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SUMMARY

The 2021 Intergovernmental Panel on Climate Change (IPCC) report, for the first
time, stated that CO, removal will be necessary to meet our climate goals. How-
ever, there is a cost to accomplish CO, removal or mitigation that varies by
source. Accordingly, a sensible strategy to prevent climate change begins by
mitigating emission sources requiring the least energy and capital investment
per ton of CO,, such as new emitters and long-term stationary sources. The pro-
duction of CO,-derived products should also start by favoring processes that
bring to market high-value products with sufficient margin to tolerate a higher
cost of goods.

INTRODUCTION

Avoiding the severe impacts of climate change will require a robust framework of policies, certifications,
and economic incentives to enable a gradual low-carbon transition in the energy and consumer indus-
tries (Otto et al., 2020; Seneviratne et al., 2018; United Nations Framework Convention on Climate
Change (UNFCCC), 2015). The Intergovernmental Panel on Climate Change (IPCC) has released a report
where the evidence of human influence on climate change is quantified with respect to the increase in
severe climate events and the modification of climatic impact-drivers (Intergovernmental Panel on
Climate Change, 2021). The near-linear relationship between cumulative anthropogenic CO, emissions
and the global mean temperature rise caused by those emissions has been reaffirmed with a high
confidence to be 0.45 + 0.18°C per 1000 Gtcoy (Intergovernmental Panel on Climate Change, 2021).
The current state of greenhouse gas emissions suggests that achieving net-zero CO, emissions by
mitigation must be accompanied by further CO, removal on a timetable for decarbonization within
the coming two to three decades to limit climate extremes (Intergovernmental Panel on Climate Change,
2021).

Climate models, which are mathematical models that are able to describe the physics, chemistry, and
biology of processes in the Earth’s atmosphere, land, oceans, and their interaction (Carbon Brief, 2018)
are critically important tools to guide policy decisions (Carbon Brief, 2018; Seneviratne et al., 2016,
2018). The information derived from these simulations includes, for example, the global average temper-
ature and trends in weather patterns (Marsh et al., 2007). These models need the evolution of natural forces
over time as inputs, but the most recently developed models can also include human effects, such as fossil
fuel use. This makes it possible to verify the influence of the various human activities or modification of
these activities on the climate. Narratives known as shared socioeconomic pathways (SSPs) (O'Neill
et al., 2017; Riahi et al., 2017) are used to describe alternative socioeconomic and technological trajec-
tories. These scenarios correspond to different demographics, technology portfolios, and environmental
and natural resources. Including such quantities in the models, either directly or indirectly, helps in evalu-
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Figure 1. Committed decarbonization pathways

(A) CO; emissions per year from 2010 to 2100 according to different scenarios. P1 (black curve), P2 (gray), P3 (orange), and
P4 (red) are four possible 1.5°C-committed pathways as reported in Ref (Intergovernmental Panel on Climate Change,
2018). P2, P3, and P4 correspond to three socioeconomic scenarios, whereas P1 is a low energy demand scenario
(Intergovernmental Panel on Climate Change, 2018). BAU is a "business-as-usual” scenario, which society is likely to
follow given current policies and would correspond to 3°C of warming (Hausfather and Peters, 2020). Q (dashed purple
line) is our proposed decarbonization pathway, which accomplishes the P2 emission profile from 2022 and does not
require such massive atmospheric scrubbing as in BAU.

(B) Cumulative emissions of the pathways shown in part (A) for the 2018-2100 period. The green dot marks the total CO,
emissions from 1750 to 2017. The pink dot marks the intersection of P4 with BAU that can be considered as a tipping point
(TP) for exceeding 1.5°C in the global temperature increase. The tipping point can be moved forward in time by imple-
menting policies that flatten the 2022-2030 part of the BAU curve.

we know are important for limiting global warming to less than 1.5°C. Several CCUS technologies are
still at an early stage, where their technical performance at scale and economic impact are relatively
unknown. In this Perspective, we discuss the climate models and pathways proposed by the IPCC to
minimize greenhouse gas concentrations in the atmosphere in the context of emerging technologies.
We outline how new CCUS technologies help keep greenhouse gas emissions on the IPCC's best-
case model by showing a comparable pathway employing CCUS with deployment and greenhouse
gas removal driven by technoeconomic value. Lastly, we review how research can help CCUS technolo-
gies meet these greenhouse gas removal goals in the context of our experiences deploying CCUS
technologies.

