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Hydrogen production along with CCUS (carbon capture, utilization, and storage) are two critical areas
towards decarbonization and transition to net-zero from the current fossil fuel-based energy system.
Although some technical challenges and relatively high costs of these technologies are the limiting
factors for their wide-scale use in the short term, the other challenge in the mass-adoption of these
technologies is the lack of the hydrogen- and CO,-compatible midstream (transport, pipelines, storage,
etc.) and downstream (engines, turbines, etc.) infrastructure, especially as it is related to the scale
required for their wide adoption. The widespread infrastructure to support the large-scale hydrogen (H,)
economy with CCUS is not expected to be ready before 2030 in any part of the world, although the
social and legal obligations to decarbonize energy and other infrastructure-heavy sectors are moving
much faster. The lack of compatible midstream and downstream infrastructure is limiting the large-scale
utilization of H,, and captured CO, can be partially offset by producing sustainable liquid electro-fuels
(e-fuels) derived from H, and captured CO,. The carbon-neutral liquid e-fuels derived from H, and
captured CO, are attractive for multiple reasons, which include (i) being compatible with existing
infrastructure for storage and transportation, (ii) being compatible with existing internal combustion
engines in aviation, shipping, freight, etc., without requiring any modification to the engine or other
equipment, (i) being low in sulfur and being also able to be mixed with kerosene produced using fossil
fuel, and (iv) huge transport market for their fossil fuel-based counterparts, with potential for greater
long-term returns in view of their contribution in reducing carbon emissions from this sector. In terms
of the technology readiness level and the field experience, liquid e-fuels have been produced at various
pilot and industrial scales worldwide without any technical barriers. This study reviews a large number of
technologies for H, production (16 technologies), CO, capture (7 technologies), their performance data,
and the costs. Further, this study reviews the processes, including reactions, catalysts, and costs, to
produce two liquid e-fuels (e-methanol and e-kerosene) that can be used as carbon-neutral alternatives
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DOI: 10.1039/d2ya00173j to their fossil fuel-based conventional counterparts. The current and future projects for commercial
production of liquid e-methanol and e-kerosene are also reviewed. Finally, the outlook and challenges

rsc.li/energy-advances to produce liquid e-fuels are discussed along with recommendations.

1 Introduction

For reaching net-zero by 2050, global H, production needs to
grow 80-95% per annum from the current H, production of
~120 MM tonnes per annum (tpa) according to the ‘“Mission
Possible” report." As per the global carbon-neutral goal by 2050
and sustainable development scenario (SDS), carbon capture,
utilization, and storage (CCUS) capacity worldwide must
increase from 40 MM tpa in 2020 to 800 MM tpa by 2030.>
According to the IEA*? the net-zero emission goal is virtually
impossible to achieve without CCUS. The countries in Asia
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Pacific, the world’s most populous and fastest-growing region
economically, emit about half of the global greenhouse gas
(GHG) emissions. The energy demand in Asia Pacific over the
next two decades is expected to be almost two-thirds of the
global energy demand growth, and a large part of that demand
will be likely met by hydrocarbons. Demand for some key fossil
fuel-based hydrocarbons can be met by carbon-neutral liquid
e-fuels produced using H, and captured CO, to a reasonable
degree in the medium-term, whereas e-fuels will completely
substitute fossil fuels in some key industries (e.g., aviation)
by 2050.

There is wide interest in H, as a fuel in the mobility (FCEVs,
HICE), power generation (gas turbines or fuel cell power plants),

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and other industries (steel, chemical, heat, etc.) according to the 0
routes listed in Fig. 1. Among these different options where H,
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Fig. 1 Alist of available routes to integrate hydrogen in various sectors of
the economy, including power, gas, mobility, and industry.

can be integrated within the economy, the primary demand
growth drivers of H, are expected to be transportation and
industrial uses. In contrast, the use of hydrogen as a fuel for
power generation (electric and gas utilities) is unlikely to be its
growth driver because of high production costs and efficiency
losses which make H, too expensive in power generation;* how-
ever, despite the cost disadvantage, the motivation for using H, in
power generation at present is primarily to meet decarbonization
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Fig. 2 Utilization of CO; as a valuable commaodity in various sectors of the
economy, including new pathways, such as fuels and chemicals.

goals, increasing interest in renewable energy and energy storage.
The growing potential of hydrogen in the power sector will require
lower costs, refurbishing existing coal and gas power plants that
enable burning H,-rich fuels, and creation of markets and hubs.
Similarly, global consumption of CO, in 2019 was estimated to be
230 MM tpa® (with ~57% in urea and 34% in EOR) for applica-
tions shown in Fig. 2, and it is expected to grow to 272 MM tpa by
2025. Unlike H,, the price of CO, varies significantly based on the
region and the industry, such that the price of CO, can range from
$3 to >$400 per ton and its supply is closely related to ammonia
and fertilizer manufacturing.’

Although H, can be integrated into various sectors of the
economy through power, gas, mobility, and industry based on
the routes listed in Fig. 1, it needs H,-compatible midstream
and downstream infrastructure that remains uncertain to pre-
dict in terms of its development and timeline. The diverse
applications of H, would require the deployment of large-scale
infrastructure, but despite the potential economic and environ-
mental prospects from these applications, securing investment
for midstream and downstream infrastructure that typically
involves a wide number of stakeholders is challenging due to
the lack of a clear business model.

With the challenge mentioned above in securing investment
for H,-compatible infrastructure, the most realistic application
for large-scale utilization of H, in the near- to mid-term is to
produce liquid electro-fuels (e-fuels) derived from H, and
captured CO, (e.g., carbon-neutral synthetic methanol and
kerosene) because of the following unique advantages of liquid
e-fuels:

e Compatible with existing infrastructure for storage and
transportation of liquid fossil fuels.

e Compatible with existing internal combustion engines
(ICE) in aviation, shipping, freight, etc., without requiring any
modification to the engine or other equipment.

o Synthetic kerosene is low in sulfur and can also be mixed
with conventional kerosene produced using fossil fuel.
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e Having an existing market with huge demand and carbon-
neutral liquid e-fuels are the only realistic options in the near-
to mid-term in reducing carbon emissions at scale from road,
maritime, and aviation transport.

Carbon-neutral e-methanol and e-kerosene are the two most
important fuels that can be produced using captured CO, and
H,. More than 95 billion liters of methanol (~98 MM tpa) is
manufactured every year, making it the world’s most commonly
shipped chemical commodity.® Methanol is a highly versatile
chemical that is widely used in various applications, for
instance, as a transportation fuel and as a feedstock to produce
various chemicals/products. Further, the need for a high-
energy-density liquid fuel in aviation is provided by kerosene,
and its combustion is responsible for ~98% of emission in
the aviation sector. The aviation sector is difficult to decarbo-
nize because of its need for high energy-density liquid fuels
like kerosene, which cannot be easily replaced in the coming
decades. Currently, long-haul operational aircraft engines
cannot operate on electricity or H,; therefore, the concept of
sustainable aviation fuel (SAF) is the only option to decarbonize
aviation, which is enabled by a low-carbon kerosene (e-kerosene)
produced using H, and captured CO,. It is estimated” that 65% of
carbon mitigation to achieve netzero in the aviation sector by
2050 will be contributed by SAF. For this reason, SAF annual
production is expected to increase’ from the current 125 million
liters to 5 billion by 2025 and potentially 30 billion liters by 2030.
In the U.S., SAF production is expected to reach at least 3 billion
gallons per year by 2030 which will reduce the emissions in
aviation by 20%. For net-zero in aviation by 2050, the share of
SAFs in jet fuel demand is expected to grow from 0% in 2019 to
~15% by 2030, 60-65% by 2040, and 100% by 2050.

The rest of the paper is organized as follows: Section 2.1
discusses the pathway to produce liquid e-fuels using H, and
captured CO,, including the status of H, production and CO,
capture technologies. Sections 2.2 and 2.3 review the techno-
logies to produce H, and capture CO,, including their perfor-
mance data and costs. Section 2.4 reviews the technologies
required to produce e-methanol and SAF, including the pro-
cesses, reactions, catalysts, and costs. Sections 3.1 and 3.2
review the current and future projects for commercial produc-
tion of e-methanol and SAF. The final section discusses the
outlook and challenges in producing liquid e-fuels along with
recommendations.

2 Method and technologies
2.1 Pathways and summary of technology readiness

Although H, can be used as a fuel directly, the infrastructure
required to support large-scale application of H, does not yet
exist. Therefore, liquid electro-fuels (e-fuels) derived from H,
and captured CO, are attractive for multiple reasons, which
include (i) being easier to store than gaseous or liquid H,,
(ii) being able to be transported using existing petroleum
infrastructure, and (iv) being compatible in aviation, shipping,
freight, etc., without any modification to engines or equipment.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 A schematic illustrating the use of oil and gas resources to produce carbon-neutral liquid e-fuels. Hydrogen can be processed with captured CO,
to produce carbon-neutral liquid e-fuels (e.g., e-methanol, e-kerosene) which (i) are compatible with existing engines, (ii) are easier to store, and (iii) can

be transported using existing petroleum infrastructure.

