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fuels

key component, including areas in aviation, heavy-duty and marine
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how multidisciplinary approaches will enable us to close the carbon Designing an integrated future
cycle and create a circular economy by defossilizing these difficult-to-
electrify areas and those that will continue to need carbon. We discuss
two approaches for this: developing carbon alternatives and improving
our ability to reuse carbon, enabled by separations. Furthermore, we
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toreach aggressive greenhouse gas reduction targets.
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Introduction

Theuse of fossil resources asasource of both carbon and energy has led
toasubstantial riseinthe standard of living across the globe. However,
our currentenergy and materialsinfrastructure has also caused arapid
increase in the atmospheric carbon dioxide (CO,) concentration’. The
Intergovernmental Panel on Climate Change (IPCC)** suggests thisrise
has already led to more frequent and intense weather events, negative
environmental and ecosystem impacts, and reduced food and water
security*’. The present and looming climate consequences of contin-
ued CO, emissions*'°2, limited clean water resources” ¢, dispersal of
plasticsin the environment”® an pervasiveness of mismanaged munici-
pal wastes'** have led to an increasing emphasis on decarbonizing
our economy and infrastructure, and the design and aspiration of a
circular economy®. Electrifying with carbon-free energy sources will be
acritical componentof decarbonization”***. However, several segments of
our economy, including the manufacturing of chemicals and polymeric
materials, will continue to need carbon. In addition, segments of our
transportation economy® willalso be difficult to electrify due to the size
andweight of the batteries that would be needed, including aviation* %,
long-haul, heavy-duty®’, and marine transportation®. Together, these
‘hard-to-electrify’ segments contribute to -20% of the overall US green-
house gas (GHG) emissions (see Fig. 1a, in which the areas not covered
by parallellines represent the areas difficult to electrify®* ). Although
efforts are being made to decarbonize parts of these segments, they are
unlikely to completely transition from carbon**. We canreduce carbon
use by increasing efficiency and reducing waste, but that approach
alone will not be sufficient to achieve net-zero CO, emissions. We
therefore posit that defossilization®, or removing fossil fuels while still
using carbonin our economy, isacritical part of achieving net-zero CO,
emissions® for difficult-to-electrify sectors.

Defossilization of difficult-to-electrify sectors can help create a
circular carbon economy (Fig. 1b) in one of two ways. The carbon can
eitherbereplaced with non-carbon containingalternative suchasclean
hydrogen®, or fossil carbon can be replaced with non-fossil sources of
carbon such as CO,**®, agricultural and forestry residues and other
forms of biomass (biomass)***°, food waste*, polymer waste*>*, and
biogenic methane (CH,)*, in conditions in which, effectively, waste
becomes a feedstock* . Ideally, each carbon atom would be reused
multiple times, reducing the need to extract fossil fuels and creating
acirculareconomy that would allow us to move towards net-zero CO,
emissions in these segments of our economy?®>. If circularity could be
implemented with 100% efficiency, fossil fuels would no longer
beneeded. This scenariois unlikely to materialize, certainly in the near
term. However, focusing on areas in which reusing carbon is achiev-
able will begin moving the needle to net-zero CO, emissions and may
provide afoundation uponwhich defossilization can be achievedinthe
areaswith the greatestimpact. These efforts willmove us towards ‘clos-
ingthe carboncycle’, achieving net-zero CO, emissions in segments of
our economy’*** that cannot be easily electrified. Although fully utiliz-
ing non-fossil sources of carbonis the ultimate goal, inthe intervening
time, using fossil-derived waste, such as polymers or fossil-derived CH,,
isanimportantstepin developing thescienceto close the carboncycle.

Unlike other recent Reviews and Perspectives, which focus on
electrification to reduce CO, emissions***’, the scope of this Roadmap
will intentionally focus on the gaps in knowledge that must be filled
in areas of our economy that will not easily be electrified®**2. These
knowledge gaps are outlined, along with the technological advances
required for success. These advances are organized around the science
and technology needed to, first, provide alternatives to carbon, and

second, reuse non-fossil carbonin areasinwhichitis necessary to keep
carbon in play. Non-fossil carbon reuse will be enabled in part by the
development of reactive and energy-efficient separations. We close
withavision for the future utilizing thisinnovative science, along with
considerations for metrics and analysis, as well as environmental and
social justice for the approach to be sustainably responsible.
Additional resources that provide topicalinsightinrelated areas can
be found in IPCC reports** as guidelines to policy makers, the Depart-
mentof Energy (DOE), Basic Energy Sciences Basic Research Roundtable
reports®*, the National Academies®*®’, energy agencies or consultant
companies®®®’, and broad scientific reviews’* 7. To enable readers to
understand the science and technology challenges and requirements,
we have carefully chosenthe two central issuesidentified, namely, replac-
ing carbon or reusing non-fossil carbon, on which this Roadmap will
focus. Specifically outside of the described scope, and expertly detailed
elsewhere, are CO, sequestration**”*"”, the redesign of polymers for
improved recyclability’®* or biodegradability”"%, low-carbon inten-
sity carbon-based fuels”, materials designed for reuse’®”**'%2, alterna-
tives to current polymers’*®*#, mechanical separation of waste®¥,
fusion power®**, biological solutions’*, increasing the availability of
renewable energy®”’, improvements to the grid infrastructure®>’1%,
net-negative emissions®?*, crop design'®"'%, and fertilizers'®>'%*. Finally,
the reader should be aware that this Roadmap represents a USA-based
perspective, and additional considerations may be necessary based on
the geographical needs and resource availability of other countries.
Fundamental science opportunities
To achieve defossilization in difficult-to-electrify segments of our
economy, we must accelerate the pace of discovery of transforma-
tivetechnologies. Continuingto proceed with today’s15-20 year ‘dis-
cover, design, development and deployment’ cycle will not allow us to
meet the aggressive 2030 and 2050 US targets*'°*'%° needed to slow,
stop or evenreverse climate impacts. We must beinnovativein how we
approachthe development of these fundamental advances, necessar-
ilyusing adifferent approach to translating between fundamental and
applied science compared to the approach used today. In the following
sections, we will discuss the fundamental advances that need the most
focus to accelerate discovery.

Alternatives to carbon-based fuels

BothH,andammonia(NH,) havethe potentialtobelow-carbon-intensity
or carbon-free fuels that can reduce our carbon footprint, provided
renewables are used to generate them. For example, researchers are
making advances in using H, for small aircraft, and NH, is under consid-
eration as a fuel for the maritime industry*>"'°"', H, and/or H, carriers
may also be considered as viable long-term, grid-scale energy stor-
age media. This could mitigate the temporal oscillations of renewable
energy, providing further opportunities to reduce carbon emissions.

Ammonia

For difficult-to-electrify sectors, NH, is being considered as an alter-
native to carbon-based fuels. The maritime industry is particularly
focused on using NH; fuels through both direct combustion in specially
designed 2-cycle engines and in fuel cells"?', There are advantages
of using NH; as a fuel compared with H,, including an energy density
about 30% higher than liquid H, and storage requirements that are
less stringent than those for H, (NH; is already used as arefrigerant). In
addition todirect combustion, for transportation, NH, can be oxidized
directly in fuel cells to release electrons (and protons)"*', providing
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a Greenhouse gas emissions by
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Sources

The future of carbon

A net-zero carbon future will require alternatives to
carbon-based fuels, the reuse of non-fossil carbon
and advancements in separations to address the
complex carbon waste streams.

Fig.1| Closing the carbon cycle to remove CO, greenhouse gas (GHG)
emissions. a, Chart showing the percentage of GHGs coming from different
segments of the US economy. The four major sectors are electric power (yellow),
buildings (blue), industry (purple) and transportation (red). The portions of
these segments that are marked by parallel black lines indicate areas that can

be electrified. The segments that will be difficult to electrify are shown as solid
colours. Industry, electric power, and transportation sectors have opportunities
to decarbonize and contribute to about 20% of the current GHGs, driving the
need to achieve net-zero carbon for these areas as well. To generate what we feel
isa conservative estimate of ~20% GHG reduction, we extracted data from tables
18and19inrefs. 31and 32, respectively, and included 100% from truck, freight
rail, international shipping and air transportation; 50% for lubricants, pipeline
fuel, domestic shipping and military use; 100% from agriculture; 50% from
construction and mining from non-manufacturing; and 50% of all emissions from

refining, food processing, paper products, bulk chemicals, cement and lime, iron
and steel, wood products, and plastics from industry. We used the 50% figure in
cases in which heat and power are ~-50% of the current carbon intensity. See ref. 33
for additional details. b, The future of net-zero CO, emissions for hard-to-
electrify industries involves moving away from fossil fuels and our current linear
use of raw materials (top). It focuses on providing alternatives to carbon-based
fuels (thatis, H,) and reusing available ‘above-ground’ carbon, such as traditional
waste sources: CO,, biomass, food waste, polymers, and biogenic or stranded CH,.
Energy-efficient separations must be achieved to allow the use of more

complex carbon feedstocks without increasing CO, emissions from inefficient
separations. Moving to the proposed carbon cycle of the future would build
upon renewable energy sources, such as wind and solar, as well as clean H,, which
canbe used both for keeping carbon in play to serve as energy carriers and for
long-duration energy storage.

advantagesin energy efficiency with respect to combustion. A recent
technoeconomic analysis demonstrated that direct ammoniafuel cells
can be cost-competitive with carbon-based fuels"®.