IPCC decarbonization pathways

One of the most policy-relevant results of climate modeling is that the global temperature increase should
be kept below 1.5°C when compared to preindustrial values to minimize the cost of adapting to a world
with higher atmospheric CO, concentration (Hausfather and Peters, 2020; Intergovernmental Panel on
Climate Change, 2018, 2021; Rogelj et al., 2018). Figure 1 shows the global net anthropogenic CO, emis-
sion scenarios over the next 80 years as considered in four pathways of the 2018 “IPCC Special Report on
1.5°C" (Intergovernmental Panel on Climate Change, 2018; Rogelj et al., 2018). These pathways are indi-
cated as LED, SSP1, SSP2, and SSP5 in the main report (Rogelj et al., 2018) and P1, P2, P3, and P4, respec-
tively, in the corresponding “Summary for Policymakers” (Intergovernmental Panel on Climate Change,
2018). All of these pathways limit global warming to 1.5°C in 2100. They differ in presenting no (P1 and
P2), limited (less than 0.1°C, P3), or higher temperature overshoot (0.1-0.4°C, P4) (Intergovernmental Panel
on Climate Change, 2018; Rogelj et al., 2018). These pathways are highly dependent on the projected
global energy demand over the next 80 years.

The P1 pathway is obtained assuming low-global energy demand (black curve in Figure 1A), whereas the
other three are based on different energetic and socioeconomic scenarios (for more details, see Ref
(Rogelj et al., 2018)): (a) a best-case scenario where sustainability is emphasized and fossil fuels are
used sparingly (P2, gray curve), (b) a middle-of-the-road scenario with moderate fossil fuel use (P3, or-
ange curve), and (c) a fossil-fuel intensive and high energy demand scenario (P4, red curve). The corre-
sponding CO, emission timeline used in the climate simulations can then be considered as guidelines or
thresholds in annual CO, emissions in a committed decarbonization scenario aimed to meet the 1.5°C
goal (Heuberger et al., 2018; Intergovernmental Panel on Climate Change, 2018; Rogel;j et al., 2018;
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Sanz-Pérez et al.,, 2016; Seneviratne et al., 2018; United Nations Framework Convention on Climate
Change (UNFCCC), 2015). A possible scenario for “business as usual” CO, emissions (BAU) (Hausfather
and Peters, 2020), which is a path society is likely to follow given current policies, is also represented in
Figure 1A as a light blue line. This scenario corresponds to the historical emissions up to 2020 (Interna-
tional Energy Agency, 2020; Le Quéré et al.,, 2021) and to those in the IPCC SSP4-6.0 pathway from 2021
to 2100 (Hausfather and Peters, 2020). The SSP4-6.0 would correspond to a scenario of approximately
3°C of warming (Hausfather and Peters, 2020).

Importantly, to avoid warming beyond 1.5°C, P1-P4 all assume the deployment of carbon dioxide
removal from the air (CDR) and in particular of negative emissions technologies (NETSs), such as direct
air capture (DAC), ocean carbon dioxide removal (ocean CDR), and bioenergy with carbon capture
and storage (BECCS) with overall emissions becoming negative by 2050 (Intergovernmental Panel on
Climate Change, 2018; Rogelj et al., 2018). NETs are defined as technologies whose operation results
in net removal of CO, from the atmosphere rather than just a reduction in CO, emissions. Figure 1B
displays the cumulative CO, emissions for each of these scenarios for the years 2018-2100. Each of
the P1-P4 curves show a volcano-shaped cumulative-emissions curve with a maxima at around 2050,
but the slope of these curves is significantly different on either side of the maxima (see Figure 1B).
For years >2050, a more negative slope of the curve indicates a larger number of DAC processes
to be placed in operation per year. For P1 and P2, the slope is almost zero: most of the DAC
processes will be installed in the 2050-2060 period to reach a constant removal rate of 5 Gtco, year™'.
An exemplary breakdown of the IPCC P2 scenario, also referred to as SSP1-19, is shown in Table S1
(Huppmann et al., 2019). These pathways are constructed using the Asia-Pacific Integrated Modeling/
Computable General Equilibrium (AIM/CGE) mathematical model that projects the evolution of socio-
economic trends, macroeconomic trends, energy use, and land use to understand net emissions through
to 2100.