Fig. 3 shows a summarized overview of strategies to integrate
H, production and low-carbon e-fuels derived from H, through
existing oil and gas resources and infrastructure. Specifically,
H, can be produced either from fossil fuels directly or through
electrolysis that runs on electricity provided by geothermal
reservoirs. Hydrogen can either be used directly for its various
applications listed in Fig. 1, or further processed with captured
CO, and converted to e-methanol and/or e-kerosene.

A summary of all major and novel state-of-the-art H, pro-
duction and CO, capture technologies in terms of the technol-
ogy readiness level (TRL) (minimum of 1 indicating the basic
principles observed and maximum of 9 indicating the actual
system proven in the operational environment) is presented in
Table 1. The technologies listed in Table 1 for H, production
and CO, capture are discussed in detail in the following
sections, including their performance data and costs.

2.2 Hydrogen production

2.2.1 Comparison of technologies. Hydrogen production
technologies that are expected to play an important role in
producing large-scale H, in short- to long-term, along with their
advantages, disadvantages, TRL, and range of cost, are pre-
sented in Table 2. The production of H, is categorized into
4 categories, which are H, produced from fossil fuel, from
biomass and waste-stream, from electrolysis of water, and from
natural free-state occurrence. Hydrogen can be produced from
fossil fuels using seven methods,***"®*® which are coal gasi-
fication, steam reforming (or popularly known as steam
methane reforming when methane is used as a feedstock),
plasma reforming, partial oxidation (POX), auto-thermal
reforming (ATR), pyrolysis of methane, and in situ combustion
of underground reservoirs. Hydrogen can also be produced
from biomass and waste-stream”*>" using the three technologies
discussed here, which are dark fermentation, photofermentation,

© 2022 The Author(s). Published by the Royal Society of Chemistry

and gasification. The third category of H, production is by
electrolysis of water,®**3%31 which refers to splitting water into
H, and oxygen molecules using electricity, and within this
category three technologies are discussed, which are alkaline
electrolyzers, solid oxide electrolyzers, and polymer electrolyte
membranes (PEM), respectively. Finally, the last category of
H, production through its natural occurrence in geological
media®*™?° is considered to be the least known, but it offers
the potential to produce large-scale H, most economically
among all methods.

2.2.2.1 SMR with membrane reactors. Although H, production
through SMR is mostly through conventional reactors, mem-
brane reactors have the potential to improve energy efficiency
and conversion efficiency, and reduce costs (relaxed operating
conditions) through process intensification measures like
(i) membrane reactors that combine multiple processes into a
single unit (e.g., reaction and purification) and (ii) low-carbon
sources of heat and energy (e.g., microwave heating, plasma,
etc.). The SMR performance data with different membrane
reactors and their operating conditions is presented in Table 3.

2.2.2.2 Electrolysis

2.2.2.2.1 Electricity consumption. Solid oxide electrolyzers
are technically less mature, but they offer the highest efficiency
among all types by combining heat and electricity to produce
H,. The comparison of three main technologies for electrolysis
of water in terms of their performance as a function of current-
voltage (electricity consumption) data is presented in Fig. 4,
which shows that solid oxide electrolyzers consume the least
amount of electricity, while alkaline electrolyzers consume the
most electricity.

2.2.2.2.2 Startup time. Of these three different types of
electrolyzers, alkaline electrolyzers are technically the most

Energy Adv., 2022, 1, 580-605 | 583
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Table 1 Status of H, production and CO, capture technologies®=*° in terms of their technology readiness level (TRL)

TRL (# and description)

H, production technologies

CO, capture technologies

e Photoelectrochemical water-splitting

o Natural free-state geological occurrence

e Post-combustion ionic liquids

e BECCS power

e Pre-combustion low-T separation
e Dense inorganic membranes

e Hydrate-based capture

1 Basic principles observed

2 Technology concept formulated

3 Experimental proof-of-concept

4 Technology validated in lab eThermochemical water-splitting
5 Technology validated e Pyrolysis of methane

in the industrial environment
reservoirs

e In situ combustion of hydrocarbon

e Dense inorganic membranes
(H, separation for reformer)

e Dark fermentation of biomass
e Photofermentation of biomass
e Solid-oxide electrolysis water-splitting

6 Technology demonstrated
in the industrial environment

e Gasification of biomass

7 System prototype demonstrated
in the operational environment

8 System complete and qualified e Proton exchange membrane
electrolysis water-splitting
9 Actual system proven e Coal gasification

in the operational environment e Steam reforming

e Partial oxidation

e Plasma reforming

e Polymeric membranes (power plants
and NG processing)

e Post-combustion biphasic solvents

e CLC

e CaL

e Polymeric membranes (NG industry)
e Pre-combustion IGCC + CCS

e Oxy-combustion coal power plant

e Post-combustion adsorption

e BECCS industry

e DAC (adsorbents and absorbents)

e Cryogenic (solid CO,)

o Fuel cell capture

e Oxy-combustion gas turbine

e Pre-combustion PSA with cryogenic
(liquid COy,)

e Post-combustion amines (power plants)
e Pre-combustion NG processing

(gas sweetening)

o Auto-thermal reforming
o Alkaline electrolysis water-splitting

BECCS: bioenergy with carbon capture and storage. NG: natural gas. CLC: chemical looping capture. CaL: calcium carbonate looping. IGCC:
integrated coal gasification combined cycle. PSA: pressure swing adsorption. DAC: direct air capture.

mature, but they have several limitations when working with
intermittent renewable energy sources. PEM electrolyzers over-
come some of the limitations of alkaline electrolyzers, includ-
ing (i) integration with fluctuating renewable energy power
systems and (ii) a faster response time, as shown in Fig. 5.%°
Most commercially-available PEM electrolyzers have input
power limits of 5 MW and 10 MW as single units (also called
stacks; a module is a combination of several stacks; a system is
a combination of multiple modules), but these stacks can be
grouped to form a bigger unit with a higher power limit.

2.2.2.2.3 Efficiency versus system size. According to the
survey of commercially-available alkaline (from Pure Energy,
McPhy, Hydrogenics, and IHT) and PEM (from Nel, ITM,
Hydrogenics, and Areva) electrolyzers for a range of system
sizes (0.1 kW to 100 MW),>" it was found that gains in efficiency
with the increase in system size reaches a plateau around 100-
300 kW size for both types (alkaline and PEM) of electrolyzers,
as shown in Fig. 6; the reason for the plateau in efficiency is
likely due to modular stacks above a certain scale.>® The high-
est efficiency (or lowest power consumption) for alkaline and
PEM electrolyzers is ~50 kW h kg™' and ~55 kW h kg™,
respectively.

584 | Energy Adv, 2022, 1, 580-605

2.3 CO, capture

2.3.1 Comparison of technologies. There are 7 major carbon
capture technologies, which are listed in Table 4. The two most
popular capture technologies are post-combustion and gas sweet-
ening, primarily due to a large number of industrial applications
in which CO, is separated using these two technologies; power
plants use post-combustion to capture CO, from the flue gas
through regenerative solvents, while natural gas processing facili-
ties capture CO, through the gas sweetening process.

2.3.2 Technology performance data. Table 5 shows the
empirical data®®®” reported by the EDGAR (Energy Delta Gas
Research) CO, purity project, which present the levels of
impurities in captured CO, stream from different capture
technologies. Table 5 demonstrates that post-combustion
(amine solvent-based CO, absorption) provides the highest
level of purity in captured CO,, but with a large variation in
the levels of impurities.

The minimum energy required (as estimated from the
combined first and second laws of thermodynamics) to capture
CO, (with a known starting CO, concentration) increases
sharply with a slope of ~—11 kJ molgo, ' for CO, concen-
tration lying between 0.4 and 0.05, and with a slope of
~—220 KkJ molcoz’1 for CO, concentration below 0.05 in the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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gas mixture.®® Specifically, capturing CO, from the most con-
centrated source, such as fuel gas from coal gasification, flue
gas from coal and natural gas oxidation, etc., requires relatively

less energy between 1 and 4 kJ molCOzfl, compared to captur-
ing CO, from air using DAC (with ~0.04% or 409 ppm CO,
concentration), which requires between 19 and 21 kJ molcoz’l.

