon dioxide demand of 1.46 tCO,/
tMeOH is considered to be supplied by a direct air capture
(DAC) unit;"*°*®" however, carbon dioxide can also be supplied
from process emissions from the cement mills, pulp and paper
mills, or waste incinerators burning biomass or municipal
solid waste.®®> Techno-economic assessments of the power-to-
methanol route have been investigated for a range of carbon
inputs including CO, from a biogas treatment plant and a fossil
ammonia plant,> DAC,**®* carbon recycling,®®® and other
point sources.®”””®® Research has also investigated sourcing
carbon dioxide from lignite power plants;’® however, this would
not be a fully sustainable solution given the use of coal as an
input for electricity generation and leakage emissions, as point
source carbon capture from coal power plants is typically
designed around a 90% CO, efficiency.”" Additionally, the fossil
carbon embedded in the methanol could return to air or water
as CO, or other GHG emissions at the end of its life cycle.

2888 | Energy Environ. Sci., 2023, 16, 2879-2909

2.2.3. Power-to-methanol-to-olefins. Although there are
pathways to directly synthesise ammonia and methanol from
green e-hydrogen, such routes are not readily available for
olefins or aromatics, as the single stage conversion of hydrogen
and CO, to olefins is still at a TRL of 3-4.** Therefore, the
conversion of methanol has been proposed to substitute oil
feedstocks. The MTO process, however, has largely been inves-
tigated to use coal-based methanol as an input, largely in China
due to the high availability of coal.**”> Due to its commercia-
lisation in China, MTO already has a high TRL of 8-9.** MTO,
as shown in Fig. 13, operates at around 500 °C and 2.5 bar over
a SAPO-34 type catalyst, with a carbon selectivity ranging from
78 to 82%.”* The methanol input for MTO assumed in this
study is 16.34 MWhMeOH,LHV/tOIefin.G Multiple MTO processes
have been developed, and different ratios of ethylene and
propylene can be achieved depending on the catalyst used.”
In addition to the ethylene and propylene products, there is a
heat by-product of 0.688 MWhy,/tOlefin at 500 °C and a water
by-product of 1.685 tH,O/tOlefin.”*

2.2.4. Power-to-methanol-to-aromatics. Compared to the
MTO route, MTA is much less developed, with a TRL of 7.**
MTA has also largely been researched in the context of coal-
1.%7%77 The MTA process, as shown in Fig. 14,
converts methanol to aromatics over a zeolite catalyst, HZSM-5,
at 370-540 °C and 20-25 bar.** Of the final products, BTX

based methano

This journal is © The Royal Society of Chemistry 2023
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aromatics compose around 16% of the total yield by weight;
t