For P3 and P4, the situation is quite different. For P4, a massive implementation of AC would be required. In
fact, in scenario P4 a significant decrease in CO, emissions would start only in 2032. To fight the global tem-
perature increase caused by the addition of 800 Gtco, into the atmosphere, it would be necessary to reach
—20 Gteoy year™ ' emissions in 2100, which is a considerable challenge. To give one an idea of the order of
magnitude of this value, it coincides with the excess CO; stored in the atmosphere in 2017 (22.4 Gtcoo,
about 63% of total emissions). The decrease of CO, emissions for 2020 was 2.6 Gtco, because of the forced
lockdown caused by the COVID-19 pandemic (Intergovernmental Panel on Climate Change, 2021; Le
Quéré et al., 2021).

Owing to these extreme mitigation and capture requirements, we consider P4 a 1.5°C pathway quite chal-
lenging to implement in an economic manner. It would require removing, in the 2050-2100 period, 900
Gtcop from the atmosphere. Using a back-of-the-envelope calculation, such a process could be possible
using a combination of state-of-the-art NET technologies (see Refs (Vitillo, 2015). and (Johnson et al.,
2017) for details). Nevertheless, such estimates are obtained using very extreme conditions (e.g., in Ref
(Vitillo, 2015), exploitation of the entire Earth’s land area is considered). Because this is clearly an upper
bound, we see that the year 2025, the crossing point of BAU and P4 pathways, is a tipping point (TP in Fig-
ure 1B) and denotes one of the final practical opportunities to maintain an average global temperature in-
crease below the 1.5°C limit.

In the 2018 IPCC report (Intergovernmental Panel on Climate Change, 2018), P1-P4 scenarios are socio-
economic pathways; that is, the CO, emissions used in the corresponding simulations have been hypoth-
esized considering plausible political, regulatory, cultural, and other socioeconomic changes (for P2, see
Table ST in the Supplemental Data Item). The variables and models that these pathways are derived from
can be found in the International Institute for Applied Systems Analysis IAMC 1.5°C Scenario Explorer
(Huppmann et al., 2019). Further integrating practical economic and technological constraints to these
models is the key to minimizing mitigation cost (van Vuuren et al., 2020) and implementing policies
more effectively. Recently, the International Energy Agency (IEA) has released a report aimed at delin-
eating the "Net-zero emissions scenario by 2050” (NZE) (International Energy Agency, 2021). This
scenario is aimed at achieving the CO, emissions based on the P2 scenario by the progressive and
contemporaneous neutralization of the power, building, transport, industry, and agriculture sectors in
the 2021-2050 period.
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Table 1. Quantitative change in emission goals and description of changes in assumptions for the P2 IPCC pathway, to show the effect of CCUS
technology deployment (Q)

Year P2 Emission Target (Gtco2) Q Emission Target (Gtcop) Changes in Assumptions

2021 37.6 37.6 No new stationary sources, begin neutralizing
existing stationary sources by mitigation
combined with CCUS to make products that
displace fossil fuels.

2030 19.0 18.6 CCUS systems deployed at 80% of unmitigable
stationary sources and global DAC rollout

commences in earnest.

2040 8.2 9.5 Additional dependence on DAC will be
required due to unmitigable mobile sources
(e.g., airlines), which results in higher emissions
in the interim.

2053 0 0 Equilibrium between CO, emitted to the at-
mosphere and captured by DAC, reforestation,
and other methods.

2061 -2.2 -2.2 DAC deployments enable removal of legacy
emissions to restore the atmosphere to pre-
industrial levels.