Table 2 Summary of technologies for production of hydrogen® % at a medium to large scale. Each technology is color-coded to depict the

greenhouse gas emissions associated with the produced H,, where grayish blue represents the technology with the largest amount of emissions and dark
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green represents the technologies with the least amount of emissions2.2.2 Technology performance data

Technology

Description

Advantages

Disadvantages

Cost [$ per kg H,]

Simpler emission
Steam and oxygen are used .
L i control over Produces CO, and 9 (6-7 1.34 (without CCS)-
Coal gasification for combustion and reacted . K .
) conventional other pollutants with CCS) 1.63 (with CCS)
with coal .
combustion
The steam created by
. combustion with air is reacted Mature technology 9(7-8 2.08 (without CCS)-
Steam reforming (SR Produces CO
g (SR) with the feedstock and and easier to scale up 2 with CCS) 2.27 (with CCS)
catalyst. Endothermic
Similar to SR, but uses high Does not require a . -
) High electricity
. temperature electric heat catalyst. Reduced X
Plasma reforming o . requirements. 5-6 <2.08
from plasma devices instead reactor size and
: Produces CO,
of steam weight
Faster start-up times
é Steam created by combustion and reIatin/e
= Partial oxidation (POX) with partial use of oxygen. No Produces CO, 9 1.48 (with CCS)
* i compactness. No
3 catalyst used. Exothermic )
E catalyst required
<
w Faster response times. Produces CO,.
Simpler and cheaper Requires pure
Auto-thermal reformin, Combination of steam thgn SR. Com ast oxq en oF:air 9(7-8
J reforming and partial L P s A i ) 1.48 (with CCS)
(ATR) o design relative to separation unit. with CCS)
oxidation R . .
other fossil fuel-based Limited commercial
methods experience
Uses a catalyst to crack . Co-produces tar
) X No CO, emission.
Pyrolysis of methane methane at high temperature X that can plug the 3-5 1.59-1.70
K Produces solid carbon
in the absence of oxygen reactor
Unwanted gases are Complex in situ
In situ combustion of Steam/air/oxygen injection in not produced via combustion that is 3.5 <
hydrocarbon reservoirs fossil fuel-bearing reservoirs downhole purification. difficult to control
Low-cost production and predict
. . Relatively simple .
Wet biomass. Uses anaerobic Low yield of H,
) . technology. Waste K 4-5 (3-5
Dark fermentation bacteria under dark . relative to reactor . 2.57
. recycling. CO,-neutral with CCS)
conditions volume.
IS process.
©
o
5 Relatively simple
2 . . ysimp Low yield of H,
@ ) Wet biomass. Uses anaerobic technology. Waste X 4-5 (3-5
g Photo fermentation . . . relative to reactor . 2.83
bacteria and light recycling. CO,-neutral with CCS)
e volume
S process
w
©
g Pre-treatment cost.
i Dry biomass. Uses a Relatively simple Fluctuating H,
g e controlled amount of oxygen technology. Waste yields because of 5-6 (3-5
2 Gasification > . . 1.77-2.05
w and/or steam. No bacteria recycling. CO,-neutral feedstock with CCS)
required. process. impurities. Co-
produces tar

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Produces H, by splitting water
through a series of high- . Requires additional
Suitable for large-
temperature (800-900 °C) 'g H, distribution
R X . scale production i
chemical reactions by using . N network due to its
) capacity that is larger
heat as the input energy. A large-scale
) . X than the scale of H, X
Thermochemical process single step conversion of . R production 2-4 3.70
. refueling station. Can .
water to H, through direct . X capacity.
L . utilize sunlight and/or .
thermolysis is possible, but Commercial
R A ) heat from nuclear s e s
not practical as it requires waste viability is currently
extremely high temperature challenging
(>2500 °C)
Low operating
Very low solar-to-H,
. temperatures and .
Produces H, by splitting water : conversion
. cost-effective .
. through semiconductor . s efficiency (< 3%).
Photoelectrochemical . K materials (thin-film, 8
immersed in a water-based . Low current density 2-3 5.70
(PEC) process L. particle
electrolyte that uses visible . due to reduced area
light as the input ener, semicendustor; Can of electrolysis in
- P &Y utilize an unlimited solar cZII
2 source of solar light
%—
M Corrosive liquid
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Cost [$ per kg H,]

2.3.3 Cost of capture. The CCUS technology is about
~15 years old. However, the costs related to capture technol-
ogy, which can be up to 40% of the entire project, can vary
significantly due to the nature of the capture technology that is
still evolving. The cost of capture varies by industry, from
$15 per ton to $342 per ton, depending on the concentration
of the emitted CO, in the flue stream® as shown in Fig. 7,
which indicates that a higher concentration of CO, (red colored
legend) leads to a lower capture cost. Most of the CO, emissions
in the oil and gas industry are highly concentrated, such as in

586 | Energy Adv, 2022,1, 580-605

natural gas processing, chemicals, and H, production by steam
methane reforming.

The capture costs are the largest in the CCUS value chain,
followed by the costs for compression and dehydration of CO,,
and then the cost of transporting CO,, typically by pipelines.”®
The lowest costs in the CCUS are for the injection and MMV of
stored CO,, which is typically less than 10% of the total cost.

2.3.4 Capture technologies adopted by the oil and gas
companies. Few oil and gas companies have chosen the capture
technologies either for their own operations or as a service,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 SMR performance data with membrane reactors
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Thickness Area AP H, permeance H,/N, GHSV S/C  Sweep CH, conversion
Membrane | (um) (em?) T(K) (kPa) (molm?S ' Pa %) selectivity Catalyst (h™') ratio (molh™) (%) Source
Pd-Ru/PSS 100 1.2 773 100 1.10 x 10°* ND Ni 30 3 0.4 80 40
Pd/PSS 11 20 800 100 1.10 x 1073 ND Ni 1120 3 1.3 82 41
Pd/A1,03 3.8 155 823 2500 3.70 x 1073 97 Ni 150 3 0.13 91 42
Pd-Alloy/PCS* 7.3 93.3 823 800 2.20 x 1073 ND Ni 3000 3 None 68 43
Pd 11 35.8 873 1600 1.70 x 107° 3000 Ni 600 3 None 37 44
Pd-Ru/PSs” 5 13.3 853 2900 2.70 x 10° 200 Ni 150 3 None 85 45
Pd-Au/PSS 5 16.1 784 2800 2.40 x 107° 6400 Ru 147 3 None 94 46
Pd-Based 13 44 673 300 3.80 x 1072 9000 Ni 2600 3.5 1.36 84 47
Pd-Ru/PSS 6 100 773 253 3.50 x 107° 59 Ni 837 3 None 77.5 48
Pd-Based/PSS  4-5 175 823 1013 2.40 x 10° 618 Ru 2000 3 None 82 49
ND: no data. GHSV: gas hourly space velocity. S/C: steam-to-carbon. “ Porous ceramic support. ” Porous stainless-steel support.
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Fig. 4 Comparison of alkaline, PEM, and solid oxide electrolyzer cell
(SOEC) technologies for electrolysis of water as a function of electricity
consumption (current and voltage).® The indicative temperatures and
pressures for each technology are a general representative of their
operating conditions.
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Fig. 5 Comparison of start-up times for PEM, alkaline (ALK), and solid
oxide electrolyzer cell (SOEC) technologies.>®

where some of the notable companies are Oxy, Shell, Baker
Hughes, and ExxonMobil.

Oxy is deploying the world’s largest direct air capture (DAC)
facility in the Permian Basin (referred to as DAC-1) to use
captured CO, for enhanced oil recovery (EOR), which is cur-
rently in the front-end engineering and design phase and
expected to be online by early 2024.”" The DAC-1 facility will
extract up to 1 MM tpa of CO, (at a cost of ~$500 MM) with
>99% purity from air, which is equivalent to the annual
emissions of about 215 000 cars. Additionally, Oxy is planning
to build 70 DAC facilities by 2035, each with up to 1 MM tpa

© 2022 The Author(s). Published by the Royal Society of Chemistry

Fig. 6 Electrolysis energy consumption (indicator of efficiency) versus
system size of the alkaline (from Pure Energy, McPhy, Hydrogenics, and
IHT) and PEM (from Nel, ITM, Hydrogenics, and Areva) electrolyzers for a
range of commercially available electrolyzers.>

capture capacity, where the oil produced using this captured
CO, through EOR will be marketed as net-zero oil. Oxy signed
its first contract to supply 200 000 bbl per year of net-zero oil
(produced using CO, captured from DAC facilities) for 5 years
to SK Trading International, based in Seoul, South Korea.””

Shell has been testing various capture technologies in
collaboration with other partners in Europe, and it has now
decided to use solid sorbents in place of liquid solvents while
moving from demonstration-scale to large-scale operations.
Shell plans to scale solid adsorbent technology from current
1 tpd to 150 tpd by 2024 with an eventual target of 1000-2000 tpd
commercial plants.”® Shell’s solid adsorbent technology can sepa-
rate over 90% of the CO, from post-combustion flue gases with
95% purity, and it is reported to be 40% cheaper than liquid
amine technology.

