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Natural and engineered carbon dioxide removal have become regular features of climate
models which limit warming to 1.5◦ C or even 2◦ C above pre-industrial levels. This gives
rise to an assumption that solutions, for example direct air capture (DAC)—involving
the direct removal of carbon dioxide from ambient air—can be commercialised and
deployed at the necessary speed and scale to have a material impact, in the order of
gigatonnes, by mid-century. Modular, solid-sorbent DAC on a gigatonne scale will require
the mass mobilisation of supply chains to manufacture millions of modular DAC units−20
million of the present state of the art 50 tonne/year modules to deliver 1 gigatonne per
year, as well as the large-scale production of novel chemical sorbents. To achieve a
climate relevant DAC industry will demand innovative procurement models, for example
carbon purchase agreements (CPAs), and dedicated DAC manufacturing facilities or
dactories. In addition, insight is offered through the work of DAC start-up Carbon Infinity
into the industry supply-chain position, adopting lessons from computing, and energy
technologies. In particular, we look at approaches to drive demand and scale-up DAC
module production, and opportunities presented in the development of an integrated
DAC manufacturing industry.
Keywords: carbon purchase agreements, direct air capture policy, dactories, supply-chain innovation,
manufacturing innovation, government procurement, modular direct air capture

TACKLING THE TRILLION TONNES
In conjunction with economy-wide decarbonisation, carbon dioxide removal (CDR) has shifted
from a desirable component to an invaluable element in the formula of addressing runaway global
temperature rise. The Intergovernmental Panel on Climate Change’s (IPCC) 2018 Special Report
found a remaining carbon budget of 420 gigatonnes of carbon dioxide (GtCO2 )—further depleted
to <350 GtCO2 by the start of 2020—to have a likely (>66%) chance of limiting warming to
1.5◦ C above pre-industrial levels (IPCC, 2018; Le Quéré et al., 2018; Friedlingstein et al., 2019).
Increasingly broad consensus exists within the scientific community with respect to the necessity of
widespread carbon removal to limit temperature rise within “safe” levels, aligned with the purview
of the Paris Agreement. This is evidenced in models reviewed by the IPCC where all pathways
that limit global warming to 1.5◦ C with limited or no overshoot project the use of CDR on the
order of up to 1,000 GtCO2 , that is 1 trillion tonnes of carbon dioxide, over the twenty-first century
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industry, Instagram took nearly 10 years to acquire 1 billion users
(Constine, 2018). Although the comparison between developing
an additional tonne of DAC capacity to an additional user of
a social network is extreme, the “wartime” analogy for DAC
deployment appears appropriate for the level of ambition the
science suggests is necessary.
While numerous studies have focused on the technoeconomic feasibility of DAC technology (Socolow et al., 2011;
Smith et al., 2016; National Academies of Sciences, Engineering
and Medicine, 2019; Realmonte et al., 2019), we do not aim
to replicate such research. Rather, this perspective explores
the fundamental considerations around what it will take in
practise to scale-up DAC to the gigatonne scale. For example,
Realmonte et al. (2019) discuss how deployment at such a scale
“requires a major refocusing of the manufacturing and chemical
industries for sorbent production,” however they fail to mention
the monumental manufacturing capacity needed to deliver ∼20
million DAC modules of the current state of the art 50 t/year.
Put simply, the DAC industry will need to develop the cumulative
manufacturing capacity of a year of the combined output of Ford,
Toyota, Daimler, and Tesla, through dedicated DAC factories,
or dactories.
There are three crucial pillars to addressing the inherent
questions of scaling-up DAC technology to the gigatonne scale
by mid-century:

(IPCC, 2018). Ambition on such a scale candidly demands
the development of a globally consequential carbon
removal industry.
Engineered approaches to CDR include direct air capture
of CO2 or DAC (Breyer et al., 2019; Hou et al., 2019), bioenergy with carbon capture and storage or BECCS (Fridahl
and Lehtveer, 2018; Hanssen et al., 2020), and enhanced
rock weathering (Strefler et al., 2018; Beerling et al., 2020),
alongside more widely recognised nature-based solutions
including reforestation, afforestation, soil carbon sequestration,
and peatland restoration (Seddon et al., 2020). Regardless of
individual perspective concerning the respective merits and
limitations of engineered or nature-based carbon removal
pathways (land-use, permanence, energy requirements, cost),
a comprehensive suite of CDR solutions will be necessary to
achieve carbon removal resembling anything close to a climate
consequential scale; although the scope of this perspective is
centred on scaling-up modular DAC technology.
There are two dominant technical approaches to conduct
DAC. One uses a solid chemical sorbent to capture CO2 and
the other uses a liquid solvent. Commercial liquid solventbased systems typically resemble a large-scale industrial plant
and the technology has been pioneered by the Canadian firm
Carbon Engineering. Solid sorbent-based systems are more
modular in nature, involving a standardised and highly-scalable
manufacturing process to produce air capture modules. This
approach is therefore the technical focus of this paper, as well as
the Swiss firm Climeworks, Global Thermostat in the US, and the
China-based Carbon Infinity.
While DAC is not without its sceptics, the technology has
garnered increasing policy, investor, and media attention for
its potential to scale-up to become a valuable carbon removal
solution (Scott and Geden, 2018; Cox et al., 2020; Sekera and
Lichtenberger, 2020). The scale of the scale-up challenge however
should not be underestimated. Alongside the IPCC’s findings
of up to 1,000 GtCO2 of cumulative CDR over the twenty-first
century, complementary literature estimates 10–20 Gt/year of
CDR by 2100, and multiple gigatonnes from now to 2050 (Gasser
et al., 2015; Fuss et al., 2018; National Academies of Sciences,
Engineering and Medicine, 2019). Assuming solid sorbentbased modular DAC technology accounts for a conservative
1 gigatonne of this suite of global CDR capacity, this would
represent a “wartime level of effort” in the mobilisation of
human, energy, material, financial, and importantly, supplychain capacity.
There are 15 DAC facilities operating worldwide capturing
a meagre 9,000 tCO2 /year or 0.000009 GtCO2 /year (IEA,
2020), while an unbuilt plant has ambitions to capture 36,500
tCO2 /year (Malo, 2019), and another industrial-scale plant with
the intention to capture 1 MtCO2 /year (Carbon Engineering,
2020)—or only 0.001 GtCO2 /year—are currently in the design
phase. To put the scale of the challenge further into perspective,
to scale-up from 9,000 tonnes of CO2 /year in 2020 to a capture
capacity of 1 billion tonnes (Gt) of CO2 /year in 2050, i.e., to
grow by 111,111 times in 30 years, will represent a compound
annual growth rate (CAGR) of 47.3%. To take one of the most
successful examples of “blitzscaling” growth from the technology
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• Lessons from the laws: potential for DAC cost and
performance improvement using examples of historical
innovation and “learning by doing” to move down
the cost-curve;
• Chicken or egg: the barriers to scaling-up manufacturing and
supply-chain capacity in the absence of demand-side drivers
for DAC technology; and
• REAP rewards: resilience and efficiency aligned policies
(REAP) developing integrated yet resilient supply chains,
addressing resource constraints, and supporting the scale-up
of a globally consequential DAC industry.