If one were to delineate a timetable that uses the IEA scenario but goes further to incorporate CCUS tech-
nologies, chances to meet emissions milestones would be further improved. This is achieved by changing
the inputs to P2 in a manner that explicitly prioritizes mitigation or removal of emissions based on capital
cost and energy requirements. This is shown in Table 1 and the quantitative result of theirimplementation is
shown as scenario “Q", dashed purple line in Figure 1A with the underlying data shown in Table S2 (for de-
tails on the method used to derive the Q scenario please refer to the Supplemental Data Item). Table S3
shows a point-by-point comparison between the P2 and the Q scenarios. The timetable for prioritization
per the Q scenario is shown in Figure 2 along with the technologies assumed in each phase. As shown
in the Table S2, this scenario uses recent data outlining goals for stationary emitters and air capture within
the next 30 years, optimizing for cost (see Tables S4 and S8 in the Supplemental Data ltem and Refs (Joos
et al., 2016; Joppa et al., 2021; MacDonald et al., 2016)). The colors in the background of Figure 1 further
correlate to those used in Figure 2 to differentiate the four phases of the pathway (new emitters, stationary
emitters, mobile emitters, and old or legacy emissions).

Only technologies applicable in the short term (Bourzac, 2017) are considered in the Q pathway. Their order
of implementation has been determined by prioritizing technologies that require the least investment per
ton of CO;, based on today’s estimates (Johnson, 2019; McQueen et al., 2021; Vitillo, 2015). Although such
an order for technology deployment may seem obvious, it has not been discussed in literature. Note that
the figure presents an average global timetable based on the present emissions. Its aim is to suggest a
cadenced pace for the policies on the global level. The time at which each phase of the Q scenario starts
should be considered as a maximum time limit for the mitigation of the corresponding emitter categories.

Future, present, and past CO, emissions

This decarbonization pathway is divided in four phases, wherein most of the emissions reduction comes
from the following: (1) phasing out new emitters, (2) mitigation of stationary sources, (3) mitigation of mo-
bile sources, and (4) NETs (see Table S2 in the Supplemental Data Item). The starting time for each phase of
Q has been set to follow, at most, the CO, emissions of the P2 pathway, which limits the global temperature
increase to 1.5°C and allows for gradually increasing deployment of NETs rather than the requirement of
immediate massive deployment. NETs are currently expensive but following gradual implementation path-
ways such as Q would give scientists, engineers, and entrepreneurs time to reduce costs and scale produc-
tion, similar to how the cost of solar photovoltaics were driven down in the 50 years between the 1970s and
2020 (Kavlak et al., 2018). Specifically, from 2022 to 2050, the Q pathway uses the P2 emissions profile as a
ceiling, but as shown in Figure 2 and Table S3, the Q pathway accomplishes this profile with a different
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Figure 2. Timetable for the committed decarbonization following the Q pathway

The pathway is divided in four phases, ordered in time based on the investment needed per tco,. All the technologies
considered in the timetable are commercially deployable now (Bourzac, 2017). It is important to avoid the release of CO,
in the atmosphere to maintain the lowest possible cost of the committed decarbonization while deployments of NETs
increase and costs are driven down. The time at which each phase of the Q scenario starts should be considered as the last
start of each large-scale mitigation action.

technology portfolio than that assumed by P2 (Rogelj et al., 2018). Figure 3 shows the difference in emission
profiles for the P2 and Q pathways, and Table S3 compares them outlining the technological and policy
elements that differ between the two. The associated footnotes further highlight how stationary and mo-
bile emitter mitigation can be accelerated in the 2022-2050 time frame with further CCUS technology
development. From 2050 to 2100, Q assumes an emission pathway exactly equal to that of P2 and with
the same assumed technology portfolio as P2, which includes substantial carbon capture and storage.

We have divided anthropogenic CO, emissions into three main groups: future, present, and past emis-
sions. Each of these three groups has a different mitigation or removal cost. Future emissions are those
requiring the lowest cost for their mitigation, amounting to the replacement of emitters with a new tech-
nology having a lower (even a negative) carbon footprint (United Nations Framework Convention on
Climate Change (UNFCCC), 2021). Although the investment can be significant, it is often a better long-
term economic strategy to pay the lower cost of avoiding an emission than to pay the higher cost of
capturing it from the atmosphere. New emitters are responsible for a 0.5 Gtcop increment in emissions
each year. Their elimination by the beginning of this year would allow flattening the BAU curve in Figure 1.
The first phase of the Q pathway starts by the beginning of 2022: the construction of new emitters ends with
an estimated cost of their replacement between 0.3 and 10 $ tz}), (United Nations Framework Convention
on Climate Change (UNFCCC), 2021).