Baker Hughes has three carbon capture technologies,”
which are (i) chilled ammonia process (CAP), (ii) mixed salt
process (MSP), and (iii) compact carbon capture (CCC). Of these
three technologies, CAP is a post-combustion technology
(with a TRL of 7) based on a non-proprietary solvent formula-
tion that uses readily available ammonia to capture CO, from
low-pressure flue gases generated by point-sources of emis-
sions, such as fossil-fuel-based power plants, waste-to-energy

Energy Adv, 2022, 1, 580-605 | 587


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ya00173j

View Article Online

Review

Energy Advances

saderaaaq pajreuoqIed sased JULWAD Jjuawad  sased [erIsnpur $10399S [eL1)
puUB 9SNOYUaIH  [BLIISNPUI PUEB I19MOJ [993s pue 19m0d [993S pue I19mM0d pue 1amod pue 1amod pue 1amod -snpur 1ole
Kouaronge
A3orouyomn XAdVD armdes A3orouyomn
XAAVD Y31y A[paneod Imjew SSIT A8o[ouyoay axnyewr ssa1 XAAYD Y31y Apaneey  ydiy Ajeane[oy IaMmoT aImjew ssaT  saSejueapesia
UOISSTW 921nos-yurod pinjj Sunjiom ayy se ammdeo pamndeo
10J Paau Ay} INOYIM ZQD 9zI[IIN OS[e ueD syjouaq 0} I91SBd SI YoIym ‘weamns SI 0D JO
U31ed 9Y) UO 2I9YMm -1adeayp “Aousroygo IE[TWIS YIIM INg ‘UOTISNUIODd angy ur °0D Jo uonel}  UONEBIIUIIUOD A3ojouyo Aouaroyge
-Aue ¢Qn axmdes uen armded y3iy A1oA -Ax0 03 uondo 2A19A-1S0D -U20u0d YJIY € 0) Spea Y3y v oInjeuws IO armdeo y3iH sadejueApy
‘H 3H pue XON
Ire pue Q) JwWOS pue ‘1aem ‘°QD 20 pue QD weals pue QD XOS ‘°N ‘0D TN pue ‘0D TH pue QD sindyino
sjuaqIospe
syuaajos pinbip pue
SouBIqUIdW WI9ISAS M 3Urood  ‘souBIqUIIW SouBIqUIOW sjuade
pue syuaqIoSpy [Ee2TWaYD01303[H SOUBRIQUIdW PUE SIUIA[OS SOUBIQUIdW pUE SJUIA[OS o1ua3oA1D ‘SIUA[OS pue syuoajos  Jurrmded 20D
110dsuen Suims
JTUOT dATIOJ[AS Vi pros/pmbi;  armjeradwa Suims
20D oreredas 01 9)4] 03} sed Io/pue 21Ins armieradwa)
uondios 10/pue -01329[2 a3 y3noiy) Summs arnyerodwiay  Jumms arnjeradway 10/pue woij a3ueyd -saxd Yy 10/pue ainssaid WISTUBYIIW
uoneredas sUBIqUIIA 2op dwind spg 10/pue ainssaxd ym uondios ainssaxd yym uondios aseyd ja11q uondiog s uondios aimdeD
°ny SUONOELAI UONBPIXO-UONINPAI jrun uoneredas Ire ony [oNj pue  UOHSNqUOD 0}
pue (uadAxo 10/pue) y3noiy) 1a111ed Ua3AX0 23eIS-pI[os oYyl  Ue Wi A[[euiaixa parddns pue Ire ypim  Ire yum uony  1oud sytun uopn
IIe U3IM UOIISNqUIOd  woly A[[eUIdiul PajoenXa SI ¢Q ‘[onj pue  SI Q0 ‘[onj pue uadAXo Y3  uonsnquiod o3 -SnquIod 03 -eoyIsed woijy UOISSTW
uonsSnquIod oN "Iy 03 onp sed onjg  U3AXO0 UIIM UOIISNUIOD 03 anp Se3 anjg  UONSNUIO0d 03 anp sed anjqg onpsedonjg onp sedon)g  Jurwod se3uig Z0D JO 221n0S
ova S[[99 [ond durdooy reatwayn uonsnquIod [oanJAXQ o1uadoA1n poyzow uonsnquIod i
[euonipeiy, -1 SonsuapeIRyD

spoyowt pazijerads

UONISNQUI0d-1SOd

S9-25'6g

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()

"INd T¥:TZ:2T 9202/7T/E UO papeo|umoq “2z0g Jequsidss TO U0 pausiidnd B0y sssooy uedo

winipaw bBunided 20D ayy pue ‘suonedndde jeysnpul Jofew ‘Indino ayy ‘saibojouyday ainyded uogied § dgel

© 2022 The Author(s). Published by the Royal Society of Chemistry

Energy Adv., 2022, 1, 580-605

588


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ya00173j

Open Access Article. Published on 01 September 2022. Downloaded on 3/14/2026 12:21:41 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review
o
A=t
g 50
2| o2
o] N
ol £ & %
(5] S = E
3| T o £ &
Eles|l., 2888a =~
SEEIR oo A g
o |\|°!"°."Im S
OlOgo |l A ® =
[}
g =]
2
2|5
g%
=N ST O e O D R A
=
g
2=
3 ol N
2 (%
o
Q| o
& = 1= A T A O O O A
©
© =
o o
3} =
. AR
] 518
sl 2 2|2
=
g| Al < L T rrr
o°
5 o3
o < Z
x Y
o =) = g g
2| 3 £ 228
© B Q =]
| 2| 2| EEETE g
o a2 2 AnaaESEE =%
| g 2N oo =S o
318l 2|8 2882525 8
<| g Sl T 1 Q8 FQ I
: 7] E 4 oo O 1 o 1 1 (=
el o FIERE2EQS | | S
© =% < | o St AN - —
s
(%] ~_
o
o} £ g 8
O g o 7
° ~ 5 20
2 e
)

g <) (=) <
8 = a5 =
2 =)

o ©n | =83 o
£ L5 888 88 &
c g S - - = wn 2 — 8
" glAv]ivvvaeg | vV R

@
= =
2 g
E ¥ £=
5 2 &8
— =] o 8
g j= S ®
(7} @ o N
> e, Ve o s
< £y x5 8 g
5 glo- — — Qo — &
5 E|AVIVVZEEIVVIZ
&
g
=
o
1 - P
o —_
< S|he &£ EESE
2 : = o
2 g8 =259 22§79
o S| 7 -2 & oo I 4
L Lnolvm. |ooo.
] [~ IS S =] ¥ - Qo
ks)
S| E g
E=) Q a
&l 3 8 X \/E o
0| 2 N =
£1El |, EEZE 2§ &
ol 8 21T mrmmo T A a
ERE LI woeVdS oo ©
5| = g2 a5 1S2 |5
© =¥ | o - — AN — o
0
C
8 ,
S o %)
(@] = ko]
o0 =]
0 ¢ g 8
5 8 = 8 o
Q ag - EE"x <00
% < @ ONNN;_‘EOOO:Q)N
[ O8Om0 zZ<®23zZz00=r

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Energy Advances

'—95_. X X X X N »120
§‘85' TS-
= 75 1100 §
= 65 1 80 =
£ 551
845_ ]\ '60 z
532- f L 40 §

1 £ 4 I [}
O 151 ! ¢ £ ! 8
O 3 r20

Natural gas processing | <>
Ammonia
Bioethanol -
Ethylene oxide -
Hydrogen (SMR) 4
Iron and steel -
Cement -

Coal to chemicals (gasification) { <>

Fig. 7 Range of CO, concentration in % (red colored legend) and the
corresponding carbon capture costs in $ per ton of CO, captured (blue
colored legend) for specific industrial applications. The figure was created
using the data from ref. 5.

power plants, biomass power plants, cement plants, refineries,
and petrochemical complexes. The MSP capture technology
(acquired from SRI International) is a post-combustion tech-
nology that uses a non-amine solvent (widely available and
environmentally friendly) formulation based on commodity
chemicals with reduced energy consumption and greater effi-
ciency in the form of negligible solvent-degradation and
reduced water use. Baker Hughes’ CCC technology (acquired
from 3C) uses solvent-based rotating packed beds. Solved-based
rotating packed beds are compact (75% smaller and 50%
cheaper than conventional amine capture), modular (easy
installation and retrofittable), and solvent-agnostic. The cap-
ture capacity of Baker Hughes’ CCC technology is 250-500 tpd
of CO, with >99% purity.

ExxonMobil has invested in Global Thermostat (a U.S.-based
DAC company founded in 2010) and using its technology to
deploy DAC at Haru Oni Project (Punta Arenas, Chile), which is
an e-methanol (renewable methanol) plant anticipated to be
completed by mid-2022.”°

2.4 Liquid e-fuel production

Catalytic CO, reduction to produce high-value fuels is a major
pursuit towards sustainable production of carbon-neutral fuels
to reduce atmospheric carbon emissions. The low-carbon fuels
possible to be produced by reacting CO, with H, can range
from as simple as methane, ethane (precursor to ethylene,
which is used to make plastics), and propane (for heating
and cooking), to other commercially high-value liquid e-fuels
that include methanol and SAF (synthetic jet fuel).
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Conversion of CO, to liquid e-fuels can be through either a
one-step or a two-step process, depending on the efficacy of the
catalyst, which is a key ingredient in the process that seeks to
activate chemical reactions without being consumed itself in
the process. A one-step process converts CO, directly to liquid
fuels, whereas the two-step process converts CO,/H, to CO/H,0O
in the first reaction (called reverse water gas shift), followed by
the second reaction that combines CO with H, to form the
liquid fuel. The majority of catalysts that enable conversion of
CO, to liquid fuels have limitations in terms of either the
efficiency of conversion to liquids (selectivity) and/or the rate
of formation of liquids. Besides the reactor design that can
facilitate optimum operating conditions for the reactions,
appropriate catalyst selection is key to the performance of the
process to convert CO,/H, to high-value liquid e-fuels. The
technologies involved in producing e-methanol and SAF,
including the process, reactions, and catalysts, are discussed
in the following sections.