Inaddition, NH, canbe used as a hydrogen storage medium', sub-
sequently being catalytically decomposed toH,andN,. Thistechnology

is currently being developed and commercialized to provide H, for fuel
cell applications'?'%,

Although the long-established Haber-Bosch process catalytically
reduces N, to NH; on a massive worldwide scale, a substantial effort
has been devoted to achieving NH, synthesis electrochemically>™%,
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ideally with much lower energy input and greatly reduced environ-
mental impact. Molecular catalysts have been studied in detail**'>".
Although important advances have been reported in the design of
heterogeneous catalysts, further improvements are needed to lower
the overpotential,increase the Faradaic efficiency, improve selectivity
and minimize competitive H, production'®,

Despite the promise of NH, fuels, there are still limitations to con-
sider. With respect to GHG emissions, the byproducts of the combus-
tion of NH; at high temperatures, N,O and NO,, are substantially more
potent greenhouse gases than CO,. Notably, N,O has almost 300 times
the global warming impact of a similar weight of CO,”®. There are also
concernsthat the use of NH, could disrupt the nitrogen cycle, promot-
ing eutrophication andair pollution™, Should we find away to capture
the byproducts of combustion, there are additional equity and justice
concerns. For instance, making NH; for fertilizer already consumes
between 1% and 3% of the world’s energy, which prevents the poorest
countries gaining adequate access to it >, Furthermore, adoption of
NH; fuelsonalarge scalein the maritime industries would require the
use of substantial renewable energy resources to avoid adding further
carbon emissions, given the large amount of energy needed to makeit.
Additionally, storage of large quantities of NH, in port communities
would introduce considerable safety concerns™"**,

Hydrogen

Another carbon-free alternative fuelis H,. The versatility of H, ensures
thatit will play akeyroleinreducing carbon emissionsin both industrial
andenergysectors. The USDOE hasmade aseries ofinvestmentsto over-
comethe challenges of commercial H,adoption. Theseinclude the H,@
Scale™ initiative to address the large-scale production, storage and uti-
lization of H,and the DOE Hydrogen Shot, which aims to reduce the pro-
duction cost of renewably generated H, by 80% to US$1kg™H, (ref. 136).
The challenges to produce H, have been covered extensively by others,
and we refer the interested reader to these documents®>"1*%,

An area in which additional research is needed is to address the
costs for storage and transport of H,. The current cost for transport
is US$10 kg™ H,, an order of magnitude greater than the targeted
production cost™*°, There are several current options, but none of
them viable on a large scale. For instance, H, can be transported in
pipelines, but there are currently only 1,600 miles of H, pipelines
in operation within the USA, and the infrastructure cost is high'*.
H, can be transported as a 10% mixture in current natural gas pipe-
lines without degrading the pipeline, but H, may require a separa-
tion step for use®*'*2, Tube trailers can be used for transporting
limited amounts of compressed gaseous H, (250 kg at 200 bar).
Multi-layered vacuum-insulated double-walled vessels can transport
4000 kg of liquid H,; however, liquefaction is an energy-intensive
process with about 35% efficiency™®. Although these forms of H, trans-
port are helpful in the short term, new infrastructure is needed in
the mid-to-long term if H, is to play a greater role in reducing carbon
emissions.

As renewable power resources are developed in the short term,
the electricity generated should be used directly to replace power
provided by fossil sources to reduce GHG emissions. However, as excess
renewable energy becomes available, novel approaches to store energy
for longer durations need to be developed' to achieve the US 2050
goals?'**, By 2050, the Energy Information Administration predicts
that there will be an excess of wind and solar resources in the USA and
aneed tostore between 35,000 and 200,000 GWh of energy daily'*. At
these large scales, because power and energy are decoupled, storing

energy inthe form of H, is expected to be more economical than batter-
ies, because adding additional storage (energy) only needs relatively
inexpensive tanks.

Hydrogen carriers for energy storage and transportation
Liquid organic hydrogen carriers (LOHCs) are molecules that store
energy (H,) in chemical bonds'* and are derived from carbon feed-
stocks, such as methylcyclohexane from toluene’, methanol and
formicacid, which have promising pathways from CO,, or perhydroben-
zyltoluene from benzyltoluene'*. Akey differentiator between LOHCs
and storage of hydrogen in metals, as hydrides, or carbon sorbents,
such as metal-organic frameworks (MOFs), is the need for catalysts
to activate C-H, N-H and O-H bonds'. Although catalysts and cata-
lytic reactors add complexity compared with metal hydrides and
carbon sorbents, LOHCs have the enormous advantage of decou-
pling power and energy to enable large-scale energy storage (GWh)
and long-duration energy storage™ (>100 h). However, both ife cycle
analysis™ (LCA; to show where there is a reduced carbon footprint)
and techno-economic analysis™*"* (TEA; to show which carbon feed-
stocks are economically viable) should be used to focus the research
on H, carrier development.

An additional advantage of LOHCs is that the current infrastruc-
ture, including pipelines, shipping and rail, for transporting liquids
nationally or internationally would only need moderate modifica-
tions to transport LOHCs. H, carriers can also be used to provide
energy in difficult-to-electrify sectors, such as heavy-duty, long-haul
transportation®*.

Over the next decade, research dedicated towards enhancing the
round-trip efficiency of LOHCs is needed as a step towards realizing the
large-scale storage and transport of H,">™. The round-trip efficiency
metricis defined as the combined efficiencies of water electrolysis to
produce H,, the catalytic efficiency of adding and releasing H, from
the storage molecules, and the fuel-cell efficiency to generate electric-
ity from H,. Therefore, highly selective, stable catalysts need to be
developedthat operate under mild conditions to achieve economical
round-trip efficiency, and also over many cycles to avoid the irrevers-
ible formation of side products'’. Current commercial processes
for the release of H, from LOHC use precious metal catalysts, but
these approaches typically require temperatures in the 250-300 °C
range"®"°. Owing to the large endothermic nature of H, release from
thehomocyclicalkanes, thereis growinginterestin the study of LOHCs
that can release H, at lower temperatures. For example, the dehy-
drogenative coupling of alcohols, glycols and amino-alcohols'?¢
releases H, at lower temperatures (-200 °C) than the homocyclic
LOHCs. These studies are at lower technology readiness levels (TRLs)
than the homocyclic organic carriers,and more researchis needed to
understand the efficiency of catalytic hydrogenation and dehydroge-
nation under realistic conditions, where the LOHC is not diluted with
aninert solvent.

Beyond the conventional LOHCs described above, CO, offers
promise for storing hydrogen in chemical bonds. Captured CO,,
converted to formic acid or aqueous formate salts”"° can be a
carbon-neutral energy carrier, given that the initial capture removes
CO,fromcirculation”. In Fig. 2, a variety of feedstocks are compared
based on their enthalpy of combustion (energy to burn) and energy
needed to convert them to feedstocks (enthalpy of formation). It is
notable that formic acid is formed from CO, in a mildly exothermic
reaction’?. However, the loss of entropy associated with the produc-
tion of formic acid from CO, and H, results in an unfavourable Gibbs
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Fig.2|The energetics of various feedstocks and of their conversion.

A diagram capturing the overall energetics of the carbon streams discussed in
this Roadmap to aid in evaluating the most energetically useful carbon streams.
The smaller dots represent the difference in enthalpy of formation (k) mol™;
normalized for the number of carbons) of a series of common platform chemicals
made from the indicated source feedstock****, in which a value below 0
indicates athermodynamically favourable process, and a value above O indicates
athermodynamically unfavourable process that requires energy input for the
conversion. Zero k) mol™isindicated by abold line. The larger orange circles
inthe background represent the energy available (based on energy toburnin

k) mol™, normalized for the number of carbons) in each feedstock. In assessing
the conversion of these feedstocks to other chemicals, data indicate that the
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transformation of CH, to formic acid, ethanol, methanol and dimethyl ether is
energetically downhill whereas, in the case of CO,, only its conversion to formic
acidis energetically favourable. CH, and polymers require the lowest energy to
be converted to other chemicals and have the most energy to burn. Food waste
and biomass have amedium level of energy to burn and require arelatively

high energy to convert to many chemicals. CO, needs the most energy to be
converted, and it has no energy to burn. Comparing the enthalpies of formation
and energies of combustion allowed us to be reaction-agnostic, a simplification
enabling this qualitative comparison on the potential of each feedstock. To fully
assess the suitability of any of these feedstocks in a given process, a full energetic
analysis would be needed, in addition to alife cycle analysis assessing all energy
inputs, including the transportation of feedstocks.

free energy change. Alternatively, CO,capturedin anaqueous medium
as bicarbonate can readily be reduced by hydrogenation to formate.
The bicarbonate-formate cycle affords the ability to operate near
equilibrium, with moderate changes in temperature and pressure.
Furthermore, the economic and safety benefits of aqueous formate
and bicarbonate salts may offer a practical approach for seasonal
energy storage for small communities'”. In addition to serving as a
hydrogen-based energy carrier, carbon-based LOHCs reuse carbon
andkeepitinplay for further use incircular economies. The feedstocks
described in the next section could provide the source of carbon for
the large-scale development of LOHCs.

Areas most likely to benefit from hydrogen as a carbon
alternatives

Here, we have focused on some of the challenges specific to the trans-
portation of H,, but it is notable that H, and H, carriers can provide
storage for excess electricity from otherwise curtailed generation
(when generation is reduced below capacity because of demand or
transmission constraints)” and for large-scale, long-term energy
storage'*'”, Current analyses”*"” have focused on the storage of H,
insalt caverns; however, storing H, in the chemical bonds of LOHCs will
provide opportunities for geographically agnostic long-duration stor-
age. Furthermore, H,canreplace carbon fuelsin large-scale industrial
processes. For example, the utilization of clean H,as areductantin the
production ofiron has received substantial attention®'7%'%°, However,
there remains a need for fundamental scientific research to position
industry to develop cost-effective ways to store and use H,"*'81158,

Keeping carbon in play

We define keeping carbon in play as a carbon cyclein which every carbon
atom within products and waste streams is reused, ideally multiple
times. Here we identify multiple feedstocks that could be used, includ-
ing CO,, biomass, food wastes, plastics/polymers and biogenic CH,.
Intheillustration of feedstock energiesin Fig.2, CH, and plastics have

the highest enthalpy of combustion, as can be determined from the
size of the orange circles. The conversion of these two feedstocks into
many major platform chemicalsis also thermodynamically favourable,
given that most of the products, shown as small dark circles, have a
negative enthalpy of formation, as illustrated by the fact that they lie
below 0 kJ mol™ and within the green band. Food waste and biomass
are about equivalent, having somewhat less energy to burn (smaller
orange circles) than CH, or plastic, and their conversion to major plat-
form chemicalsis generally less energetically downhill, or even uphill,
asillustrated by the majority of the small dark product circles lying
above 0 k) mol™. The most difficult to convert and with the least energy
to burn (0 k) mol™) is CO,. This property is unfortunate when consider-
ing CO,’sabundance (Table1). Therefore, converting non-CO, sources
of carbon to new materials makes more energetic sense, followed by
filling any remaining carbon needs with CO,.