Existing emitters can be divided into two main categories: stationary sources and mobile sources, account-
ing for about 60 and 40% of the total emissions (Intergovernmental Panel on Climate Change, 2005),
respectively (22 and 14 Gtco, in 2017). Their mitigation should be completed in 30 years (see green and
yellow arrows in Figure 2). Stationary sources, for the most part, include power, steel, petrochemical,
and cement plants, whereas mobile sources are primarily transportation. Mitigation of stationary sources
in the Q pathway is planned to be 80% (MacDonald et al., 2016) in the 2021-2030 period and 100% in
2050. Stationary sources possess three characteristics that make their mitigation relatively easy: the large
amount of CO, emitted per source (major energy industry emitters such as coal and natural gas power
plants belong to this category) (Rauner et al., 2020), their relatively low number, and the high CO, concen-
tration at the source (>2 vol %) (Intergovernmental Panel on Climate Change, 2005). As mentioned previ-
ously, the most sustainable choice in the long term is the replacement or reconversion of these emitters.
For those sources that cannot be replaced or converted, the high CO, concentration in their flue gas makes
it energetically favorable to couple them efficiently with CCUS. This agrees with the 2021 IPCC report
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Figure 3. Comparison between P2 and Q emissions pathways

(A and B) Emissions from stationary emitters (black circles), mobile emitters (red squares), and negative emissions from air
capture technologies (green diamonds) are shown for (A) the P2 pathway, and (B) the Q pathway. Data and calculations
are shown in Table S3.

(Intergovernmental Panel on Climate Change, 2021), and it represents one important difference with
respect to the IEA NZE scenario, where the last unabated coal and oil plants are phased out only in
2040 (International Energy Agency, 2021).

Several possible CCUS processes have been already reported that are tailored to a specific stationary
source (Gunnarsson et al., 2018; Vatopoulos and Tzimas, 2012; Vitillo et al., 2017). The theoretical minimum
energy required for CCUS in a post-combustion system would be only 3.5% of the total produced energy
(D'Alessandro et al., 2010), but it can be made lower by increasing the CO, concentration at the inlet and by
decreasing the required CO, purity at the output (Joos et al., 2016). However, the energy cost of capturing
CO; using standard monoethanolamine (MEA) technology is around 0.37 MWh tgéz (Rochelle, 2009), and
even with a pathway to 0.20 MWh tzl,, further research and development toward CO, capture from flue
gas is needed to facilitate mitigating stationary emitters at the theoretical minimum. The fact that the
2020 COVID-19 lockdown resulted only in ~6% reduction in global emissions (Le Quéré et al., 2021), in spite
of emissions from transport having gone down considerably, emphasizes the importance of prioritizing
mitigation actions from stationary sources such as the energy, construction, and chemical industries (Inter-
governmental Panel on Climate Change, 2021).

The mitigation of mobile sources using point-source CCUS processes is not realistic in most cases, because
of their large number and small absolute emission quantity per source. For these emitters, replacement, or
CDR (nature-based solutions, land management, DAC, BECCS, and ocean CDR) are the only options. In the
Q pathway, half of the mobile sources are mitigated in the 2030-2040 period by developments including
light vehicle electrification. For the systems that are particularly challenging to be replaced with existing
technology (e.g., for planes, responsible for 0.6 Gt co, emitted each year (Ritchie, 2020) or emissions
from the food chain (Berners-Lee, 2010; Eshel et al., 2014; Fuchs et al., 2020)), their mitigation should be
done by CO, extraction from the air, together with the remaining 20% of emissions from stationary sources.
DAC is relatively energetically demanding compared to point-source capture because of the low volu-
metric concentration of CO; (418 ppm or 0.0418 vol %) (Keeling, 2022; Tans, 2022). The thermodynamic
minimum energy requirement for air capture varies significantly based on inlet and outlet CO, concentra-
tion, temperature, and pressure. In several scenarios, the ratio of free energy demand between flue gas
capture and direct air capture is not large and varies between 1.06 and 2.93 (Lackner, 2013).