2.4.1 e-Methanol production

2.4.1.1 Process. Although almost all the methanol is con-
ventionally produced via syngas where the CO and H, in the
syngas react in an exothermic reaction to form methanol,
methanol can also be produced renewably by direct hydrogena-
tion of the captured CO, (Fig. 8) according to eqn (1) (direct
hydrogenation) and (2) (reverse water gas shift).”® The two
reactants (H, and CO,) are pressurized/compressed (~25 bar)
before feeding them into the first reactor which operates at
high temperature and high pressure”” in case the initial pres-
sures of the supplied CO, and H, are lower than the operating
pressure of the synthesis reactor. The unused reactants follow-
ing the methanol production, which are separated at the exit
stream through condensation, can be recycled via a compressor
and fed back into the reactor in addition to the fresh reactants.
The formation of methanol is an exothermic process that
generates heat, which is supplied for the endothermic reaction
in the first reactor (Fig. 9).

One key operational difference between the traditional and
sustainable methanol production is the significant production
of water in the exit stream in the case of sustainable methanol
production (approximately 30-40% water by mass in crude

TRADITIONAL UNSUSTAINABLE METHOD

LOW-CARBON
SUSTAINABLE METHOD
FEE===== 1

1 DISTILLATION OF
APTURED CO COMPRESSOR METHANOL LOOP CRUDE
| METHANOL
1
GREEN OR BLUE i}
H2

Fig. 8 Block diagram illustrating the traditional and renewable (pure Hy
with captured CO,) methods of methanol production. Modified after
ref. 76.

METHANOL

590 | Energy Adv., 2022,1, 580-605

View Article Online

Review

methanol), which reduces the activity and lifetime of the
catalyst.””

Some of the key factors that influence the methanol syn-
thesis are as follows:

e The composition of the syngas feed (when the produced H,
is not pure).

e The converter designs to remove the heat of the exother-
mic reaction, which includes gas-cooled and steam-raising
variants (axial, radial, and axial-radial configurations).

The three commercially used designs of the methanol
synthesis reactor in the market are based on different heat
transfer mechanisms, which include” (i) quench converter
(direct cool via feed gas injection), (ii) tube-cooled converter
(counter-current gas exchange), and (iii) steam-raising conver-
ter (isothermal bed temperatures). Of these three reactor
designs, the tube-cooled converter (TCC) design enables the
largest methanol production and carbon efficiency (moles of
methanol in crude methanol to moles of CO and CO, in syngas)
per unit volume of the reactor, whereas the quench-type reactor
system typically contains the largest catalyst volume.”®

2.4.1.1.1 H, and CO, utilization. Producing a kg of metha-
nol requires 0.189 kg H, and 1.373 kg CO,*>*" under a limited
conversion rate, or more specifically, according to the process
flow diagram in Fig. 9, producing a kg of methanol requires an
estimated 0.20 kg H, and 1.66 kg CO,’® with BaCeg,-
Zro6Y0.16ZN0,0403 and Cu/Zn/Al as the catalysts for the RWGS
reaction and the methanol synthesis, respectively. Few other
studies®*® mention the net CO, utilization for e-methanol
synthesis as 1.4t CO, per 1t of e-methanol (or equivalently, a kg
of methanol requires 1.4 kg of CO,), which is close to the other
two numbers (1.373 kg CO,**®" and 1.66 kg CO,’®).

2.4.1.2 Reactions. The synthesis of methanol through direct
hydrogenation of CO, (eqn (1)) is an exothermic reaction, but it
competes with the reverse water gas shift (RWGS) reaction,
which is an endothermic reaction.®® The synthesis of methanol
requires retaining an equilibrium, such that at high tempera-
tures the yield of methanol begins to decrease’” as shown in
Fig. 10, which means that an increase in temperature facilitates
CO, activation to undesirable CO and H,O, and reduces its
equilibrium conversion rate.

Conversion of CO, to e-methanol can be either a one-step or
a two-step process, where a one-step process converts CO,
directly to liquid fuels, whereas the two-step process converts
CO,/H, to CO/H,0 in the first reaction (via RWGS), followed by
the second reaction that combines CO with H, to form e-
methanol.

One-step process (direct CO, hydrogenation):

catalyst

=—— CH3;0H +H;0;
——
methanol (1)

CO, +3 H,
—— ~—
captured green or blue

€xo

AH = —49.16 kJ mol™!

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Process flow diagram to produce e-methanol. From ref. 78.
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Fig. 10 Sensitivity of methanol synthesis (from CO, and H,) as a function of pressure and temperature.

Two-step process:
RWGS (600 °C, 24.5 bar’®):

catalyst
CO, + H, — CO + H,0;
e ~~
captured  green or blue (2)
AH % 41.22 kI mol™" [~ 600 — 900 °C]
catalyst
CO, +2 H, == CH;OH;
~~ —~~ — (3)
fromRWGS green or blue methanol

AH = —128 kJ mol™!

2.4.1.3 Catalysts. CO, is an inert gas due to its low reactivity
(a stable molecule with a large bond dissociation energy of
1072 k] mol '), and therefore it requires an active metal

© 2022 The Author(s). Published by the Royal Society of Chemistry

‘Wastewater

Methanol selectivity (%)

100 150 200

250
Temperature (°C)

300 350 400

77.86

catalyst to promote its reaction with the H, to form methanol.
An appropriate catalyst is important not only from the point of
view of reaction performance, but also from an economic
standpoint.®” Traditionally, the catalysts that have been used
for the synthesis of methanol are known to be found in
abundance (e.g., Cu, Zn, Al), but their tolerance to water is
not robust, so significant water production in the synthesis of
the e-methanol process reduces the activity (e.g., through water
adsorption, morphology changes, oxidation of the metal, etc.)
and lifetime of the traditional catalysts.””

For e-methanol synthesis, catalysts exhibiting higher stabi-
lity and activity in the presence of water are required for CO,
hydrogenation. Various catalysts have been studied for the
synthesis of e-methanol via heterogeneous catalysis, which
range from transition metals/metal oxides to main group
metals/metal oxides, particularly Cu-based, precious-metal-based,
and metal oxides from main group elements.*® Fig. 11 compares

Energy Adv, 2022, 1, 580-605 | 591
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mol kg~ h™%) domain versus the reaction temperature (in K; color legend). The e-methanol production rate with MOF/ZIF-derived catalysts is normalized

on active metals. Adapted from ref. 88.

four types of catalysts via contour plots showing catalytic
performance in selectivity (conversion rate; in C-mol%) and
space-time yield (STY; production rate; in mol kg™' h™?)
domain versus the reaction temperature (in K; color legend).
Fig. 11 shows that Cu-based catalysts provide the largest
production rate of e-methanol among all the catalysts (the rate
with MOF/ZIF-derived catalysts is normalized on active metals).
However, the selectivity of methanol decreases as the methanol
production rate increases (e.g., ~90 C-mol% to ~60 C-mol%
for Cu-based catalysts). Although lower temperatures generally
provide higher selectivity of methanol, it usually comes with a
trade-off of lower production rates. Catalysts emerging recently,
such as In,0;- and ZnO-based and MOF/ZIF-derived, have
generally provided relatively high selectivity to methanol than
Cu-based catalysts even with similar production rates, but they
require relatively high operational temperature which trans-
lates to more energy input.®® The performance of some of the
catalysts presented in Fig. 11 have also been tested at a recent
demonstration-scale e-methanol plant (FReSMe), which show
similar observations as shown in Fig. 12.

Ruthenium (Ru)-based catalysts have been used to convert
CO, to CH, (e.g., via the Sabatier methanation process) with
a selectivity between 99 and 100% over a range of operating
temperatures, from a low of 60 °C to a high of ~450 °C.*°
Ru-based catalysts have been recently explored for their
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Fig. 12 Performance of selected catalysts in terms of the rate of produc-
tion versus the input energy in the FReSMe project.®®

potential in the synthesis of e-methanol from H,/CO, and
incorporating Ru with indium (In) has been shown to prevent
methanation and instead produce methanol with >85%
selectivity.’® Other laboratory-scale advancements in preven-
ting methanation include coating ruthenium with a thin layer
of a porous plastic/polymer.°*°

In the case of a two-step process for e-methanol production
that also includes a high-temperature RWGS reactor (usually the
case, as shown in Fig. 9), barium zirconate-based perovskite-type
catalysts doped with Y, Zn, and Ce show stable performance;”
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particularly, BaCeg ,Zr, Y0.16Z10.0403 has been used as a favor-
able candidate for the RWGS reaction according to recent
studies.”®

2.4.1.4 Costs. The minimum fuel selling price (MFSP; a price
at which the net present value is zero) of methanol varies based
on the cost of H, production, the cost of CO, as a feedstock,
and the credit of saved CO, as shown in Fig. 13a. Fig. 13a shows
that the average MFSP of e-methanol, compared to an average
of $0.38 per kg as the market price over the 2015-2020 period,
varies between ~ $0.16 per kg and ~ $1.26 per kg depending on
the cost of H, production (€[$0.8 per kg, $5.0 per kg] with
the base price as $2 per kg), the cost of CO, as a feedstock