Transportation of these wastes over long distances isnot practical
fromaneconomicor carbonfootprint point of view. A possible solution
is the development of small modular reactors at or close to the source
of the feedstock, which would likely involve new chemical processes.
Thiswill require access to renewable energy at the point of generation
toavoid increased GHG emissions and complete life cycle analyses of
the overall process would be needed.

The described feedstocks will be quite complex, with many types
of carbonsas well asavariety of other constituents. Due to the complex-
ity of these feedstocks, energy-efficient separations are an additional
need. Currently, separations processes consume 10-15% of US energy.
Therefore, the development of energy-efficient separations will be
needed to keep CO, generation low.

Feedstocks

This section focuses on the availability and the pros and cons of using
major non-fossil carbonsources, including CO,, biomass, food waste,
plastics waste and CH,, as carbon feedstocks. This information is
summarized in Table 1and discussed below. The technical advances
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Table 1| The attributes of renewable carbon feedstocks including availability, quality, impurities, energy content, and
energy input needed for conversion to desired products are summarized here

Feedstock Amount

Pros

Cons

Fundamental
science needs

Impurities

Carbon Global: 455 billion Abundant; could fulfil all Is dilute in the air or ocean and needs Efficient ways Major impurities:
dioxide tons'®® carbon needs to be separated and concentrated to separate/ Air: nitrogen (up to 78%), oxygen
USA: 48.5 million tons  Will contribute to both Impurities cause problems with catalysts concentrate or (up to 21%) and water (up to 18%)
from biogenic point  decarbonization and and separations materials selegtlve catalysts Seawater'%-1%; sodium, potassium,
sources* net-negative emissions Reactive impurities, such as those for d'lf‘te SHEETmE magnesium, calcium and sulfate
found in flue gases, will need additional Reactlvg Flue gas™: water, sulfur oxides and
solutions Sekasticns nitrogen oxides*"**
Very stable; requires substantialenergy ~ Catalystsrobustto . impurities:
input for reuse flue gas impurities . . .
o e Air: carbon monoxide, nitrogen
Impurities have stronger binding oxides, hydrogen sulfide, hydrogen
(sulfur dioxide and nitrogen oxides)**** chloride, ammonia, hydrogen,
sulfur dioxide, mercury and
cadmium
Seawater: boron, bromine and
chlorine
Biomass Global™*: Potential to replace off-road  Processing can be difficult for current Efficient separations  Polycyclic aromatic hydrocarbons
Agricultural: fuel applicitjs*ns andsome industrial processes Distributed Volatile organic compounds
3.0 billion tons chemicals Lignin is a challenge for some con- processingandthe  Heayy metals?%?
(dry weight)** Derived from photo- version technologies (e.g., fermentation), related fundamental Dioxins®
Forestry: 1.8 billion synthesis, currently requiring significant energy input science for modular
tons*** the most cost-effective Attention required to avoid land use systems
USA.*# mechanism to remove change concerns Improved
Agricultural: 149 largt;a an(wjgup;s c;f Substantial water content and water quantification of the
million dry tons caroon dloxide from requirements for cultivation flow of carbonand
illi the atmosphere Local processing needed SR g
Forestry:z 387 million  Net energy balance to - P 9 ) agricultural and
drytons convertagivenfeedstock  Fertilizer used to support growth is industrial systems
Manures: 29 million  to a product suggests energy-intensive as currently produced
dry tons aroadmap for viable and has negative environmentalimpacts,
feedstocks such as greenhouse gas emissions of
. . nitrous oxide, which is 300x as potent
Provides for highly bon dioxid d l
distributed uses as carbon dioxide, and water quality
degradation
Food Waste Global: 1.4 billion Substantial energy High water content can increase the Efficient separations Many and varied, from heavy metals
tons*® available; muchlessenergy  energy needed to convert Catalysts that to plastics, to drugs, to water
USA: biogenic portion  input needed for conversion - complex feedstock (currently combined  can stably and
of municipal solid to useful products, and with other wastes, and may contain selectively operate
waste, landfill gas, landfilling leads to methane  pastics, paper products, metal, etc.) inacomplex
food and human emissions creates challenges with current catalysts  feedstock
waste, fats, oilsand  Someinfrastructure exists  Need to prioritize redistributing waste Distributed pro-
greases,2]290 million  for separations food to humans and animals, withonly ~ cessing and the
dry tons Currently, it costs energy spoiled food chemically converted, related fundamental
Food waste only, and money to dispose of; so availability of feedstock is unknown science for modular
14 milliondry tons””  switching to a feedstock Local processing needed systems
adds value
Plastics Global: 460 million Substantial volume Mixed plastics characterized by Catalysts with Anti-oxidants and ultraviolet stabi-
tons Pure plastics have impurities, additives and different appropriate lizers like butylated hydrox ytoluene,
USA: 40 million substantial energy process parameters that can make them  selectivity andthat  tris (2,4-di-tert-butylphenyl)
tons®® available for recycling difficult to reuse/recycle*? canhandle mixed ~ phosphite and bis(2,2,6,6-

and upcycling

Chemical recycling allows
conversion of multilayer
packaging films

Multi-layered films and integrated
polymers pose a challenge for
mechanical recycling

Requires significant energy input

Local processing needed

Pyrolysis produces 10-20% light gases
and 5-10% char, which requires disposal
or recycling®*®

plastics

Catalysts stable

to chlorides
Distributed
processing and the
related science for
modular systems

tetramethylpiperidin-4-yl)
decanedioate

Plasticizers and lubricants like
di-(2-ethylhexyl) adipate, chlorinated
paraffins (for PVC), calcium stearate,
esterified Montan wax

Flame retardants like tetra-
bromobisphenol A and
decabromodiphenyl oxide

Fillers and reinforcements like
calcium carbonate

Colourants: white=titania;
black=carbon black
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Table 1 (continued) | The attributes of renewable carbon feedstocks including availability, quality, impurities, energy
content, and energy input needed for conversion to desired products are summarized here

Feedstock Amount Pros Cons Fundamental Impurities
science needs
Methane Global: 167,000 Abundant Impurities cause problems with catalysts Capture of biogenic Hydrogen sulfide*”, water, carbon

billion tons™* Will contribute to both and separation materials methane dioxide, hydrocarbons, mercury,
10-22 billion decarbonization and Non-renewable source Catalysts with nitrogen and helium

tons (biogas net-negative emissions Higher global warming potential than appropriate

and Abziszrznethane Contains a large amount carbon dioxide (27-30x)"* selectivity

g of energy Stranded gas is uneconomic totransport  Efficient processing

Uhe(Ele 0l aan Useremovesagreenhouse  sglective activation of C-H is difficult CETEI e

tons methane

gas 27-30x as potent as

carbon dioxide Potential for leaks

Multiple substantial carbon feedstocks exist without the need to extract new fossil fuels. Each feedstock has different availability, quality, impurities, energy content and energy input needed
for conversion to desired products. Based on these features, each stream may be suited to specific ideal products. Those attributes are summarized here. *Calculated based on emissions from
the corn ethanol, wine and beer industries. **Considers the major global crops (wheat, maize, rice, soybean, barley, rapeseed, sugarcane and sugar beet) in the selected countries/regions with
large biomass potential (Europe, USA, Canada, Brazil, Argentina, China and India) and assumes an average crop residue moisture content of 8%, based on values in PHYLLIS database (https://

phyllis.nl/Browse/Standard/ECN-Phyllis). An alternate source suggests that the amount of biomass could be highly variable, ranging from 5 to 95 billion tons dry weight, with variability due to

assumptions on crop yield trends, land use, population, diet changes, and so on**°. ***1.3 Gt per year goes to fuel purposes and 0.9 Gt per year is primary residues for a total of 2.2 Gt per year

414

or 1.8 Gt per year dry weight, assuming reported weight was fresh and using a 16.67% average moisture content. ****Excludes energy crops (239 million dry tons). *****We want to avoid
the 30% of the gasoline market that represents the light-duty and medium-duty vehicles, which will be electrified. ******Biogas is projected to be available in quantities sufficient to meet a
noticeable fraction of future fueling needs, but only at costs that are five to ten times the current price of fossil fuels.

required for the efficient processing of these feedstocks, each of which
have unique challenges for conversion''**, are discussed. Here, we
focus on the common challenges of feedstock processing, which
include the need for new catalysts, separations, and low-temperature
and low-pressure processes that are tolerant to impurities.

CO,.Around 455 billion tons of CO, have beenreleased into the atmos-
phere fromfossil sources since 1850 (ref. 195), making CO, an abundant
source of carbon. The IPCC states'*'”’ that just stopping the generation
of CO, will not solve the problem — we have enough CO, in the atmos-
phere that we must also remove CO, from either the air or the ocean to
avoid a significant climate impact; therefore, using it as raw material
would beideal. Although Fig. 2 shows that the conversion of CO,to the
majority of precursor materialsis not energetically favourable, the use
of CO,asaC,precursor of fuels and feedstocksis likely to be needed at
some level for closing the carbon cycle, in cases in which there is not
adequate carbon from other source streams.