LESSONS FROM THE LAWS
Quantifiable technological progress has been recorded for
decades, if not centuries. The most well-known is arguably
Moore’s law, documenting that the capacity of transistors on
microprocessors doubles every 2 years. More recently, Swanson’s
law observes that for every doubling of cumulative production
volume, the price of solar PV modules declines by 20%
(Figure 1B). Both are grounded in lessons from the lesser-known
Wright’s law, outlined in Theodore P. Wright’s 1936 paper Factors
affecting the costs of airplanes (Wright, 1936). While Moore’s
law describes technological change as a function of time, and
observations for solar are a reflection of experience, Wright’s law
combines innovation and economies of scale in a “we learn by
doing” approach.
The evolution of the DAC industry will need to embrace
the characteristics of all three laws. Variables from chemistry
governing carbon capture efficiency, development of advanced
nanomaterials (metal-organic frameworks, zeolites), and the
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FIGURE 1 | (A) Lithium-ion battery cost-curve and forecast alongside levelised cost of DAC. Graph by Carbon Infinity, based on Bloomberg New Energy Finance
(Goldie-Scot, 2019) Graph and BloombergNEF Data. (B) Solar PV module cost curve illustrating Swanson’s law and the corresponding learning curve for solar PV.
Graph by Carbon Infinity, based on European Commission’s PV Status Report (Jäger-Waldau, 2019) Graph and BloombergNEF and PV News Data.
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advance the state of the art. These advancements, alongside the
economies of large-scale production, subsequently contributed
to the rapid cost decline from US$32 for a single chip
in 1961, to US$1.25 just a decade later (Kaplan, 2009).
The US may no longer be in the midst of a space or
arms race, however a world war in carbon removal against
the slow-moving enemy that is climate change is surely
worth waging.
To date, North American businesses have pioneered interest
and advance-purchasing of DAC-derived carbon removal. Funds
from technology companies including Stripe (Stripe, 2020),
Microsoft (Smith, 2020), Shopify (Kauk, 2020), and Amazon
(Amazon, 2020) have kickstarted what needs to be a concerted
effort to achieve the scale of DAC the science suggests is
necessary. While DAC shares its origins in space with computing
and solar technologies, coupling DAC to CO2 utilisation—
whether in diamonds, concrete, vodka, or remote fuel synthesis—
will accelerate deployment today, support its downward costcurve trajectory, and further expand commercial applications.
Climeworks’ upcoming 4,000 tCO2 /year facility resulting from
demand for a consumer carbon offset subscription, alongside
some fiscally modest initiatives from the Federal US and
United Kingdom governments to directly subsidise and fund
DAC technology, and New York State legislation incentivising
the procurement of low-carbon concrete utilising CO2 capture
and utilisation technologies are some promising signs (US Senate,
2017; Johnson, 2020; New York State Senate, 2020).
Meanwhile, the UK government has projected it will exceed
its own legally binding carbon budget for the period 2023–2027
by between 70 and 230 MtCO2 e (UK Department for Business,
Energy and Industrial Strategy, 2019). The UK is certainly not
unique in their faltering trajectory towards a net-zero goal.
Much like what US government procurement of early computing
technologies did for the technology industry, governments, and
businesses in this carbon conundrum can make a significant
contribution to the emergence of a climate consequential carbon
removal and DAC industry with mechanisms like carbon
purchase agreements (CPAs). Similar to the power purchase
agreements (PPAs) which have become ubiquitous in the
deployment of renewable energy, CPAs can offer demand-side
certainty for start-ups in the field to invest in R&D, develop the
supply-chain capacity, and manufacturing process innovation to
provide for the nascent carbon removal industry what Germany’s
solar PV gift delivered for the world.
Irrespective of sufficient demand-drivers and adoption of
CPAs, scaling-up manufacturing capacity from the hundreds to
the millions of DAC modules will be a monumental task. The
principal components of a solid sorbent-based DAC module
involve a contactor and adsorbent array, industrial fan/blower,
vacuum pump, and a heat exchanger, as highlighted in Figure 2.
While most of these are technologically mature components,
the contactor array—including the novel sorbent material—
is the area with the most potential for capital and operating
cost improvement, alongside optimisation of supply chains, and
manufacturing innovation. Furthermore, the highly integrated
nature of DAC module systems can enable quick capital and
operating cost wins through industrial design innovation of novel

