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Carbon removal: an introduction

Introduction

Scaling long-term carbon removal BNEF Pioneers: hunting for innovation
In this paper, we outline the key strategies for scaling long-term This is one of three reports to be published following the 2022
carbon removal. Specifically, we analyze technology innovations and BNEF Pioneers awards.
the early-stage companies developing them. The paper contains the R )
following sections: Bl opmk_)er gNEFos_ annual _Pl oneers <co
. recognizes innovators developing new technologies to tackle
1. Synthetic carbon removal: How can we develop totally novel some of the most important challenges in the fight against
carbon capture mechanisms to reduce levels of atmospheric climate change.

carbon? (Pages 9-18)

Each year, the Pioneers competition focuses on three innovation

2. Land-based carbonremova: How can we | everage chhll@n‘aes.e arthos
soil and vegetation to reduce levels of atmospheric carbon?
(Pages 19-27) For the 2022 program the challenges were:
3. Ocean-based carbonremoval: How can we | ever agé tHoding gpynd-fhesclock zero-emissions power (research
water cycle and oceans to reduce levels of atmospheric carbon? note available here)
(Pages 28-37) 2. Scaling long-term carbon removal (the focus of this

This paper provides data and context on each type of carbon removal, research note)

evaluates proposed innovation in the field and suggests ways to 3. Decarbonizing aviation (research note available here)
overcome potential challenges. In the introduction, we explain why the
challenge of carbon removal is important and unsolved, and what
makes a good technology. We then highlight 5 startups that are
leading the charge in these areas.

For more information about the Pioneers competition, please
visit https://about.bnef.com/bnefpioneers/
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Carbon dioxide removal: an introduction

Why did BNEF choose carbon removal

as a chall

Meeting net-zero targets will first and foremost require rapid
and deep emissions reductions. But it is becoming
increasingly clear that removing carbon dioxide from the
atmosphere will also be needed to avoid global warming
above 1.5°C.

Calculations of how much removal is required vary dramatically.
Integrated assessment models estimate that anywhere from 1.5-
15.5 gigatons of CO, (GtCO,) in additional removal capacity
could be deployed between 2030-2050 in order to meet 1.5°C
warming targets.

BNEF estimates that demand for carbon offsets could reach 3.4-
5.2 GtCO, equivalent per annum by 2050. At an estimated cost
of $47-120 paid per metric ton, this translates to a market size of
$160-624 billion annually. This market would be equivalent in
value to the GDP of Austria, or 0.5% of the global economy.
Former Bank of England Governor Mark Carney has called for a
$100 billion per year voluntary offset market.

While it is clear carbon removal is necessary, there are many
technologies that could potentially serve this demand, all with
various advantages and disadvantages. This report highlights
key technology routes for scaling long-term carbon removal and
a collection of the most important technology developers working
on them. Because of the sheer scale of carbon removal that will
be needed, which technologies emerge as leaders will have
important implications for both the environment and the
economy.

enge

t hi s

Estimated annual deployment of additional BECCS
capacity, 2030-2050

for year o0

Annual capacity additions (MtCO2/year)

800
600
Min-max range
400 :
m 15-85th percentile
® Mean
200 . e Median
0
1.5° Celsius Likely 2° Medium 2° Likely 3°
Celsius Celsius Celsius

Source: BloombergNEF, Negative emissions i Part 3: Innovation and upscaling. Not e: 6BECC
refers to bioenergy with carbon capture and storage. The above estimates come from a variety of

integrated assessment models (IAMs). IAMs have historically tended to use BECCS as the main

carbon removal technology as it was until recently considered the most scalable source of negative

emi ssions. O6Likelyd means that there is a 66% ch

6Medi umd translates to a 50% chance.
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Overview of technologies covered In
this note
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Innovatlcn map Of CarbOn rem()va| ..........................................
technologies
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Carbon dioxide removal: an introduction

What makes a good carbon removal
technology?

The table below scores the carbon removal solutions described in Measurable: In order to ensure that society is removing the correct
this note across the following metrics: amount of carbon, removal should be measurable. Some solutions
produce 99% pure streams of CO,, so are easy to measure.
Others (mostly nature-based) will require complex monitoring
systems that rely on new sensing and computational technology.

..........................................

Maturity: Technologies covered in this note go all the way from
laboratory-scale projects (such as methane oxidation) to multi-
billion dollar industries (such as forestry offsets)

Immediate: Not all carbon removal credits are created equal. A ton
of carbon stored in a forestry credit will take years to be absorbed
into the forest. In the meantime, the carbon that has yet to be
absorbed will continue to warm the planet. A direct air capture

Permanence: Some carbon removal solutions, notably soil and plant, on the other hand, removes carbon from the atmosphere
forestry projects, only store carbon for decades. If the carbon instantly.

stored now re-enters the atmosphere within decades it will continue
to warm the planet. Carbon needs to be stored for at least a
century, and preferably longer.