View Article Online
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(e[$17.3 per MT, $38.6 per MT]), and the cost of saved
carbon that can be traded (€[$0 per MT, $200 per MT]) as a
credit.”® The feedstock costs of CO, assumed in Fig. 13a are
$17.3 per MT, $20.6 per MT, and $38.6 per MT for the
methanol-ethanol coproduction, methanol-ammonia coproduc-
tion, and stand-alone methanol production systems, respectively.”®
For the MFSP of e-methanol to equal the market average over
2015-2020 ($0.38 per kg), the breakeven costs of H, production
with CO, credit (of $200 per metric ton (MT)) and without
CO, credit are estimated to be within $2.09-2.24 per kg and
$0.77-0.95 per kg, respectively. By some estimates,”*°® 65% of
the total methanol production cost is the cost of producing
renewable H,. The estimated results in Fig. 13a are for a
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Fig. 13

(a) MFSP of e-methanol as a function of the H, production cost, CO, cost, and the credit for saved carbon, for a production capacity of 1190 MT

per day. Adapted from ref. 78. (b) Cost of e-methanol production versus production plant capacity. From ref. 97.
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production capacity of 1190 MT per day,”® whereas based on
the results of several studies,”” as shown in Fig. 13b, the cost of
e-methanol production decreases with increasing capacity until
and beyond 4400 t per day.

2.4.2 e-Kerosene/sustainable aviation fuel (SAF) production.
Carbon emissions from aviation account for ~2-3% of global
carbon emissions, and the emissions from air travel continue to
grow rapidly. One possible solution to reduce emissions from the
aviation sector is through the use of sustainable aviation fuel
(SAF), which is the name given to the synthetic aviation fuels
produced using clean H, and captured CO,. Besides being a
carbon-neutral fuel, a major practical advantage of SAF is that it
can be blended with the conventional fossil fuel-based aviation
fuel with no infrastructure or equipment changes. The first
commercial use of SAF was in a Boeing 737 passenger service
flight on February 8, 2021, from Amsterdam to Madrid, which
carried 500 liters of e-kerosene mixed with a fossil fuel-based
regular aviation fuel.

2.4.2.1 Process. SAF can be produced using the Fischer-
Tropsch (FT) process, which is a heterogeneously catalyzed
process to convert CO,/H, and syngas (CO/H,) to liquid hydro-
carbons (e.g., e-diesel/e-kerosene) with the desired composition
(carbon chain and length) based on the process/operating
conditions. The composition of the SAF consists of n-alkanes,
iso-alkanes, and cycloalkanes, with a typical carbon chain
length distribution ranging from C8 to C18.°® The SAF produc-
tion via FT synthesis includes six process areas, which are (i) H,
and CO, compression, (ii) RWGS reactor, (iii) FT synthesis
reactor, (iv) hydro-processing, (v) power generation, and
(vi) utility.”® The FT synthesis takes place in a second reactor
as it requires CO as the feedstock that is generated using CO,/
H, in the first reverse water gas shift reaction (RWGS) reactor.

Just like the synthesis of e-methanol, H, and CO, are
pressurized/compressed (~25 bar) before feeding them into
the first reactor that operates at high temperature and high
pressure in case the initial pressures of the supplied CO, and

Al H2 and CO2 compression A2 RWGS reaction
i COlz
| recycle

et J COz2 compressors

CO2 compressors
' H2

T e

RWGS Syngas
. Hacompressor || | 5
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separatorr-
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H, are lower than the operating pressure of the reactor. The FT
reaction is highly exothermic generating heat, which is supplied
for the endothermic reaction in the RWGS reactor (Fig. 14).

A key factor that influences the FT synthesis is the efficient
removal of heat from the reactor as FT reactions are highly
exothermic which generate heat. The four commercially used
designs of the FT synthesis reactor are based on different heat
transfer mechanisms, which include'® (i) the circulating flui-
dized bed reactor, (ii) the fluidized bed reactor, (iii) the tubular
fixed bed reactor, and (iv) the slurry phase reactor.

2.4.2.1.1 H, and CO, utilization. Based on the FT process
flow diagram shown in Fig. 14, producing a kg of SAF requires
an estimated ~1.36 kg H, and 14.55 kg CO,,”® with Co- and
Fe-based catalysts for the FT synthesis and BaCe,Zrg ¢
Yo.16Z10.0403 as the catalyst for the RWGS reaction. Few other
studies®*°! mention the net CO, utilization in the FT
process as 2.6 t CO, per 1t of liquid FT fuel (or equivalently, a
kg of FT fuel requires 2.6 kg of CO,), but these estimates are for
the traditional FT fuel (versus the synthetic FT fuel) that is
produced using CO, and methane reforming.'

2.4.2.2 Reactions. The main FT reaction (eqn (4)) requires
CO as the feedstock, which is generated from the captured CO,
via the RWGS reaction of H, and CO, (eqn (5)).

FT reaction for e-diesel:

catalyst
nCO+(2n+1) H; — C,Hy,.» + nH,0;
green or blue (4)
ne(l17,32); AH“= —xkJmol™!
RWGS (600 °C, 24.5 bar®®):
catalyst
CO, + H, = CO + H,0;
—— —
captured  green or blue (5)

AH 41,22 kJ mol™" [~ 600 — 900 °C]

A3 FT-synthesis A5 Power generation
géyc]e Emissions mmﬂ

Rankine cycle

Water balance
Water

——

processing
Wastewater i

A4 Hydro-processing

Fig. 14 Process flow diagram to produce a high-density liquid e-fuel (e.g., SAF) via the Fischer—Tropsch (FT) process. From ref. 99.
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Fig. 15 Probabilistic distribution of the hydrocarbon products with dif-
ferent carbon chain lengths in the Fischer—Tropsch (FT) process.®”

The probabilistic distribution of the carbon chain length in the
FT synthesis is described by the Anderson-Schulz-Flory dis-
tribution, which is mathematically expressed in eqn (6) and
graphically illustrated in Fig. 15. The parameters W, n, and « in
eqn (6) represent the weight fraction of the hydrocarbon
product, the carbon chain length of the hydrocarbon product,
and the growth probability of the carbon chain, respectively.
The probability of the carbon chain («) with length n is a
function of the catalysts used in the FT process, plus the
composition of the syngas and the operating conditions.®”
The SAF produced using the FT process is typically liquid
products with 17-32 carbon atoms per chain. As shown in
Fig. 15, there are various lengths of carbon chains produced in
the FT process whose relative weights are a function of the
chain growth probability. Other non-diesel products produced
via FT are converted to diesel via upgrading, which primarily
involves hydrocracking of waxes according to eqn (7).

Wa=n(1 — o)’ ! (6)

catalyst

Wax + H, — CnH2n+2§ (7)
-

green or blue

2.4.2.3 Catalysts. Traditionally, Co- and Fe-based catalysts
have been used for commercial-scale FT processes, whereas
precious metal-based catalysts (e.g., nickel- and ruthenium-
based) that are catalytically more active do not yet find a
practical role in industrial applications.’” Other relevant cata-
lysts like porous metal oxides (e.g., zeolite and aluminum oxide)
with large specific surfaces are used as carriers for the catalyst.
The use of Co-based catalysts is limited to operating conditions
with relatively low temperatures (200-240 °C), but the Fe-based
catalyst can be used over a wider range of operating tempera-
tures ranging from low (200-240 °C) to high (300-360 °C).”
Recent laboratory-scale advancements in catalysts for FT synth-
esis include combining Fe-based catalysts with transition metal
promoters (e.g., Fe-Mn-K) for high conversion rates and high
selectivity to SAF;'%” the catalytic performance using the three
transition metal promoters (Na-, K-, and Cs-based) was found to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 Catalyst performance for the FT synthesis in terms of (a) the CO,/
H, conversion rate and (b) selectivity to hydrocarbons, especially longer-
chain carbons (SAF). From ref. 102.

be similar, but the K-based metal promoter (Fe-Mn-K catalyst)
showed high CO,/H, conversion rates (Fig. 16a) and higher
selectivity in longer-chain hydrocarbons (47.8% for C8-C16)
than the selectivity from Na- and Cs-based metal promoters
(44.4% and 44.0%, respectively) as shown in Fig. 16b.