CO, exists inthe air, in the ocean and as a by-product of industrial
processes. The CO, in the air or ocean water is very dilute, with many
different constituents fromwhichit willneed tobe separated (Table1).
Surmounting the challenge of capturing CO, directly fromthe air, direct
air capture (DAC), or ocean, direct ocean capture (DOC), will be required
tobenefit the climate. Most industrial sources of CO,, such as flue gases,
contain more concentrated streams of CO,and so are considered more
practical carbon feedstock sources. However, flue gases have added
challenges, as they also tend to include reactive contaminants, such as
H,0, SO, and NO,. If not adequately removed, these contaminants can
degrade the sorbents used in the capture and purification process, or
poison CO, utilization catalysts (Table 1). Therefore, separation pro-
cesses must be tolerant of these impurities for the large-scale separation
and purification of CO,. Reviews of the fundamental challenges of CO,
capture and use are available for the interested reader®*'*S,

The current state of the art represents the many advances in col-
lecting and utilizing CO,. The separation of CO, from multicomponent
mixtures, such as flue gas, is achieved using membranes, cryogenic
distillation, solid adsorbents or solvent-based absorption'*2%,
Monoethanolamineisthe currentindustry choice for amine scrubbing

atconcentrations up to 30 wt%. However, this processis characterized
by high energy and freshwater consumption for the regeneration pro-
cess, as well as the thermal degradation of the solvent and the genera-
tion of toxic waste and corrosive fumes®®”, New alternatives include
ionic liquids, for which the energy consumption is 40% lower, phase
change adsorbents (blends of amine/water/alcohol) and, more recently,
electrochemically mediated separations®***"°. For DAC, technologies
include alkaline solutions such as KOH, solid sorbents (such as zeolites,
supported amines or porous carbon)?’, alkali carbonates, and porous
supports, such as MOFs/covalent organic frameworks?>**, For flue gas,
water-lean solvents have been reported to exhibit the highest efficiency
for solvents® and the cheapest costs at US$39 per tonne of CO,*inthe
published literature. For both flue gas and DAC, there is a need for
the development of sorbents and membranes, as well as engineering
design for theintegration of the capture?” ", Moreover, regeneration is
extremely important for process intensification’*°*2, Technologies
for direct ocean capture are potentially efficient and inexpensive, as
the ocean naturally captures the CO,, and only technologies torelease
CO,arerequired; the current state of the art relies on membranes or an
electrochemical approach, thatis, electrodeionization, electrodialysis,
or electrochemical-pH swing?*%, to remove CO, from the surface of
thewater and then either utilize it for fuels and chemicals or store under
theseafloor. Another example of CO, utilizationis the co-production of
glycols and methanol from CO,, epoxide and H,. This process hasa100%
theoretical atom efficiency, as waste H,O is consumed in situ to produce
asecond product (glycol) and generate the two valuable products with
no waste”*®. Finally, aroute to create sustainable aviation fuel from CO
and CO, waste from steel mills has recently been demonstrated” >,

Agricultural and forestry byproducts and other forms of biomass
(biomass). A recent assessment from the DOE concluded that the
USA has the potential to produce at least 1 billion dry tons of biomass
resources annually without adversely affecting the environment®22%,
Specifically, thisbiomass willbe composed of carbonaceous materials
gleaned from agriculture, forestry, organic wastes, purpose-grown
crops and algal products. This amount of biomass could produce
enough biofuel, bioenergy and bioproducts to displace fossil-based
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aviation fuel (at the 50% blend currently required by the aviationindus-
try)**?* with additional material remaining for biobased chemicals.
This canbe achieved with minimalimpacts on the production of food
orother agricultural products*? Globally, there are enough feedstocks
from sustainable sources to meet the needs of the aviation industry
in 2050, as part of the US DOE sustainable aviation fuel challenge®**
(up to 540 million tons of sustainable aviation fuel)*****,

Photosynthesis by green plants, algae and some prokaryotic
organismsrequires CO, and occurs naturally the world over. Itis thus
one of the most effective ways to remove CO, from the atmosphere®*°.
The agriculture and forestry sectors already manage photosynthesis
to meet human goals and have a substantial footprint, covering 36.5%
(agriculture) and 31.2% (forestry) of the Earth’s land surface?”**®, These
sectors also already provide food, fibre, bioenergy and environmen-
tal co-benefits for society and are expanding their scopes to include
long-term CO, removal**>°,

The benefit of converting organic waste to biofuel, bioenergy
and bioproductsis twofold — it generates something useful while also
reducing GHG emissions. Purpose-grown biomass crops, or those that
aregrown specifically for energy rather than food, have amore compli-
cated picture, however. Their deployment must be balanced with food,
feed and fibre production; soil, water and biodiversity protection; and
cultural/historical land uses®2**. Biomass contains nitrogen, sulfur,
chlorine, alkali and alkaline earth metals, which can complicate their
processing, including poisoning catalysts and contaminating products,
if their presence is not properly accounted for (Table 1). Improper
thermal treatments of biomass feedstocks can release environmen-
tal pollutants, including volatile organic compounds, polyaromatic
hydrocarbons and dioxins*’. Demolition lumber treated with older
wood preservatives and biomass grown on soils contaminated with
heavy metals requires special consideration in processing or should
be avoided altogether to prevent the release of heavy metals and/or
pentachlorophenol into the environment*%**2,

The currentstate of the artin using biomass has led toanumber of
advancements. Biomass and algae haveimportant chemical function-
alities, including nitrogen and oxygen groups, within their backbone
structures, which canaid inthe replacement of fuels and chemicals pro-
vided by fossil fuels. Their use as biomass feedstocks can reduce carbon
and water intensity as well as sequester carbon in soils as soil organic
matter or carbonized biomass (biochar). Microalgae contain a sub-
stantial amount of triglycerides, which can be extracted and converted
to biodiesel”* > and bioethanol*’, and they have been explored for
cultivation from openand closed growing systems>**’; their potential
for production based on composition has also been investigated®.

Biomass has long been studied for renewable chemical and fuel
production, andit heavily relies on the thermal, chemical, biochemical
or catalytic transformation to products®' %, Most of the chemicals
derived from the pyrolysis of biomass have biochar as a by-product,
which can be used as a soil amendment®*°. Modelling studies suggest
biocharsare able to durably store carbon with negative emissions and
reduce impact on land, energy and water use compared with fossil
fuels®”. Many industries are expanding to produce cosmetics, biofuels
and lubricants from cultivated biomass (for example, ~200 biorefin-
eries in the USA, including ExxonMobil, RTI International, Absolute
Energy LLC, Ace Ethanol LLC and POET) and algae (for example, Algenol,
Sapphire, GreenFuel and Solazyme).

Food waste. Some 1.4 billion tons of food is wasted per year glob-
ally, roughly one-third of the global food production, amounting to

~US$1trillion and 26 exajoules (EJ) of energy (a quarter of the US energy
consumption) wasted?**>°, Although reducing or redistributing excess
foodto avoid waste should be aprimary goal, this represents animpor-
tant carbon source, given that the food waste from all parts of the
supply chain that cannot be used by humans and animals is unlikely
togoto zero.

Thereare anumber of areas that have developed the current state
of the art to use food waste as feedstocks. Valorization of these food
wastes could help enable a circular economy. Extraction of value-added
compounds®”’, suchas phenolicacids, terephthalic acid, p-cymene and
limonene, canbe used to produce antioxidants, polyethylene tereph-
thalate resin and polyester films, cosmetics, and pharmaceuticals®®,
Although technology exists to valorize the remainder of the waste via
gasification, liquefaction, hydrothermal treatments and pyrolysisinto
avariety of products”* ", energy efficiency and selectivity need to be
improved, whilereducing CO, production and recovering and reusing
any resulting CO,. Reliable routesto convert wet and dry feedstocks of
variable quality at different scales must be developed. Aside from the
energy demand of high-temperature processing, the main products,
bio-oils, hydrothermalliquefaction-oils and biochars, are of relatively
low-value. However, these products can be upgraded to higher-value
products, such as electrodes, carbon nanotubes, graphene, fuels and

chemicals, and/or they can be used as media to store carbon®”,

Polymers. If plastic demands follow current projections, global plastic
waste volumes will increase from 380 million tons per year in 2016 to
460 million tons per year by 2030 (ref. 276). This demand will elevate
the already monumental environmental problem of plastic waste man-
agement to a new level. In 2021, US consumers recycled only 5-6% of
the 40-50 million tons of their plastic wastes?””*%, Polyethylene (high
density and low density) and polypropylene account for over 50% of
discarded waste plastics”’. Therefore, this waste represents aresource
opportunity for producing chemicals and materials. In addition, more
than 10 million tons of polyester fibres and textiles are manufactured
every year, with less than 1% efficiently recycled®. Factors that affect
yield of liquid transportation fuels are the presence of additives and
contaminants®', including mixed plastics®?, in the waste as feedstocks.
Additionally, many current catalytic and non-catalytic processes for
polymer decomposition or upcycling are not sufficiently selective,
leading to additional separations. For example, the deconstruction of
polyvinylchloride produces HCI, which creates added complexity in
the process. Developing the science to convert fossil-derived polymer
waste is crucial to recover carbon from this waste stream. Ultimately,
as we use biogenic sources to create polymers, the science can be
directly translated to similar polymers towards the reuse of newly
derived polymers.

There are several advances that establish the current state of
the art in using polymers for feedstocks. They include competing
technologies that are being developed for utilizing polyolefin wastes
as feedstocks for liquid transportation fuels, including thermal
pyrolysis***?** and gasification to syngas followed by Fischer-Tropsch
synthesis®®?*, Inaddition, there has been alimited number of studies
reported in the literature for converting plastic wastes by catalytic
hydrogenolysis*?%%, Note that catalytic pyrolysis in the presence of H,
(20-50 atm; 370-450 °C) has been reported to avoid char formation
and rapid catalyst deactivation?®**°; however, excessive C-C bond
scission”*is amajor challenge, because it reduces the overall liquid
yield and leads to the formation of undesirable light gas compounds.
For polyester materials, such as polyethylene terephthalate, multiple
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catalytic and non-catalytic depolymerization approaches have been
developed, including aerobic oxidation, hydrolysis®, alcoholysis,
glycolysis, aminolysis, hydrogenolysis, enzymatic depolymerization
and pyrolysis, which allow the reutilization of the monomers for repo-
lymerization to virgin polymers, avoiding the need for producing
these monomers from fossil 0il**®. To ensure that the CO, released in
the majority of these processes does not increase greenhouse gases,
capture for reuse or sequestration would be required.

Methane. CH, isone of the Earth’s most abundant carbon-containing
molecules. Itisthe major component of shale gas and is found as meth-
ane hydrates and coalbed methane, whichiis natural gas found in coal
deposits**?**, The amount of CH, in proven reserves is estimated to
be 167,000 billion tons globally**. CH, is also a major component of
biogas that results from the decomposition of organic matter. Given
that CH, has ~27-30 times the global warming impact of CO,, thisis a
substantial contributor to global warming, making an additional case
fortheimportance of finding ways to utilize it*>**®. Estimates show that
landfills account for 17% of total US CH, emissions®°.