Scalability: As mentioned previously, the enormous scale that will
likely be required means carbon removal solutions will be
constrained by limited resources i for example, land availability.

Environmental risk: Beyond just land use, all carbon removal
strategies carry some level of environmental risk. These industries
could produce their own pollutants, disrupt food webs, or more.

Qualitative evaluation of carbon removal technologies described in this report
Maturity Scalability Permanence Measurable Immediate  Environmental risk

~ Directair capture and storage T
Synthetic R
Methane oxidation _
Afforestation and reforestation_

Soil carbon sequestration _

Ocean fertilization

Ocean-based Enhanced weathering _
Electrochemistry _

Source: BloombergNEF. Note: Darker green indicate the solution performs better on this metric. Darker red indicates the solution carries greater environmental risk. Ratings are qualitative
relative to others. Direct air capture does carry environmental risk, but less than the other solutions described in this table.
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BNEF Pioneers 2022 winners

Challenge 2: Scaling long-term carbon removal technologies

Carbfix captures CO, and turns it into stone underground in
less than two years.

Carbfix

c"mate Climate Robotics develops agricultural implements to
- produce biochar T a soil amendment that improves soil
RObOUCS health while sequestering carbon.

Ve r d eeghaddogy removes CO2 from industrial
ﬂ VERDOX emissions and the air, and the company says its process
uses 70% less energy than conventional approaches.

For more i nformation on t hi Glimgte-BechiSsartups to Watahsn,2028:1 e a s ¢
BNEF Pioneers Winners
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Synthetic carbon removal

Synthetic carbon removal

Direct air capture has the least risk associated with any carbon removal strategy because it is immediate, measurable, allows for
permanent storage and has minimal ecosystem impacts. Investors have funnelled $1.2 billion into the technology since 2018 in the
hopes of driving costs below $100 per ton of CO,. Innovation in carbon storage and utilization technologies is less active but a vital

component in scaling the industry.

What is it?

Synthetic carbon removal strategies are those where the carbon removal
process does not involve the
natural carbon flow into or out of the soil, vegetation or oceans. Synthetic
carbon removal technologies include direct air capture, carbon utilization*
and storage, and very early-stage methane oxidation 7 the conversion of
methane to CO,, which has a lower warming impact.

What should we tackle first?

The most important technology category in synthetic carbon removal by
far is direct air capture (DAC). It is the least risky of all carbon removal
technologies because it is immediate, measurable, allows for permanent
storage and, compared with land- and ocean-based solutions, has
minimal ecosystem impacts. If costs can be brought down to below
$100/tCO,, DAC will likely be the carbon removal solution of choice. This
fact is not lost on investors, who have ploughed more than $813 million of
funding into DAC startups since the beginning of 2022. Reducing the
energy intensity of DAC and improving the durability and performance of
sorbents are the key priorities for lowering the cost of DAC.

Carbon storage costs at most $30/tCO,, only a fraction of the hundreds
of dollars that carbon capture costs. Innovation in storage, therefore,
mostly relates to improving the security of storage to avoid the risk of
leaks and reducing long-term monitoring requirements.

*Note: Carbon utilization will likely be a vital store of carbon and could provide an important
revenue stream for direct air capture projects. It is not covered in this report because BNEF has

already examined it here: Advancing Sustainable Materials: A Climate Technology White Paper.

idhesr uptul.on of

This section also discusses the nascent field of methane oxidation, which
could grow in significance as mitigation efforts focus on the rising
importance of methane as a greenhouse gas 1 particularly in the short

the 6fast carbon cycl ebd
What is difficult about synthetic removal?

Synthetic carbon removal is currently difficult because it is very
expensive, especially compared with the low-quality forestry and
renewabl e energy offsets that
cheapest DAC offsets cost in the order of $250-600/tCO.,.

The operational costs of DAC are dominated by the energy that is
required to strip CO, from the materials that absorb it from the
atmosphere. Capital costs are also high, particularly as the industry is so
early stage. A lot of the equipment must be custom built for pilot projects,
and many of the vital materials are not yet produced at industrial scale.

d o mi

Confirmed DAC removals agreed for purchase
Removals contracted (tCO,)

Carbon Engineering 411,580
16,690

Climeworks

100 1,000

Source: BloombergNEF, Marginalcarbon.com

Sustaera

Carbon Engineering leads
the market, reflecting the
purchase of 400,000tCO,, of
removals by Airbus.