Although this relatively small factor suggests that DAC may be cost effective in the future, DAC costs are
still higher than this ratio suggests, in part because it is a newer technology (International Energy Agency,
2021). It has been suggested that its large cost is because of technological challenges more than economy
of scale (Keith et al., 2018). As such, the kinetics of CO, capture can be improved, and the large amount of
energy required to capture CO, from the air can be decreased by further technology improvement and
opportunistic deployment, which would decrease DAC operational expenditures (OpEx). Furthermore, as-
sembly-line manufacturing and large-scale production of individual components would decrease DAC
capital expenditures (CapEx). In the Q pathway, reliance on DAC, ocean CDR, and BECCS technologies
as CO, mitigation strategies starts in 2050 to provide enough time for research and development as
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well as large-scale production to decrease its operational cost and capital cost, respectively (Azarabadi and
Lackner, 2019; de Lannoy et al., 2018; Eisaman, 2020; Eisaman et al., 2012; Eisaman et al., 2018; National
Academies of Sciences, Engineering, and Medicine, 2021). It is important to stress that the deployment
of DAC, ocean-CDR, and BECCS technologies should not be delayed. However, it will not be widespread
until CapEx and OpEx are improved to the point where renewable energy can power the process in an
economically viable manner. Before that, DAC systems deployment remains opportunistic to deploy in
locations with abundant renewable electricity and an existing means of utilizing or sequestering CO,.
One good example is the recently deployed 4000 ton per year scale Climeworks DAC system, driven by
geothermal power in Iceland and sequestering CO, in stone using Carbfix systems (Hook, 2021).

Past emissions (purple arrow in Figure 2) are those that remain in the atmosphere, biosphere, and oceans
since the start of the Industrial Revolution. They amount to 920 + 70 Gt cop, increasing by more than 22
Gtcop each year (Global Carbon Project, 2019). In the BAU scenario, this amount will be doubled in about
30years (see Figure 1B). Once released in the atmosphere, the emissions can be mitigated only through the
application of NETs. The cost of the Q timetable can be roughly estimated by combining the data in Fig-
ures 1 and 2 with the costs from Refs (Johnson, 2019; Vitillo, 2015) to be approximately $ 10"3-10", for 2022-
2050 (see Table S7 in the Supplemental Data Item for details). These values are in the range of those
estimated by van Vuuren et al. for a 1.5°C-committed pathway (van Vuuren et al., 2020). To put this into
a context, the annual gross domestic product of Europe, China, and the United States is of the order of
about$ 103 per year each (The World Bank, 2020). The cost of World War Il for the United States amounted
to $ 4.1 10" in 2021 dollars spread over 5 years (Daggett, 2010). Some studies suggest that the economic
cost of climate change adaptation will be lower (Global Commission on Adaptation, 2019) but do not
adequately account for long-term effects of climate change beyond 2050. Fundamentally, adaptation deals
only with the symptom of the illness, whereas mitigation cures it. An investment in mitigation would thus
reduce the future costs in adaptation (Chambwera et al., 2014; Seneviratne et al., 2016, 2018). Adaptation
burdens future generations with the social cost of carbon dioxide (SCC), an estimate of the long-term dam-
age done by a ton of CO; emissions in a given year, which would add up to catastrophic levels. The United
States Environmental Protection Agency has estimated SCC to be 45 $ tc),, with an upcoming revised value
expected to be even higher (Wagner et al., 2021). Other estimates allow the SCC value to vary by country
and estimate it to be between 10 and 1000 $ t=}, (Ricke et al., 2018). The European Community has started
the European Green Deal, a $ 10'? financial plan over 10 years aimed to foster the investments to make Eu-
rope the first climate neutral continent by 2050 (European Commission, 2020). Europe has also recently
announced the ban for new fossil fuel cars by 2035. Based on the average age of EU vehicles (10 years) (Eu-
ropean Automobile Manufacturers’ Association, 2021), this ban should begin phasing in by 2030, in order
to be effective.