Today there are over 330 operational biomethane projects
in the USA focused on biomass and/or food wastes as well as over
2,200 operational biogas plants that displace petroleum-based
hydrocarbons®****?72% The fossil-derived CH, used as feedstock in
many industrial processes could be substituted by non-fossil-produced
CH,, if it can be economically transported to the processing site and
purified with a net-zero emissions® footprint®”. Typicalimpurities asso-
ciated with CH, include CO,, hydrogen sulfide, NH,, siloxanes, water
vapour, oil, nitrogen, hydrates and C2-C5 hydrocarbons. Ultimately,
we see biogenic CH, and/or stranded CH,, rather than fossil-derived
CH,, asthe non-fossil or waste sources of carbon.

Several developments haveresultedinthe current state of theart
for using CH, as a feedstock. CH, can be used to produce value-added
products. CH, steam reforming and the water-gas shift reaction are
currently used tocommercially produce H,, although these processes
generate CO,as aby-product. There are several potentially promising
reactionsthatdonot produce CO,, including dry reforming to produce
syngas (CO + H,), which canbe used as afeedstock to produce chemicals
and fuels?**°°, as well as CH, pyrolysis or thermocatalytic decompo-
sition to produce H, and solid carbon®*"***, However, the high disso-
ciation energy of the first C-H bond (440 k) mol™) necessitates high

reaction temperatures that can resultinrapid catalyst deactivation®”’.

Comparison of Feedstocks. Above, we have discussed the current
state of the art for the individual feedstocks. Of course, not every
initially intriguing effort towards decarbonization turns out to
be practical. We note the industrial abandonment of algae as a
feedstock®® and the continuing asperities that preclude the indus-
trialization of cellulose-derived ethanol**®. Technology that seems
to be advancing well include the fermentative conversion of flue
gas by LanzaTech®*"*%, the electrochemical reduction of CO, and its
subsequent conversion being scaled up by Twelve®***'°, and the use
of municipal solid waste being pursued by Fulcrum BioEnergy*"*'2,
All of those technologies target sustainable aviation fue[* 2083107312,
As we consider the various feedstocks’ ability to be converted
into platform chemicals, the comparisonin Fig. 2 shows that CH, and
plastics have the highest enthalpy of combustion, and the formation
of many major platform chemicals from them is thermodynami-
cally favourable. The routes to platform chemicals using CH, include
Cland C2 chemistry of synthesis gas (CO plus H,) made by steam

reforming®”. The routes starting from plastics will depend on the type

and purity of the feedstock. Ifitis amixed feedstock then either steam
gasification or pyrolysis could be effective®, the former yielding
syngas, the latter yielding mixed hydrocarbons®” that would need to
be fractionated, much like petroleum into streams (olefins, aromat-
ics and oxygenates) that could be converted further. Similar routes
extend from biomass and food waste. Processing of waste plastic
would be needed to avoid downstream contamination by halogens
(polyvinylchloride and additives). Speciating the plasticsinto easily
depolymerized fractions, such as polystyrene and poly(ethylene
terephthalate), can allow the production of repolymerizable mono-
mers (styrene®®, terephthalic acid and ethylene glycol®”). Alternately,
carbonization of either CH,>” or waste plastic®® can produce valuable
carbon products and H,. Each process would benefit from research
on the catalysts and reactors. In summary, all the major platform
chemicals®***° made from petroleum are accessible starting with
waste or non-fossil carbon sources.

Catalysis, catalyst degradation and new processes for
non-fossil feedstocks
Reusing carbon from complex feedstocks (CO,, biomass, food waste,
polymers and CH,) requires processes and systems to be tolerant to
feedstock variations and impurities. Ultimately, both catalysts and the
modulesinwhich they reside must be durable and resistant to degrada-
tion. The primary mechanism of catalyst deactivationisaresult of the
depositionofreaction products orimpurities (Table 1) that encumber
activesites. Chemical degradation leads to phase and/or composition
changesinthe catalyst that may beirreversible or require high tempera-
tures and reactive environments to regenerate the original material®”.
Fundamentalresearchin catalyst degradationand deactivation, as well
asrobustregeneration methods, requires operando methods to analyse
the catalyst evolution on the requisite time scales and withincreasingly
complex streams®?, As the quantity of impurities will be substantially
higher in the heterogeneous feedstocks present in reusing carbon
streams, an understanding of the fundamental principles governing
the reactivity, selectivity and stability of catalytic materials is vital'.
The variability in makeup and impurities in future feedstocks
(see Table 1) will likely reduce the efficiency of current catalytic pro-
cesses. Therefore, developing accelerated testing methods to allow
understanding and responding to temporal changes will be useful to
enable predictive models of deactivation®”’, Improved sensors and
detectors will enable this response, as well as automation torespondin
real time to allow agile catalytic processes. Providing well-defined test
feedstocks will be an important approach. As an example, a detailed
research hierarchy for separation systems was proposed, which could
be applied to catalyst discovery for efficient carbon conversion and
utilization®*. In this study, instead of using idealized mixtures, it was
proposed thataseries of well-defined exemplar mixtures be developed
to bridge the gap between fundamental studies and practical applica-
tions. This hierarchy maximizes the impact of early-stage research to
identify promising catalysts that will be resilient to varying carbon
quality. Inarelated example, in the 1980s, the Argonne Premium Coal
Sample Bank was established to provide the research community
with well-characterized coal samples so experimental results could
be compared, allowing differences to be attributed to experimental
technique rather than sample variation. The carbon feedstocks of the
future will be complex and heterogeneous, underscoring the need to
standardize feedstock studies and prioritize feedstocks for their most
suitable application.
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Box 1

New tools and methods to close the carbon cycle

Replacing fossil carbon with non-carbon
alternatives or non-fossil carbon at an industrial
scale poses substantial scientific challenges.
To address them, the scientific community will
need to develop experimental, computational
and data science tools to better understand
chemical transformations, catalyst design
and performance, and separations (refer to
the figure in Box 1).

The complex carbon feedstocks we
discuss in this Roadmap are often beyond the
limits of current analytical instrumentation T

Science needs

materials

Capture/
separations

approaches. As shown in the bottom of Real-time,
the figure, the observation of real-time Richlyleensiive
analysis of

processes of multiple elements (for instance
observing the metals in catalysts and the
carbon in the feedstock at the same time),
potentially concurrently in all phases (gas,
liguid and solid; see the figure, right-middle), and considering

scales ranging from the single atom to mesoscale and macroscale
will be a critical advance. The new approach of co-designing
catalysts and separations materials will need to be coupled to rapid
characterization and data modelling for the development of the most
efficient and effective materials. This will require carbon-focused
operando tools that use advanced imaging, scattering, spectroscopy
and correlative characterization. The X-ray, neutron and nanoscience
user facilities as well as laboratory-scale instrumentation can provide
benchmarks and mechanistic information (see the figure, left).

The design of improved catalytic systems will continue to
benefit from the partnership between experiment and computation
(see the figure, left-middle)*?’-***. Data science and machine
learning, although relatively new in their application to catalysis
and separations problems, offer substantial potential for further
advancement. The use of digital twins in which experiments and
high-fidelity models are run in parallel and learn from each other,
will accelerate research and minimize experimental trial-and-error
and cost (see the figure, right)******, Extracting design principles
from enzymes, nature’s catalysts that are highly selective under
mild conditions with Earth-abundant metals, has the potential
to enable the functional implementation of those principles
into synthetic catalysts. Recent breakthroughs in foundational

dilute mixtures

Analytical needs

Itis challenging and laborious to study the degradation and deac-
tivation of catalysts, especially during early-stage research. However,
methods like those used to study automotive exhaust catalysts or
fluid catalytic cracking catalysts should inspire new approaches to
understand catalyst aging and deactivation in carbon conversion
research®”. These new methods must manage the added complexity
of varying feedstocks, impurities and reaction conditions. To provide
the chemicalinsight necessary to develop new materials and predictive
models of catalyst lifetime and performance (Box 1), in situ and oper-
ando analytical methods coupled with accelerated testing protocols

Synthesis of novel
carbon-absorbent

Chemistry, materials and modelling

Multicomponent or
Highly selective and  multiphase materials for Integrations and
efficient catalysts continuous separation benchmarking

| ) |

O @] )\ E—

5)0 [°0)
Chemical Product End use/

transformations separation process/devices

f 1 f

Overcoming limits Decipher complex Techniques for
imposed by pressure, driving forces and degradation and

temperature and mixtures accelerated testing
multiphases conditions

Characterization and data analysis

models, particularly in generative artificial intelligence, create new
opportunities to analyse and learn from decades of multimodal
data on chemical conversions. These advancements can guide

the development of innovative materials that enable the selective
steering of chemical reactions, favouring desired products over
competing pathways**.

Historically, data from the catalysis community has not been stored
in accordance with FAIR (findable, accessible, interoperable and
reusable*®’) data principles, making data science use challenging.
Advances in machine learning will enable the extraction of chemical
information from literature**®, creating a new generation of
artificial intelligence tools** capable of complex reasoning tasks
to support chemical discoveries. However, consistently curated
data, for both good and failed catalysts, is needed throughout the
catalysis community, and the need to create a community database
has been recognized**°=**°. Such a broad and deep database of
chemical reactions, chemical reaction conditions, and catalyst and
separation materials would enable the implementation of techniques
to mine new features from deep data by enabling comparisons across
complex reaction schemes difficult to do unaided by data science. As
increasingly more data are available in these databases, standardized
feedstocks would also help by providing data that can be directly
compared.

need to be developed®”. Machine learning methods have accurately
forecasted aging processes inindustrial reactors, demonstrating that
data-driven models have the potential to outperform mechanistic/
physics-based models™. Further application of machine learning could
be animportant contributor to accelerating our scientific discoveries
by learning the nonlinear relationships between feedstock variability,
process conditions and chemical degradation from experimental and
computational data*”*?® (Box 1).

Asstated, the development of small modular reactors at or close to
sources of non-fossil feedstocks is needed, which will require catalysts
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and separations materials that can be easily integrated (see Fig. 3).
As depicted in Fig. 3, the distributed, heterogeneous feedstocks of
the future may necessitate modular and flexible conversion systems
inclusive of low-temperature processes (Fig. 3, upper left); alterna-
tive energy inputs for activation, such as microwave or plasma (Fig. 3,
upper middle); integration of reactions and separations (Fig. 3, upper
right); and robust, interchangeable units that are plug-and-play for
catalysts and feed trains (Fig. 3, bottom)*?’, The scale of these systems
will depend upon multiple factors. The first is the availability, local
sourcing and handling of feedstocks. Additional considerations are
the scaling factor of reactors and the use profile, market size and dis-
tribution mode of the product(s). Finally, the availability of primary
(andideally renewable) energy inputs will be a critical consideration.
Therefore, this modular approach could include farm-scale units
(-tons of feedstock per day) that fit ontoatruck bed orinto a shipping
container®°33, as well as larger-scale flexible modules (~hundreds
of tons of feedstock per day) that can be combined to match feed-
stock availability®**. This future requires understanding the scaling
factors for the new novel reactor designs that leverage alternative
energy inputs to drive low-temperature, low-pressure****>**¢ and asso-
ciated handling/processing challenges, as well as business models for
distributed chemical processes.