physics governing air flow through a contactor will—through
continuous R&D, advanced design, and manufacturing—need
to reflect some of the dynamics seen in the laws. For example,
material science and thermodynamic advances resulting in a
doubling of carbon capture capacity per square metre of sorbent
material every 5 years, with the subsequent capital and operating
cost implications on the levelised cost of direct air capture
(LCODAC). Although the learning rate of DAC is uncertain given
the lack of meaningful deployment, the economies of scale and
cumulative experience elements of Swanson’s and Wright’s laws
for the scale-up of modular DAC are potentially pronounced—
especially drawing lessons from lithium-ion battery and solar
module production as illustrated in the cost-curves in Figure 1.
DAC industry practitioners are largely in consensus on the
economies of scale and learning effects from ramping up DAC
deployment. Christoph Gebald, one of the founders and directors
of Climeworks, in 2017 indicated his company’s aspiration to
bring costs down three-fold in 3-5 years through a combination
of “purchasing higher volumes, professionalising our production
infrastructure and automation of production steps” (Evans,
2017). Presumably in conjunction with that cost reduction target,
Climeworks set an ambitious goal of capturing 225 MtCO2 /year
by 2025—or nearly 1% of global CO2 emissions. As Climeworks’
modular DAC collector units have a capture capacity of 50 t/year
(Beuttler et al., 2019), 4.5 million collector modules would need
to be produced. Given that the production line in 2017 had an
annual capacity of a mere 600 units—which has likely since been
scaled-up—Climeworks and other aspiring DAC technology
start-ups have some way to go before experiencing anything
resembling the “production hell” famously associated with
ramping-up manufacturing capacity to the necessary millions of
DAC modules. Experience in moving down the cost-curve by the
likes of solar and battery technologies, and the associated lessons
of the laws, should be front and centre in the minds of DAC
scientists, engineers, and entrepreneurs, while upholding the
words of wisdom offered by Friedmann (2019): to embrace the
necessary ambition to make progress and wield it with humility.

THE CHICKEN AND EGG CONUNDRUM
While it appears Climeworks is well-behind the necessary
deployment schedule to capture 225 MtCO2 /year by 2025—
illustrated by its August 2020 announcement of its biggest
facility to date capturing 4,000 tCO2 /year (or 80 modules worth
of the necessary 4.5 million) (Climeworks AG, 2020), this is
somewhat due to commercialisation factors beyond its direct
control: demand.
What comes first: an increase in affordability promoting
demand, or demand driving down costs which increases
affordability? In 1962, the first year that semiconductors shipped,
the US government purchased every single one of them. In
fact, from 1955 to 1977, government procurement accounted
for 38% of all semiconductors produced in the US (The
Engine, 2020). This supported the semiconductor industry
in its infancy as a first and major customer, and created a
demand environment in which companies had incentives to
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FIGURE 2 | Estimated annualised capital (Capex) and operating (Opex) costs for a solid sorbent direct air capture system with a capacity of 1 Mt/year of CO2
removal. Graph by Carbon Infinity, based on Wilcox (2019) Graph and National Academies of Sciences, Engineering and Medicine (2019) Data.

(sorbent) components working alongside more mature (fan,
pump) equipment.
In the meantime, the chemical engineering innovation and
retooling of production for dedicated sorbent manufacturing
ought not to be derided. Gigatonne-scale DAC deployment will
require upwards of five million tonnes of specialist sorbent
production, evidenced by a recent life cycle assessment of
Climeworks’ facilities (Deutz and Bardow, 2021). While not
unprecedented, the utilisation of “spare capacity” is simply out
of the question for chemical manufacturing at such a scale;
especially for relatively new metal-organic framework (MOF)based sorbent technologies that Carbon Infinity, Climeworks,
and Global Thermostat (among others) are developing. The
chemical industry therefore ought to be on notice for the
chemical synthesis demands in the millions of tonnes required—
from around 700,000 tonnes of ethanolamine production in the
US in 2019 for more traditional monoethanolamine (MEA)based sorbents (Garside, 2020)—to achieve gigatonne-scale
DAC deployment.