From Figure 1, itis evident that well-timed and swift action is necessary to avoid large costs associated with
air capture. C. F. Heuberger et al. (2018) recently quantified this observation using original models, showing
that delaying action too long would make useless even the appearance of a “unicorn technology.” Market-
driven incentives are critical driving forces to help increase the pace of the transition but are not sufficient
by themselves if they do not take into account the cost of carbon removal (Heuberger et al., 2018; Otto
et al., 2020). In both P2 and Q pathways, the cost of carbon serves as an indicator of economic incentive
that must be put in place to feasibly result in CO; removal. Figure 4 and Table S7 compare the cost of car-
bon in both pathways and suggest that the Q pathway driven by upfront investment in technology results in
a 34.8% reduction in the overall cost of carbon. This result makes intuitive sense; by prioritizing CCUS devel-
opment today, the technology will be more economically competitive in the future, which lessens the re-
quirements of future regulation. Ultimately, election of governments that enact swift action, as well as
adoption of policies and consumer behaviors to limit the increase in average global temperature will
require a culture that prioritizes climate action. Beyond government, increased awareness from consumers
on the carbon intensity of everyday products would enable collective action that propagates low-carbon
products and commodities throughout value chains.

Critical role of CCUS research

Sequestration will remain a pivotal process all along the mitigation pathway considering that the global
demand for CO,-derived commodities will likely cover, at its largest development, no more than few
Gtcop per year (Cuéllar-Franca and Azapagic, 2015; D'Alessandro et al., 2010; Mikkelsen et al., 2010; Pe-
plow, 2022; Vitillo, 2015). Nevertheless, CO,-derived commodities are often cited as a way to have an
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Figure 4. Cost of carbon removal between the different emissions pathways
The total annual cost of carbon in 2019 United States Dollars is shown for both the P2 (gray) and Q (purple) pathways. Data
and calculations are shown in Table S7. Years <2050: carbon cost as in Table S4. Years >2050: carbon cost as in Table S8.

additional economic return from the capture process, in addition to offsetting the CO, emissions of pro-
duction of the equivalent fossil-derived commodity (Hepburn et al., 2019; Peplow, 2022). Conceptually,
the easiest way to lower carbon utilization (CU) costs will be to eliminate the capture step (CC or AC),
because it is a large fraction of the operational cost of CU processes (Sutter et al., 2019). New efficient ma-
terials able to capture and convert CO; selectively from largely diluted mixtures (ideally from air) would
represent a breakthrough (Hanusch et al., 2019; Kothandaraman et al., 2016; Sen et al., 2020), as it is the
selection of more efficient artificial and synthetic photosynthetic systems (Miller et al., 2020). Lowering
the cost of the capture step should be addressed by both process (Sutter et al., 2019) and materials design
(Boyd et al., 2019; Danaci et al., 2020; Kim et al., 2020).

For CCS purposes, among the possible processes, research should concentrate on those with low enough
capital costs to be coupled with intermittent renewable sources and those that chemically transform CO,
into a compound with fixed carbon, as they are more suitable for the permanent storage (Esrafilzadeh et al.,
2019; Matter et al., 2016; Sneaebjornsdottir et al., 2020). Notably, some CCS operations are already able to
meet both criteria, transforming captured CO, permanently into minerals underground at a cost lower than
the current price of CO, emission allowance in Europe (Esrafilzadeh et al., 2019; Snabjérnsdéttir et al.,
2020). For CU, the initial targets should be CO,-derived products with a large profit margin (Chen et al.,
2018) instead of those having the larger market, because this can catalyze the fast diffusion of CCUS tech-
nologies. Among these products, carbon nanotubes (CNTs) synthetized using electricity coming from solar
cells (Johnson etal., 2017; Lichtet al., 2016; Ren and Licht, 2016) can represent an economic stepping stone
because of their large potential profit margin (100 000-400 000 $ t~"). However, they are not yet a widely
used industrial feedstock as a large portion of their current market is R&D. Alcohols such as methanol
(Marlin et al., 2018) and ethanol (Pace and Sheehan, 2021), are currently being made from CO, on commer-
cially relevant scales and being used in specialty chemicals and consumer goods, respectively (Sarp et al.,
2021).