Lower temperature and pressure processes
Mostindustrial processes require high temperatures and/or pressures
tomakereactions favourable orto overcomessluggish kinetics. Tobeless

Catalyst Energy input

energy-intensive and operate in distributed chemical processes, cata-
lysts that operate at lower temperatures and pressures are needed. Bio-
logical catalysts, such as metalloenzymes, which operate at atmospheric
temperatures and pressures, can act as inspiration®’ >,

To drive chemical reactions at lower temperatures, there is an
effortto move away from thermal heating methods. The most advanced
of these technologies uses electrochemical potential as the primary
driving force**. Electrochemical methods are used to induce many
oxidation and reduction reactions’®, offering the possibility to reduce
energy input compared with thermal processes, as long as there are
appropriate low-overpotential catalysts. Additionally, paired elec-
trolyses produce valuable redox products from the same energy
input. Although our current understanding of thermal reactivity and
kinetics far exceeds our knowledge of electrochemical reactions,
recent studies have uncovered parallels between these two types of
energy inputs®**. For example, a study analysed the rate for the same
Ni, N-doped carbon catalyst generating CO from CO, via electrochemi-
cal reduction or through thermal reaction conditions. The kinetic
datawere plotted with respect to temperature and potential, and the
authors developed ageneralized reaction driving force that suggests
thatthe catalyst used for the studies could facilitate faster kinetics elec-
trochemically than thermally. The authors see an exciting opportunity
for further comparisons, at the same time cautioning that there are
additional factors in catalytic activity that make correlation between
the two driving forces challenging*. Although recent research
efforts in this area have advanced our understanding, the transition

Reactive separations

Approach: low-severity
(temperature, pressure)
catalysis

Relevance: enables
decentralized processing
by reducing safety

Approach: alternative energy input for
electrochemical and chemical activation
(e.g., microwave and non-thermal plasma)

Relevance: Enables renewable energy
utilization and downscaling

> -
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automation and
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reactive membranes)
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Fig. 3| Modularity is the future of the chemical industry. Modularity and
flexibility in the future chemical industry to process complex carbon source
streams relies upon distributed feedstocks. The central image exemplifies the
state of the current chemical industry, which focuses on unit operations that
scale favourably with volume due to centralized large-volume feed streams.
These unit operations are typically rigid, unable to respond to changes in
feedstock type, composition, or product demand. A modular chemical industry
implies flexibility, the ability to respond to changes in the quality of the
distributed feedstock or product demand in real time. Robust catalysts operating

diversity through quick unit
changeover in response to
new market demands

atlower temperatures and pressures, stored in exchangeable canisters, could
enable amodular chemical industry. Feedstocks will change based on location or
season, so feed trains must seamlessly respond to this diversity. Thermal energy
fromJoule orinduction heating or heat pumps sourced from renewable energy
inputsrather than typical direct or indirect heating by combustion reduces
energy requirements and mitigates the environmental impact. Intensification

of unit operationsinto a single unit reduces the footprint of the chemical plant of
thefuture.
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towards electrochemical operations faces challenges in comparison
with the prevailing thermal methods, including the risk associ-
ated with the relatively limited knowledge base, the high cost of
electrocatalysts, the lower selectivity of reactions at higher yields
and the inherent capital costs associated with developing the new
infrastructure. Much can be learned by drawing analogy with the
decades of work that took H, electrolysers for water splitting from
concept tocommercialization®*®. Similarly, some commercial organic
products are already produced by electrochemical means, including
nylon®"**%, These operational processes can provide critical data for
scaling these new electrochemical processes for converting complex
carbon feedstocks.

Alternative processes to reduce the reaction temperature and
energy demand, while overcoming activation barriers, include
non-thermal plasma, that is, utilization of electrically energized
gas®”’; Joule heating, that is, use of electric current flowed through
resistance to generate heat®°; induction heating, that is, heating
by internally induced electric current®’; and electromagnetic heat-
ing, that is, taking advantage of electrically conductive and induc-
tor materials to utilize electromagnetic field-induced heating®”.
There are advantages and challenges to using these alternative
processes. For example, non-thermal plasma can be turned on
and off quickly, making it compatible with the intermittent nature
of renewable energy®” in the absence of widespread long-term
energy storage options. However, its non-selective nature requires
new catalysts for improved selectivity and an understanding of
plasma-catalyst interactions. In addition to using these processes
by themselves, there is promise to enable operations at lower tem-
peratures by combining them into tandem processes, for instance
combined photo-thermal®*, electrochemical-thermal** or plasma-
thermal®®*’ stimuli. Albeit a bench-scale example, the use of
tandem plasma-thermochemical stimulishowed that activation of CO,
and CH, canbe achieved®®. Electrochemical-thermochemical tandem
reactions enable the efficient conversion of CO, to value-added pro-
ductsthat cannot be achieved using either process alone, and if renew-
able energy is used as the excitation source, the CO, footprint can be
further reduced®. In all cases, we need design rules and concepts to
integrate these non-thermal methodologies with new catalysts and
separations materials and processes. It is also critical to evaluate the
full coupled processes with TEA and LCA to ensure that CO, emissions
aredecreasingand that we understand the process energy efficiency.

Biological systems, such as micro-organisms, powered by elec-
trochemically or photochemically generated energeticintermediates
(electrons, H,, reduced carbon and reduced nitrogen)***** may provide
the delocalized and centralized production of fuels and chemicals from
renewable energy and atmospheric gases. Because these are living
systems, scale-up will require additional considerations for practical
use. In particular, additional research is required in the biological
engineering of the micro-organisms and ecosystems to achieve the
desired products, their coupling with electrode-generated species
for energy or product conversion, and the surrounding technology
required to maintain purity in an energy-rich biological broth that is
continuously exposed to air.

Separation needs for complex feedstocks

To effectively use complex carbon feedstocks, improved separa-
tion processes will likely be needed. Separation steps could be
implemented before a chemical transformation to reduce the com-
plexity of the feedstock and/or after a chemical transformation

to separate the desired product. In the USA, chemical separations
(distillation, cyrogenic, solvent extraction, and evaporation) are
extremely energy-intensive and currently use 10-15% of US energy”.
Advances in energy and separation efficiency are thus essential*** >,

There are many needs for new separation materials and processes
to keep carbon in play, many of which are similar to those needed for
catalysts. For instance, separation materials will need to be stable
over long periods of time and insensitive to impurities. They will also
need to operate in streams that vary spatially and temporally, as well
as functioning at low temperatures®***”, For gas separations, current
challenges include poisoning by contaminants, penetrant-induced
plasticization, physical aging, and balancing permeability and selec-
tivity. By contrast, liquid separations have difficulties when it comes
to designing solute-solute selectivity beyond what has been achieved
for water-solute separations. Beyond that, understanding and prevent-
ing fouling of adsorbents and membranes, and managing concen-
trates, such as brines, fromion exchange and membranes are essential
advances.

Here, we explainthe needsfor separating complexfeedstocksatlow
temperatures and coupling separations with catalytic reactions (that s,
reactive separations). To accelerate scientific progress, we need both
fundamental and applied investigations of separation materials and
catalytic processes across arange of feedstocks. This should vary from
ideal systems to systems under realistically complex conditions, using
standardized feedstock studies*** and testing conditions to maximize
their generalizability and comparability in separations.

Reactive separations

Toachieve the most economical and energy-efficient chemical conver-
sions and separations, the co-development of both aspects should be
considered at the development stage®*®**°, Reactive separations are
a process intensification, that is, the improvements in a process
achieved by combining unit operations®***®. For reactive separations,
chemical reactions would be combined with separations processes,
such as distillation, extraction, absorption or crystallization. Using
reactive separations can increase product yield and selectivity, with
decreased energy requirements, given that they can surpass equilib-
rium limitations. This also means they need lower capital investment
and operating costs than typical catalytic processes. For example, reac-
tive distillation hasbeenused to decrease energy costs and increase the
yield of fatty acid alkyl esters from vegetable oil, animal fat and waste
cooking oil as compared with conventional biodiesel processes™°.
In other examples of reactive separations, reactive membranes have
beenused to maximizeyield and reduce energy consumptioninH, pro-
duction from hydrocarbons®’, and reactive absorption and crystalliza-
tionhavebeen usedtoincreaseyields and energy efficiency compared
with when CO, capture and utilization are performed separately*>.
Although these integrated processes offer new and exciting opportuni-
ties for energy-efficient, cost-efficient and atom-efficient separations,
there are still many scientific and engineering challenges that need to
be addressed based on the separation process.

Reactive separations are expected to play amajor role in carbon
dioxide capture and utilization, especially in DAC*. Conventional carbon
dioxide capture and storage uses amines, ionic liquids, solid sorbents,
membranes and porous materials to capture CO, for liquefactionand
storage”*”*, These processes typically rely onthermal swingsorptionor
capturing CO,atonetemperatureandraisingthetemperaturetorelease
it, followed by compression and transport for subsequent storage. Col-
lectively, this makes CO, capture and storage highly energy-intensive.
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Reactive adsorptionisthe process by which CO, canbe captured and
converted through a chemical transformation. Examples include
conversionto CH, (methanation), or to CO and water in the presence
of H, (reverse water-gas shift, or dry reforming of CH,)*”. Another
reactive separation approach is to directly mineralize CO, from the
water-gas shift reaction. For example, CaSiO, or Mg,SiO, can react
with CO and H,0 to mineralize CO, as CaCO, or MgCO,, respectively,
forlong-termstorage while shifting the reaction equilibrium to form
more H,”. In addition to conventional thermal pathways, combining
CO, capture with nonthermal CO, utilization pathways, such as
electrochemical CO,reduction®”’, plasma catalysis******"° or micro-
wave catalysis®”® could increase the overall energy efficiency while
reducingtheinfrastructure requirements. We need improved under-
standing of the kinetics and mechanisms of these nonthermal pro-
cesses to aid in the design of new catalysts and energy-efficient
processes for CO, capture and utilization. LCA and TEA will also
play a critical role in ensuring reactive separations are compliant
with the circular carbon economy and will help prioritize further
investigations.