2.4.2.4 Costs. The variation in the MFSP of FT fuel (SAF) with
the cost of H, production, the cost of CO, as a feedstock, and
the credit of saved CO, capture is shown in Fig. 17. Fig. 17
shows that the average MFSP of SAF varies between ~ $4.30 per
gal and ~ $6.78 per gal depending on the cost of H, production
(€[$0.8 per kg, $5.0 per kg] with the base price as $2 per kg), the
cost of CO, as a feedstock (€[$0 per MT, $76.2 per MT] with the
base price as $17.3 per MT), and the cost of saved carbon that
can be traded (€[$0 per MT, $300 per MT] with the base price as
$0 per MT) as a credit.’® The lowest MFSP (low-cost production)
of FT fuel is potentially possible when the CO, is sourced from
the ethanol, ethylene oxide, and ammonia plants, whereas the
highest MFSP is potentially when the CO, is sourced from the
hydrogen industry.”® Besides the cost of H,, CO,, and CO,
credit, the dominant parameters that have a major impact on
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Fig. 17 MFSP of SAF (FT fuel) as a function of the H, production cost, CO, cost, and the credit for saved carbon for a production capacity of 351 MT per

day (divided among 90 MT per day of naphtha, 164 MT per day of jet fuel, a

the MFSP of FT fuel are the H, recycle ratio, CO conversion ratio
of the FT reaction, and the CO, recycle ratio.”® The estimated
results in Fig. 17 are for a FT fuel production capacity of 351 MT
per day (351 MT per day divided among 90 MT per day of
naphtha, 164 MT per day of jet fuel, and 97 MT per day of
diesel).”®

3 Projects

The number of currently operational e-methanol and SAF
production plants around the world is very few, where almost
all these plants are at the pilot- or demonstration-scale, but
many new commercial-scale plants are currently under devel-
opment and many new plants are being announced. Table 6
summarizes the projects for commercial production of e-
methanol and SAF projects that are described ahead in detail.

3.1 e-Methanol production

Four renewable methanol plants discussed below are the Harun
Oni project in Chile, e-CO2Met project in Germany, MefCO2 in
Germany, and George Olah plant (also called CRI) in Iceland.
3.1.1 George Olah Plant, Svartsengi, Iceland (2012). George
Olah (GO) plant, operated by Carbon Recycling International
(CRI), is an industrial-scale e-methanol facility, shown in
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nd 97 MT per day of diesel). Adapted from ref. 99.

Fig. 18, with a production capacity of 4000 tpa,”® which uses
the 5600 tpa of CO,'* captured from a nearby geothermal
power plant and 800 tpa (1200 N m® h™") of H,'*® produced
through an alkaline electrolyzer run on renewable grid
electricity.

3.1.2 MefCO2, Niederaussem, Germany (2019). This pilot-
scale MefCO2 (methanol fuel from CO,) plant, shown in Fig. 19,
is one of the largest e-methanol synthesis plants in the
European Union and uses 1.5 tpd of captured CO, from a coal
(lignite)-fired power plant along with 1.5 tpd of H, from a
600 kW PEM electrolyzer (from Hydrogenics/Cummins) to
produce 1 tpd (500 tpa capacity) of methanol.

3.1.3 e-CO2Met Project, Leuna, Germany (2021). Total-
Energies is the largest producer of conventional methanol in
Europe, producing ~700000 tpa of conventional methanol
using fossil fuels at its refinery in Leuna, Germany. In 2019,
TotalEnergies invested €150 MM in its refinery at Leuna with an
aim to reduce the production of heavy products due to its
decreasing demand, and increase the production of methanol
which is one of the key raw materials in the chemical industry.
TotalEnergies is partnering with Sunfire (Germany-based elec-
trolyzer manufacturer) and Fraunhofer CBP (Germany-based
biotech and sustainable chemistry research institute) to pro-
duce 1.5 tpd '*> of e-methanol via green H, produced from a
1 MW electrolyzer (high-temperature SOEC technology with

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Summary of projects for commercial production of liquid e-methanol and SAF
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Material consumption info

Project Date
e-Fuel | name Companies Location started H, CO, Production capacity
e-Methanol George Carbon Svartsengi, 2012 800 tpa (1200 N m® h™") 5600 tpa 4000 tpa
Olah Recycling Iceland produced using an alka-  captured from
Plant International line electrolyzer powered a nearby
(CRY) by renewable energy geothermal
power plant
MefCO2 Consortium Niederaussem, 2021 1.5 tpd from a 600 kW 1.5 tpd of 1 tpd (500 tpa capacity)
of 9 partners Germany PEM electrolyzer from captured CO,
funded by the Cummins from a coal
EU (lignite)-fired
power plant
e-CO2Met TotalEnergies Leuna, 2021 1 MW electrolyzer Captured from 1.5 tpd
Germany (high-temperature SOEC  TotalEnergies’
with 80% efficiency, from refinery in
Sunfire) Leuna
FReSMe Consortium of  Luled, Sweden 2021 100 N m® h™" recovered 14 tpd cap- 1 tpd (2.5 tpd capacity)
13 partners from the blast furnace in tured from an
funded by the addition to production by industrial steel
EU electrolysis blast furnace
Haru Oni  Siemens Punta Arenas, 2022 1.2 MW PEM electrolyzer DAC (from ~ 750000 liters in 2022 and
Energy, Chile (from Siemens Energy) Global 1000000 tons by 2026
Porsche, HIF, powered by wind energy ~ Thermostat)
Enel, Exxon- (3.4 MW Siemens Gamesa
Mobil, Gasco turbine)
and ENAP
e-Kerosene Synthetic  Velocys Oklahoma City, 2017 — — 250 bpd
(SAF) diesel USA
plant
atmosfair  Solarbelt Fair-  Werlte, 2021 160 tpa or 20.7 kg h™* DAC module 350 tpa of synthetic crude oil
FairFuel Fuel gGmbH Germany using a 1.25 MW PEM and from
electrolyzer powered by waste valoriza-
wind energy tion (biogas)
Haru Oni  Siemens Punta Arenas, 2022 1.2 MW PEM electrolyzer DAC (from ~130000, ~55 million, and
Energy, Chile (from Siemens Energy) Global ~550 million liters per year
Porsche, HIF, powered by wind energy ~ Thermostat) of e-gasoline” by the end
Enel, Exxon- (3.4 MW Siemens Gamesa of 2022, 2024, and 2026,
Mobil, Gasco turbine) respectively
and ENAP
Bayou Velocys/OLCV ~ Natchez, 2023 — — 25 million gallons per year
Fuels Mississippi, (35 million as capacity)
Plant USA

¢ Haru Oni project uses the terms e-methanol and e-gasoline as two products, but it does not provide a separate number for e-kerosene, which is
assumed to be part of e-gasoline.
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Fig. 18 CRI's GO plant in Svartsengi, Iceland, which uses CO, captured
from the nearby geothermal power plant (in background) and H, produced
through electrolysis to form renewable methanol. From ref. 103.

80% efficiency, from Sunfire) and CO, produced at TotalEner-
gies’ refinery (in Leuna),'®® as shown in Fig. 20.

3.1.4 FReSMe Project, Lulea, Sweden (2021). FReSMe (From
Residual Steel gases to Methanol) is a demonstration-scale

© 2022 The Author(s). Published by the Royal Society of Chemistry

project to produce e-methanol for ship transportation using
CO, captured from an industrial steel blast furnace, and H,
recovered from the blast furnace in addition to its production
by electrolysis. The FReSMe project, shown in Fig. 21, used 14 tpd
of CO, with 100 N m*® h™" of H, from electrolysis to produce 1 tpd
of e-methanol,*® although the e-methanol production capacity of
the plant is 2.5 tpd.*”’

3.1.5 Haru Oni Project, Punta Arenas, Chile (expected by
the end of 2022). A group of companies (Siemens Energy,
Porsche, HIF, Enel, ExxonMobil, Gasco and ENAP) led by HIF
is building a plant to produce e-methanol in Chilean Patagonia
using green H, and CO, captured from a DAC facility, which
will produce ~ 750000 litres (~350 tpa) of e-methanol in 2022
and later expanded to 1000000 tons by 2026.”>'%° This inte-
grated plant (Fig. 22) will produce H, using a 1.2 MW PEM
electrolyzer (from Siemens Energy) powered by 3.4 MW of wind
energy (Siemens Gamesa turbine), which will be processed in a
methanol synthesis reactor (Johnson Matthey’s design) with

Energy Adv., 2022, 1, 580-605 | 597
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Fig. 19 (a) Schematic of the MefCO2 plant”” and (b) the actual pilot-scale

MefCO2 plant (right) at RWE's lignite-fired coal power plant in Nieder-
104

aussem, Germany.

Fig. 20 Schematic of the e-CO2Met Project, Leuna, which is scheduled
to be fully operational after phase 2 which starts in 2022.

CO, captured from the air (from Global Thermostats) to pro-
duce e-methanol, and ~40% of the e-methanol will be con-
verted to synthetic gasoline compatible with existing engines
through a methanol to gasoline (MTG) plant located at the site
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Fig. 21 Layout of the FReSMe project.®°

(ExxonMobil’s Technology). The carbon-neutral synthetic gaso-
line will be transported to Europe via a container ship, each
having a loading capacity of 25 000-30 000 liters, to be used by
Porsche and others for modern and classic sports cars.

3.1.6 Other proposed projects. Other projects that are
under planning and/or development include''® the following:

e Hy2Gen project in Germany with 61000 tpa e-methanol
production capacity. The CO, will be captured from a biogas
plant and H, will be produced by electrolysis.

e A project in Norway by Swiss Liquid Future/Thyssenkrupp
with 80000 tpa e-methanol production capacity. The CO, will
be captured from a ferrosilicon plant and H, will be produced
by electrolysis powered by hydropower.

e A project in China by CRI and Jiangsu Sailboat Petro-
chemicals with 100000 tpa e-methanol production capacity.
The CO, and H, will be produced by electrolysis of water.

e A project in France by Vicat and Hynamics with 200 000 tpa
e-methanol production capacity. The CO, will be captured from
a cement plant and H, will be produced by electrolysis.