rewards. Resilience and efficiency aligned policies (REAP)
around supply chains are seeing renewed interest, not least due
to the vulnerabilities exposed by the COVID-19 pandemic. The
theoretical resilience of DAC supply chains have relatively strong
foundations. Global chemical production is well-distributed
globally, with BASF (Germany), the Dow Chemical Company
(USA), and Sinopec (China) among the three largest chemical
producers which could feasibly expand into mass MOF or
MEA-based sorbent production. These countries also represent
developed industrial hubs from where strong regionalised,
rather than globalised, DAC supply chains should be established,
alongside dedicated DAC module manufacturing to initially
serve the European, Americas, and Asia-Pacific markets.
The efficient evolution and scale-up of the DAC industry can
again benefit from models pioneered by the computing industry.
The emergence of specialised semiconductor fabrication facilities
enabled the division and specialisation of skills and supply chains
which can be replicated in the DAC industry. For example, Apple
now designs the architecture of their chips with fabrication
contracted out to Taiwan Semiconductor Manufacturing
Company (TSMC). We could conceivably see R&D labs and
universities focused on developing specialised sorbents and
components for a contract manufacturer with dedicated
dactories to fabricate; further enabling the DAC industry to
develop the specialisation, economies of manufacturing scale,
and deployment know-how to move down the cost-curve.

REAP REWARDS
The efficient and continuous improvement of resource
utilisation, encompassing energy, financial capital, material,
and human resources will be critical to enable the rapid scale-up
of DAC technology and reap the associated climate stabilisation
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These foundations can be further developed by highly
resource-efficient and innovative financing mechanisms,
blending public R&D funding with private capital, and
future procurement of air captured CO2 . NASA’s pioneering
Commercial Crew Program, initiated in 2010 and leading
to the first crewed space operation by a private company
(SpaceX) just a decade later, offers a valuable case study into
cost-effective blended-finance routes for the mass scale-up of
DAC deployment. The program offered progressively greater
funding while simultaneously whittling down prospective
suppliers based on achieving certain milestones—culminating in
awarding the crew transportation contracts to two companies—
Boeing and SpaceX. This fixed-cost, public-private model
incentivised commercial partners to reduce delivery costs—
forecast by NASA to have saved US$20–30 billion in taxpayer
money (McAlister, 2020). Such a model can undoubtedly be
replicated for DAC. For example, a fixed-cost, government
procurement process, through a government or group of
governments with fiscal capacity—potentially via Mission
Innovation or the Clean Energy Ministerial. This would take
the form of CPAs for the purchase of 100 MtCO2 in 2027 for
US$100/tonne (US$10 billion contract)—a price within the
realm of possibility, especially if complemented by a structured
investment program. Such a program, like that adopted by NASA
or the XPRIZE competitions could catalyse the mobilisation of
private capital, the acceleration of innovation, and a wartime-like
scale-up of dactories, kickstarting the development of a climate
consequential global DAC industry.

vaccines, masks, and ventilators in the face of an invisible enemy.
Developing carbon removal capacity needs to be approached
in a similar vein: future generations will not excuse today’s
inconsequential action.
While net-zero goals are valuable signals, this needs to be
accompanied by a carbon purchasing and investment agenda
today to advance carbon removal solutions—in particular
DAC technology, if they are to be available at a material scale
by mid-century. Scientists, engineers, and entrepreneurs are
assembling in increasing numbers to accelerate innovation and
develop cutting-edge air capture technologies. However, this
must be complemented by sufficient demand-side certainty,
led by governments’ or conscious corporations’ balance
sheets and purchasing power, for DAC technology to benefit
from the economies of scale and manufacturing innovation
dotted across the recent history of computing and energy
technology deployment.
The science suggests we need a wartime-like mobilisation of
supply chains, manufacturing capacity, and innovation. It is time
we start listening and rekindle that spirit of ambition.
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