Although energy considerations are key to optimizing reactive
separations, atom efficiency is just as important. Most separations
require the selective concentration and isolation of atarget molecule
fromitswaste, whichis energy intensive. However, a circular economy
offers chemical processes designed to not just minimize waste, but to
repurpose or eliminateit entirely. As we strive to close the carboncycle,
we hopeto emulate strategiesin which high atomand energy efficiency
arebuiltinto the future design of chemical processes.

Areas most likely to benefit from keeping carbon in play. The fuel,
chemical and polymer industries are those most likely to effectively
reduce our fossil carbon needs. In particular, sustainable aviation fuel
hasreceived substantial attention as this sector is unlikely to move from
carbon-based fuels any time soon, if ever. Many chemicals and poly-
mers that form the foundation of other industries (plastics for light-
weighting, clothing and manufacturing) are built upon carbon-based
platform chemicals. Developing efficient and cost-effective mecha-
nisms to provide reused carbonrather than fossil carbon, inaway that
canbeusedin the existing infrastructure, would be ideal.

Designing an integrated future

Inthis Roadmap, we have discussed the science and technology needed
to achieve carbon neutrality for difficult-to-electrify segments of the
economy, focusing on alternatives to carbon, and keeping carbon in
play. However, how do we meet the USA’s and the world’s aggressive car-
bonneutrality targets by 2050 — whichis only 26 years away? The typical
timeline from discoveringto deploying technologies takes15-20 years,
meaningthereisonly time for one round of such development to meet
thistarget. Therefore, we must make significant changesin how we do
researchso that we can provide solutions more rapidly”. Anintegrated
approachis needed to develop efficient processes and materials that
accelerate technologies at all TRLs. The processes need to be economi-
cally viableand meet regulatory and manufacturing needs, while at the
same time reducing emissions and maintaining cognizance of social
and environmental impacts.

In Cradle to Cradle**°, William McDonough and Michael Braungart
asked readers to perform a thought experiment, imagining that they
had been given the assignment of designing the industrial revolution.
Looking at the consequences, they articulate that the system design
would have included a variety of negative features such as putting
billions of pounds of toxic material into the air, water and soil every year,
and producing materials so dangerous that they will require constant
vigilance by future generations. The point of course is that these con-
sequences were not anticipated, and, most importantly, there was no
design considered or implemented. Unlike the industrial revolution
and its undesirable outcomes, we now have the opportunity to planand
designamoresustainable, energy-efficient and environmentally respon-
sible economy. We aspire to replace the current linear economy with a
circular economy, in which carbon is used and reused over decades in

more than one application®',

Processes of the future

Thetransition from fundamental discovery to optimization of systems
with real feedstock streams, to deployment, needs to happen at an
accelerated pace, ifwe are to meet the US target dates. Figure 4 shows
an aggressive timeline from fundamental research to fully deployed
technology (Fig. 4, top) that could be accelerated by embracing the key,
use-driven fundamental challenges discussed here (Fig. 4, bottom),

Use-driven 5 Bench-to-pilot-scale g
fundamental years developments 5years Bmlm:; rr\r:(s:'dular
science \_/ (3-5 years)

TEA and LCA to prioritize research and development focus and for reusing multiple carbons

Catalysts that are responsive or insensitive to
changes in source or impurity

Standardized testing and curated data

Catalysts designed for modular reactors

Fig.4|An aggressive timeline to close the carbon cycle. An example of an
aggressive timeline to translate fundamental science to modular industrial plants
to enable defossilization of the difficult-to-electrify segments of our society. Across
thetop (light blue) are shown the parallel and closely interconnected developments
of fundamental science and pilot-scale activities. Implementing techno-economic
analysis (TEA) and life cycle analysis (LCA) at all stages of technology development
should resultinan acceleration of the timeline. A continuous feedback loop

Efficient and reliable systems integration
of technology components

Reducing technology uncertainty
of real-world streams

Real-time modulation of process
conditions as feedstock changes

between use-driven fundamental science and bench-to-pilot-scale developments
will accelerate the transition to technology deployment, potentially reducing the
time for building flexible plants from 20 years to 10 years. On the bottom, specific
developments needed in catalyst and technology discovery are highlighted.
Early-stage research is shown on the left, developments in more advanced stages
areshown ontheright. Although all these challenges are substantial, with focused
research ata variety of technology scales, they should be achievable.
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with direction interaction and connection between the fundamen-
tal science and the ultimate end use (Fig. 4, upper left). TEA and LCA,
shown in the middle portion of Fig. 4, should offer both acceleration
inthe timeline, because they are being utilized earlier in the cycle, and
early feedback on promising catalysts and separations. If a variety of
complex carbon-based feedstocks are to be implemented, amodular
chemistry industry for distributed feedstocks and modular reactors
will likely be needed to allow for differencesin feedstocks. Forinstance,
temporal variationin agivenlocation, such as temperature or humid-
ity, may resultin different catalysts or separation materials. Similarly,
amodularapproachwill also allow for feedstock variation in different
geographical locations (see Fig. 3).

Reactive separations will likely play an increasing role in future
chemical manufacturing, given their process intensification, energy-
efficiency and modularity advantages. Broadly, catalysis and sepa-
rations require integrated design to achieve the highest efficiency.
Reactants must be separated from complex waste feedstocks, followed
by catalytic conversion at low temperatures and pressures into prod-
ucts with atom efficiency using catalysts comprising Earth-abundant
metals®*?. Finally, they need to be separated from reaction mixtures as
high-purity, value-added chemicals. Integrated designis acentral ele-
ment for success going forward, and it will benefit from fundamental
science developments. Integrating processes, such as reactive separa-
tions, offers some enticing benefits, but it will also present substantial
challenges to overcome. In integrated reactive separations, there is
potential for mismatches between the rates of capture and conver-
sionunder given reaction conditions. This would lead to a build-up of
reactive intermediates and induce unwanted reactions or impact the
reaction equilibrium. Therefore, we need catalysts and adsorbents
that are designed to work together (co-designed), which canimprove
reaction synergy, matchingthekinetics and thermodynamics of both
processes™”’.

We suggest coupling computational methods and data science
with experiments to accelerate the pace of discovery and translation
to technology. This approach will benefit from standardized feed-
stocks and testing conditions as well as transparent, complete and
well-curated datasets from both separations and catalysis research-
ers (see Fig. 4 and Box 1). We anticipate that, as these databases grow
and algorithms that can accurately extrapolate from such datasets
are developed, data science will play a larger role in advancing our
knowledge. A closed mass balance of the products analysed will fulfil
researchers’ needs for systemseparations and catalysis. Understanding
the post-separation products will identify co-contaminantsin the pres-
ence of whichreactions can be performed or pre-treatment separation
processes that must be designed.

Data science informed by theory and integrated experiments
can assistin the design of modular systems that will require accurate
and granular process models. This is particularly true in electrifying
chemical processes for which optimal configurations are currently
unknown and we still need to identify design principles to build the
modulesand processes. Theincorporation of such modelsin TEA and
LCA can be enabled by surrogate models developed with artificial
intelligence (see Box1).

Circularity can be evaluated at the level of an individual process,
a suite of processes and a full system, which in this case could con-
sider all of the processes needed to close the carbon cycle as shown
inFig.1b, or could be defined as asmaller set of integrated processes.
To achieve the highest efficiency, molecular insights must be com-
bined with process-level and systems-level understanding. Process

modelling, LCA and TEA will play critical roles inintegrating the design
of separations and reactions (see Box 2). Conventionally, TEA, LCA,
and other process and systems designs are considered only after the
science has reached a higher level of maturity. However, we propose
integrating these analysesinaniterative, prospective way, rather than
retrospectively, to enhance the speed of multiscale system insights.
Furthermore, the coordination of multiple processes at asystems level
may help future processes to maximize production, while minimizing
wasted heatand energy, as well as reagent circulation. Designing mate-
rials and processes in an integrated fashion presents an opportunity
to further accelerate the translation of materials that can perform
in realistic environments (Fig. 4). More broadly, the rapid demand
for implementation will require input from diverse disciplines, even
beyond the domainsciences, including environmental, economic and
equity evaluations.

TEA and LCA provide quantitative metricsasto the cost and envi-
ronmental footprint of anew product or process. Since anintensified
and/or decarbonized process affects other parts of anindustrial plant,
itisimportant that TEA includes the entire process. Similarly, LCAand
sustainability indicators should be holistic over the entire supply chain,
including analysis of CO, emissions, solvent toxicity and other waste
streams®®. However, the difficultiesin performingboth TEAand LCA are
not only the broad distribution of evolving technologies, but also the
lack of consistent models and unified guidelines®**. The National Energy
Technology Laboratory has developed LCA and TEA toolkits, with con-
sistent updates as changes occur®® % TEA and LCA are crucial evenin
fundamental and low-TRL efforts, as they can be used to understand
economic feasibility, environmental impact and energy-consuming
units (reactors, separations and pumps) that should be prioritized for
defossilization, and they quantify the supply chaininterms of resources
and emissions. However, new technologies are often without compre-
hensive information and can vary substantially, making it difficult to
assess technologies systematically and consistently. Although further
discussion is beyond the scope of this Roadmap, we need favourable
regulatory and legislative foundations to accelerate the development
of newtechnologies. Given the uncertainty and lack of guidance from
policies for selecting emerging products and processes, scenarios
analysis and comparison of various processes should be conducted
to help guide and focus further research and development®*.