3.2 SAF production

Four renewable methanol plants discussed below are the Harun
Oni project in Chile, e-CO2Met project in Germany, MefCO2 in
Germany, and George Olah plant (also called CRI) in Iceland,
respectively.

3.2.1 Synthetic diesel plant, Oklahoma city, USA (2017).
The synthetic diesel plant at Oklahoma City'™* (Fig. 23a)
demonstrated Velocys’ Fischer-Tropsch technology through
full commercial operation with 250 bpd of operational
capacity.'”> This plant sold over 10000 barrels of products
(waxes, diesel and naphtha) to commercial off-takers and
generated RIN credits under the Renewable Fuel Standard
(RFS). This plant provided 1500+ hours data in enabling Velocys
to scale its FT synthesis technology to other projects (e.g.,
Mississippi Biorefinery and UK waste to jet projects). The H,
was produced as syngas (an optimized mixture of carbon
monoxide and hydrogen) by reforming natural gas, landfill
gas, or by gasification of biomass or waste;''* therefore, from
the nomenclature perspective, SAF produced in this case could
be referred to as bio-kerosene instead of e-kerosene.

Following a 20 month period of operation, a leak was
identified at the ancillary coolant system of this plant which
led to a reduction in its production capacity (a single reactor),

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 22
from ref. 75. (b) Actual site of the Haru Oni project. From ref. 109.

and this subsequently resulted in closure of the plant due to
accumulating effects, such as operating losses, not maintaining
the specific requirements to generate RINs under the RFS
pathway, etc.

3.2.2 atmosfair FairFuel, Werlte, Germany (2021). World’s
first commercial-scale plant to produce synthetic kerosene
using H, and captured CO, started operations in October
2021 at Werlte, Germany, as shown in Fig. 24."**'*® The plant
(owned and operated by Solarbelt FairFuel gGmbH; Lufthansa
Group is a pilot customer) produces 350 tpa of synthetic crude
oil through Fischer-Tropsch synthesis from carbon monoxide
(recovered from CO,) and H,, where synthetic crude oil is used
to manufacture climate-neutral kerosene meant for aviation.
The H, is produced using a 1.25 MW PEM electrolyzer (160 tpa

© 2022 The Author(s). Published by the Royal Society of Chemistry

(b)

(a) Schematic of the Haru Oni project, southern Chile, which will produce industrial-scale e-methanol starting from the end of 2022. Adapted

or 20.7 kg h™" of H,) powered by wind energy, while the CO, is
captured using a DAC module and from waste valorization
(biogas).

3.2.3 Bayou Fuels Plant, Natchez, Mississippi, USA
(expected by the end of 2023). Velocys is using the experience
gained through its Oklahoma City plant (U.S.) in developing a
similar larger-scale (Fig. 25) FT gas-to-liquid plant (Bayou Fuels
plant) at Natchez, Mississippi, US, in partnership with Oxy Low
Carbon Ventures (OLCV)."*® This plant will use 3000 tons of
woody biomass as the feedstock to produce 25 million gallons
of SAF (with 35 million gallons per year of capacity) plus
renewable naphtha. The SAF production capacity of this plant
will be the largest capacity in the U.S. by the time it comes online
in 2023, and it is also cited by the U.S. Federal Government as one

Energy Adv., 2022, 1, 580-605 | 599
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Fig. 24 Actual site of the 350 tpa of SAF production plant at Werlte in

Germany, including the electrolysis system that forms the core of the

plant 114,115

of the projects that will help achieve the 2030 goal of producing at
least 3 billion gallons per year of SAF in the U.S.

3.2.4 Haru Oni Project, Punta Arenas, Chile (expected by
the end of 2022). This plant will also produce SAF in addition to
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(a) Schematic of the site of Velocys' proposed FT gas-to-liquid
US. From ref. 116.
(b) Schematic showing the layout of the Bayou Fuels Plant. From ref. 116.

Fig. 25
plant (Bayou Fuels plant) at Natchez, Mississippi,

e-methanol (as discussed earlier). The plant’s capacity will be
incrementally increased to produce ~ 130000, ~55 million,
and ~550 million litres per year of e-gasoline by the end of
2022, 2024, and 2026, respectively. The project does not provide
a separate number for e-kerosene, which is assumed to be part
of e-gasoline.

3.2.5 Other proposed projects. Other projects that are
under planning and/or development include the following:

e A project development start-up called Synkero is develop-
ing a commercial-scale (50 000 tpa) plant at the Port of Amster-
dam for the production of SAF using green H, and CO, which is
scheduled to be completed in 2027. The Port of Amsterdam
has an existing pipeline that supplies kerosene to Schiphol
Airport."'”*'® The e-kerosene production plant will be powered
by a 200 MW electrolysis system driven by wind energy (30 off-
shore turbines) which will produce 25 000 tpa of H,, which will
be processed with 200000 tpa of captured CO, to produce
50000 tpa of e-kerosene.'*®

e A consortium called Zenid,'" comprising the Rotterdam
airports (RTHA, RHIA), a sustainable air fuel (SAF) company
(SkyNRG), and a DAC manufacturing company (Climeworks), is
investigating the construction of an industrial-scale demonstra-
tion plant in Rotterdam, the Netherlands, to produce SAF with
H, produced using the co-electrolysis unit and CO, captured
from the air through a modular Fischer-Tropsch reactor.

e Infinium (a low-carbon liquid fuel producer in the U.S.)
and Denbury (an oil and gas operator in the U.S.) announced a

© 2022 The Author(s). Published by the Royal Society of Chemistry
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partnership to build an e-fuel facility in Brazoria County, Texas,
which will convert green H, (from renewable power) and
industrial-sourced CO, into SAF and diesel using Infinium’s
proprietary technology.'?® This facility is anticipated to use
1.5 MM tpa of CO, captured from industrial sources and
transported by Denbury using its CO, pipeline infrastructure.

e ExxonMobil and Neste will supply 1.25 million liters of SAF
blended with refined jet fuel to Changi Airport for Singapore
Airlines and Scoot flights by the third quarter of 2022."*"

e Oxy initiated a front-end engineering and design (pre-
FEED) for a 100 million liter (26.4 million gallons) annual
capacity plant in British Columbia, Canada, to produce ultra-
low carbon fuel for air, marine, rail, and truck transportation in
Canada. The plant will use Carbon Engineering’s DAC techno-
logy to capture CO,."**

o Norsk e-Fuel will build a SAF plant in Mosjgen, Norway,
on a 24000 m” large plot, which will use 100% renewable
electricity to produce H, through electrolysis (from Sunfire) and
capture CO, from air using Climeworks’ DAC technology.'** The
plant’s production capacity will be 12.5 million liters of SAF by
2024 and 25 million liters of SAF by 2026.

4 Outlook and recommendations

Although the current market for CO, utilization is relatively
small and will not likely rise much in the short- to medium-
term without a significant policy change that puts a competitive
price on CO, emissions in major CO, emitting countries, one of
the major sectors with a potential to drive the CO, utilization
demand in the absence of a policy is the blending of
e-methanol and SAF with fossil fuel-produced methanol and
jet fuel/diesel, respectively. Unlike hydrogen as a fuel, these
e-fuels are readily-compatible with existing internal combus-
tion engines in aviation, shipping, freight, etc., and do not
require any changes to the handling and logistics infrastruc-
ture. The production of liquid e-fuels is energy intensive and
requires significant quantities of both H, and CO,, and arran-
ging such a large supply of both H, and CO, to produce e-fuels
at scale can be complex and challenging. The production costs
for liquid e-fuels are also significantly higher than their fossil
fuel-produced counterparts, primarily due to the costs involved
in producing hydrogen. However, these holistic challenges
must consider the following two incentives:

(1) Reaching net-zero by 2050 requires a relatively huge
reduction in CO, compared to the current capture capacity,
such that the 2030 target (800 MM tpa), and possibly the 2050
target, does not appear to be practically achievable. This
implies that, due to the current under-capacity of CCUS and
the large jump required to reach 800 MM tpa in less than a
decade, the social and political pressure will ramp up as an
alternative to not meeting the climate goals, which can sud-
denly lead to cost-prohibitive measures from various societal
instruments, including government, law, etc. In this direction,
a small but initial step has been taken by the recent U.S.
Securities and Exchange Commission rule which enhanced

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the monitoring requirements for reporting Scope 1, Scope 2,
and Scope 3 emissions, enforcing which did not require any
new or exclusive law. The oil and gas companies that are
already taking steps to decarbonize their value chain will be
in a much better position to face these challenges.

(2) CO, utilization is not an alternative to the large-scale CO,
storage required for reductions in CO, emissions, but it can
still support the goal of reducing the emissions. Cultivating an
early opportunity in CO, utilization through the production of
liquid e-fuels will not only help create partnerships required to
secure CO, supply chains, it can also lead to new markets for
carbon-neutral liquid e-fuels that can be simply blended with
their fossil fuel-based counterparts.
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