Additional opportunities can also be found in food grade CO, that has a very high cost (ranging from 1515 $
tcop ! for the net CO, gas to 4600 $ tcoo” | for the CO, in the cylinders), exceeding the price for CO; cap-
ture from air (McQueen et al., 2021) for a total market of 1.4 10'? $ year~'. Food-grade CO, (99.5% purity)
has a market of 0.3 Gtcop per year. Its dependence on other industrial processes has caused shortages of
food-grade CO; in the past and then of carbonized beverages, in periods of high demand (CNBC, 2018).
Air capture processes are starting to be used for its production because of the large economic returns and
risk mitigation in food markets (Climeworks, 2017; NASA, 2016). Over the longer term, CU products with
larger market sizes but smaller profit margins can be targeted to accommodate, at least partly, the large
amount of CO, that must be sequestered.
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CONCLUSIONS

It cannot be stated too emphatically that the tipping point outlined in Figure 1 is around three years away. It
is critical that we continue to invest in research and development for CO, capture, storage, and utilization
to drive down the cost of NETs while emphasizing large-scale mitigation strategies in the near-term that
enable rapid, economic reduction in CO, emissions. There is historical precedent for global infrastructural
change that begins with the most accessible and economic methods, gradually improving to the most sus-
tainable. One of the very industries that CO, removal seeks to mitigate—electricity generation—began in
the US by largely mining and burning coal, because it was cheapest and most accessible. As technology,
material handling, awareness of pollution, globalization, and other factors occurred, the US electrical grid
has gradually moved away from coal toward natural gas. As we move toward the future, the cost of wind and
solar are becoming closer to that of natural gas, spurring on a new transition to the most sustainable
alternative.

The present pathway suggests a similar trajectory for CO, removal, beginning with the most economic and
accessible methods: mitigation and concentrated point-source storage and utilization. These are the tech-
nologies that can be used today to address the urgency of climate change. Dilute CO; capture, and
specifically DAC, ocean-CDR, and BECCS, is ultimately needed as well. However, it must begin with oppor-
tunistic construction of pilot and test plants, as it will take more time for its economics to match that of
mitigation and capture from concentrated sources. As the cost per watt of solar photovoltaics was compar-
atively high in the 1970s, the cost per ton of CO, from DAC, ocean-CDR, and BECCS is high today. This cost
differential calls for prioritization of more marketable alternatives in the near-term, as was the case for en-
ergy generation when the cost of solar photovoltaics was high. With further development to reduce CO,
capture OpEx and sustainable technology production methodologies to lower CapEx improved, policy-
makers must advocate for NETs for the future as is done for solar photovoltaics today to achieve wide-
spread implementation and meet our climate and energy goals.

LIMITATIONS OF THE STUDY

The Q pathway was developed following two key principles: (1) it is energetically and economically cheaper
to avoid, rather than neutralize, CO, emissions; (2) it is economically favorable to first implement technol-
ogies with the lowest cost per ton of CO, mitigated or removed. The ranking of technologies with respect
to their cost (and then the order they are implemented in time in Q) obtained from (2) using the data avail-
able today can be subjective because of the difficulty of predicting future scientific and technological
advancements.

Additional assumptions are reported in the Supplemental Data Item. In particular: (i) for the 2022-2030
period, only 40% of the stationary sources are replaced with carbon-free technologies, whereas the remain-
ing 60% is retrofitted by CCS; (ii) starting from 2040, the stationary sources retrofitted with CCS are
substituted with carbon-free technologies at the pace of 5% per year; (iii) the cost associated with DAC
is assumed to reach a 5-fold decrease in 2050 with respect to 2020 value according to the estimate in
(Sabatino et al., 2021); (iv) the equivalent of 20% of CO, emissions in 2022 associated with the electric
grid cannot be neutralized by methods other than carbon dioxide removal from air; (v) DAC rollout starts
in earnest in 2030 and shows a 30-fold increase in deployment by 2040 (with respect to 2030) and a 10-fold
increase in 2053 (with respect to 2040). For the determination of the total cost of the P2 pathway, we have
also assumed that the positive CO, emissions associated with agriculture, forestry, and other land use
(AFOLU) are reduced by 50% every ten years while the remainder is neutralized through carbon dioxide
removal from air.

Most of these values (highlighted in yellow in the Supplemental Data Item) can be modified by the readers
to easily explore scenarios alternative to Q and decrease the bias of the results deriving from our
assumptions.

We focused on economic implications and did not consider in our analysis political and social dynamics
that can favor the timely adoption of the 1.5°C- committed pathway proposed, because it is outside of
our expertise. For these aspects we suggest the interested readers to refer to other studies (see for
example Refs (Erans et al., 2022; Heuberger et al., 2018; Otto et al., 2020)).
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