Energy and environmental justice
A roadmap for decarbonization and de-fossilization would not be
complete without considering the people and living systems affected,
and the environmental impact. As new processes are developed and
deployed at scale to address hard-to-electrify sectors, decision-makers
should recognize past cumulative inequities; work with communities to
make decisions about new facilities or retrofits; analyse the distribution
of risks and benefits among demographic groups, such as populations
disadvantaged by race orincome; and mitigateinequities. Disadvantaged
populations suffer fromacombination of economic, health, and environ-
mental burdens, whichmay include high poverty and unemployment rates
or exposure to pollution®”. Justice concerns can apply to any step of the
fulllife cycle of anenergy or manufacturing technology, including extrac-
tion, processing, transportation, consumption and waste disposal’®. Itis
important to ask who is on the frontlines of the energy or manufacturing
transition®” and the ultimate impact on the natural world.

Many pathways towards net-zero emissions described above
have justice implications. For example, redesigning polymeric
materials can contribute to the dismantling of polluting chemical
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Box 2

Accelerated translation through use-driven fundamental science

Use-driven fundamental science, or fundamental science being
targeted at a specific application, coupled with techno-economic
analysis and life cycle analysis, may substantially accelerate
technology deployment. Most typically, fundamental discovery is
conducted in a way that points to an application, but there is often
little understanding of the real limitations or needs if one wanted to
deploy the fundamental discoveries at some later stage. This lack of
understanding can lead to technologies that appear to have promise at
the bench scale but don’t address key limitations of current processes.
To switch to a use-directed approach, conversations would begin

with industry about what the limitations in their current or proposed
processes are and key challenges to overcome. This might include
cost, energy input, product purity, catalyst degradation or any number
of other challenges. Working with industry to understand these
challenges upfront and performing techno-economic and life cycle
analyses even at the early stages of catalyst or separation materials
development could avoid materials that won't be able to overcome the
current challenges and accelerate discovery based on the identified
challenges. To be clear, there is value in fundamental discovery that is
not closely connected to an application, as this provides new insights
for challenges even further down the road. However, in a case such

as closing the carbon cycle, in which there are clear fundamental
challenges and clear industrial challenges to overcome, a use-directed
approach becomes critical to move forward rapidly.

This strategy has been used to improve separations of CO,.
Although CO, separations will need to be performed at massive
scales, molecule-level interactions govern the macroscale
phenomena. As an example, recent advances in solvent-based,
post-combustion carbon capture using water-lean solvents were
achieved by tightly weaving fundamental experimental and
theoretical studies with process engineering, and they were guided
by industry partners’ years of experience in operating commercial
units. Here, a research and development cyclic logic sequence was
established with organic and computational chemists, chemical
engineers, and industry in which the sequence begins with molecular
design, followed by property prediction. Subsequently, synthesis
and characterization of target derivatives, coupled with experimental
measurements, are conducted, which feed model validation, and
the cycle begins anew for the next parameter of need. Continued
dialogue through this loop provides insights from each scientific
discipline at each stage, allowing the team to learn quickly and pivot,
if needed. This tightly integrated approach allows a multidisciplinary
team to gain a predictive understanding of critical properties from
libraries of thousands of prospective molecules more quickly than
compartmentalized make-measure-model efforts.

In one representative example, industry indicated that viscosity
was a limiting problem for mass and heat transfer in carbon capture,

Experimental
Model validation measurements
and refinement
of design

Synthesis and
characterization

Molecular
design

Molecular modelling and
property prediction

- L4
~§. 'ﬂ'
N A

and process engineering suggested that solvents with different
molecular structures would help solve it. These fundamental studies
discovered unique environments in water-lean solvents in which
complex chemical equilibria exist between dissolved CO, and
chemically fixated CO, that result in heterogeneous nano-structuring
of the ionic liquid domains, and these regions directly influence
macroscale properties such as viscosity and CO, transport. The
interplay between the chemical equilibria and the nanostructures,
although complex, was found to be controllable. Continued
commitment to this concept of molecule-level refinement ultimately
led to the design of a leading solvent optimized to have the lowest
regeneration enthalpy (2.0 GJ t" CO,?”) and total costs of capture
(US$39 t" CO,”®), both of which are below the DOE targets of

2.3 GJt"and US$46 t™, respectively. By tuning the solvent structure,
atenfold increase in mass transfer®', a 20% reduction in regeneration
energy and a 10® reduction in viscosity as compared with previous
derivatives were achieved. The foundational knowledge of how

the molecule-level interactions impact macroscale properties has
enabled the molecule-level redesign of multiple leading solvents

for CO, capture, accelerating their development by 3-5 years, and it
has provided a deep fundamental understanding of molecule-level
structures and interactions for acid gas separations.

industry infrastructure currently concentrated in disadvantaged Others argue that a new social science research agenda is needed for
communities®®. Distributed energy systems may enable more H,to better understand the level and distribution of social effects*°.
equitable outcomes in community access and self-sufficiency, reli- DAC technologies, including communities around plants, pipeline

ability, and resilience, compared with more centralized systems®’.  infrastructure and storage, will require social acceptance*’’.
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Glossary

Carbon dioxide capture

and storage

A process in which a relatively pure
stream of carbon dioxide (CO,) from
industrial and energy-related sources
is separated (captured), conditioned,
compressed and transported to a
storage location for long-term isolation
from the atmosphere — sometimes
referred to as carbon capture and
storage. This could result in long-term
storage (hundreds to thousands

of years).

Carbon dioxide capture and
utilization

A process in which CO, is captured and
then used to produce a new product.
If the CO, is stored in a product for a
climate-relevant time horizon, this is
referred to as carbon dioxide capture,
utilization and storage. Only then,

and only combined with CO, recently
removed from the atmosphere, can
carbon dioxide capture, utilization

and storage lead to CO, removal.
Carbon dioxide capture and utilization
is sometimes referred to as carbon
dioxide capture and use.

Circular economy

Materials, products and services

are designed for reuse for the same
application and are kept in circulation
for as long as possible, seeking to
extract maximum value and create
minimum waste from all parts of the
process.

Clean hydrogen
Molecular hydrogen (H,) produced with
zero or next-to-zero carbon emissions.

Distributed chemical
processes

Chemical processes operated at
scales that are 2-3 orders of magnitude
smaller than the centralized refineries
we have today, typically handling on
the order of tons to thousands of tons
of feedstock per day. These distributed
processes may operate at lower capital
equipment utilization and/or efficiency
than typical refineries to take advantage
of lower operating costs.

Decarbonization

Typically refers to a reduction of the
carbon emissions associated with
electricity production, industry and
transport.

Defossilization
Reduction of the use of fossil-derived
chemicals, fuels and materials.

Direct air capture
(DAC). CO, capture from the air.

Direct ocean capture
CO, capture from the ocean.

Keeping carbon in play
A circular carbon cycle in which every
carbon atom within products and waste

streams is reused, ideally multiple times.

Large-scale energy storage
Storage greater than 1 GWh.

Linear economy

Raw materials are collected and
transformed into products that
consumers use and discard after
asingle use.

Long-duration energy storage
Storage systems to provide energy for
time scales greater than 100h.

Net-zero CO, emissions
Net-zero CO, emissions are achieved
when anthropogenic CO, emissions are
balanced globally by anthropogenic
CO, removals over a specified

period. Net-zero CO, emissions are

also referred to as carbon neutrality.
See also net-zero emissions.

Net-zero emissions

Net-zero emissions are achieved
when anthropogenic emissions of
greenhouse gases to the atmosphere
are balanced by anthropogenic
removals over a specified period.
When multiple greenhouse gases
are involved, the quantification of
net-zero emissions depends on the
climate metric chosen to compare
the emissions of different gases (such
as global warming potential, global
temperature change potential and
others, as well as the chosen time
horizon).

Defining the baseline conditions of our current fossil fuel usage is
important for evaluating justice metrics, so that proposed technolo-
gies can be compared with past or existing technologies. Replacing
coal-fired power plants with renewable sources hasbeen projected to
result in the avoidance of premature deaths and reductions in hospi-
talizations because of reduced particulate exposures, especially for
disadvantaged communities*’?. Adverse effects may be experienced
by workersindecliningindustries, such as mines, petroleumrefineries
and manufacturing plants for combustion engine automobiles®”.

Social acceptance of new technologies can only be achieved if
social factors, such as health, environmental and economicinjustices,
areacknowledged and investigated*®*. The circular economy must be

404

just by design®®,

Conclusion and outlook

In this Roadmap, we imagine a future in which there is no waste — in
whicheveryitemthatiscreated and used can bereused productively at
the end of its life, evenif for adifferent purpose. We hope that products
will be designed to be carbon-neutral and not with the landfillin mind.
Crucially, we should not have to compromise our lifestyle in our efforts
to close the carbon cycle and meet the net-zero CO, emission goals.
Although electrifying with carbon-free or low-carbon energy sources
will be a critical component of decarbonization, the segments of our
economy that are not easily electrified will continue to need carbon

to support the Earth’s population. In these areas, defossilization is a
critical part of achieving net-zero CO, emissions.

Theneed toreplace fossil carbon with non-fossil carbon or H, cre-
ates awealth of opportunities in both basic and applied research. With
the currentresearchapproach, itis highly unlikely that the challenging
goals of carbon neutrality in 2030 will be met. We must rethink how
discovery science canbe morerapidly deployed into higher TRLs. This
will entail the implementation of TEA and LCA early in the discovery
process, working closely with integrated research teams encompass-
ing complementary disciplines, so that the accelerated advancements
neededtoachieve thebold US goals can berealized. An additional key
element of advancement is the implementation of data science in the
discovery and implementation phase, to advance discovery and deal
with the heterogeneous nature of the feedstocks. We predict that
implementing these developments into modular reactors that can
adapt to fluctuations in feedstocks, are co-designed for conversion
and separation, and canbe placed at the point of feedstock generation
will result in chemical processes that meet the targets stated in this
Roadmap and ultimately are cognizant of social and environmental
impacts. We also posit that these stretch goals canbetter be achieved if
researchis conductedinamore collaborative manner, thereby opening
opportunities for equitable research.

Therefore, to meet our net-zero CO, emissions targets in 2050,
we need to change our scientific approach, with support from
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intergovernmental legislation and policies. Achieving defossiliza-
tion in the hard-to-electrify segments of our economy, by providing
alternatives to carbon and keeping carbonin play, willbe amomentous
step towards this goal. If we can bring this vision to fruition at the urgent
paceneeded, we canreduce the levels of atmospheric CO,and its con-
sequentimpact onthe environment while moving towards improving
energy security and equity.

Published online: 1 May 2024
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