Noya
Heirloom

Mission Zero

10,000 100,000 1,000,000
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Synthetic carbon removal

Direct air capture

Direct air capture (DAC) works by bringing air into contact with a sorbent, a material that Potential solutions
filersCO,f r om t he air. Sorbents are Ooregener at elfdcbeade aurfécedreapdd N mddedfng di s

are saturated with CO,. Regeneration involves exposing the sorbent to what is known as a sorbent: Increasing the surface area of
6swing cycled, where the temperature, pr es smaterlsreduced tisearouneof soetht/thatr e | €
sorbent is shifted, causing the CO, to be stripped from it. DAC technologies can be classed must be purchased. It also improves the
by the type of sorbent and associated swing cycle. DAC could be the carbon removal energy density of regeneration, as there is less
strategy of choice if costs can dip below $100/tCO,, because it is immediate, permanentand  non-surface area sorbent that acts as a heat
measurable. But it currently carries a cost premium. Investments in more energy efficient, sink during regeneration.
cheaper sorbents would drive down system costs. Totally novel swing cycles could also New sorbents: Lower cost sorbents with less
disrupt the industry. energy-intensive regeneration processes
: . . , would reduce the cost of DAC. Metal-organic
New approaches and technologies Novel technologies using electrochemistry frameworks have been proposed as one

and passive contactors are also being

Two DAC approaches have been deployed, example of materials that could be useful as

and dominate funding and research: explored. solid sorbents in DAC.

L : _ Limitations .
Liguid solvent absorption (L-DAC): These CO, concentration of gas sources
systems use alkaline solvents (such as Currently expensive: Carbon removal via CO, concentration (% vol)
sodium hydroxide, potassium hydroxide, or DAC costs at least $600/tCO,, among the 500/§ = Range of CO2
calcium hydroxide) to absorb CO,. The most most expensive carbon credits available. 40%

mature companies using liquid solvents have
high-temperature requirements for

concentration
IA ® Average
0]

Energy intensive: A huge share o03¢%

LA

. : cost is the energy required to regenerate 20% °
regeneration, meaning natural gas must be : . o ‘o °
: sorbents. At current levels of energy intensity, 10% . ngm
burned during capture. New solvents are ) : ---
. . if DAC were used to capture 1GtCO,/year, it 0% ° °
coming to market that address this. N R TI - [ 0 Oy R O
woul d account for around %%gonf§1.§e§ @og;loclggs;
Solid alclzlsorptlon_ (S-I?AC): Thejegys_tergs final energy demand. :g;) g = % % % O ‘_55 (Zp E %
generally use amines (compounds derive . . . . . S E 3 E = 2 2 o 2
from ammonia) as sorbents. Rather than E&‘Q;ggﬁ“?g;zl d(;?:astI?neriﬁlls:f]é:/:rgllgase q 3 c‘éﬁ 7 g © z g
being absorbed by a solution, CO, adsorbs Eolutionsyan activit ghai externalities. L-DAC % - £
(clings to the surface) of the solid material. S- can cons’umeya lot mywater while S DAC can Z Q
DAC systems have lower temperature . ’ el ;
i ) Crude biogas Industr Power plants DAC
requirements (80-100°C) and so are easier to pro_duce potentially harmful waste from its J Y . g o
. amine-based sorbents. Source: BloombergNEF, Porous materials for carbon dioxide
_eIECtrlfy' However, they are more energy separations. Notes: NGCC = natural gas combined cycle, BF =
Intensive. blast furnace
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Synthetic carbon removal

Direct air capture

How does it work?

p/
C// Sarbon

Car bon

Engineeringads
looping. The process uses a potassium hydroxide (KOH) solution
to absorb CO, from the air, using fans to draw air into contact with
the solution. The resulting potassium carbonate (K,CO,) is then
reacted with a separate process loop involving calcium oxide, to
transfer the CO,. This regenerates the potassium hydroxide so it
can absorb more CO,. The calcium oxide loop produces calcium
carbonate (CaCO;) as an output, which can be heated up in a
calciner unit (needing temperatures above 900°C) to strip the CO,
and produce a pure stream of CO, and fresh calcium oxide.

t e c h n-oxide g

Maturity

Carbon Engineering is a Canadian company. Founded in 2009,
the startup commissioned its demonstration plant in 2015 with a
capacity of 1tCO,/day. In 2019, Carbon Engineering announced
a partnership with Oxy Low Carbon Ventures to construct a
capture plant. It was initially set to have a capacity of
0.5MtCO,/year, but has since increased to 1IMtCO,/year. The
project should be by the largest DAC plant by several orders of
magnitude once it is commissioned in 2024 and aims to deliver
carbon removal at a price of $200-250/tCO,. In March 2022,
Oxy Low Carbon Ventures announced it would sell 0.4MtCO,, of

Carbon Engineeringds process i offsetcreditsoverfouryears to Airbus using Carbon
G gas and the high level of water consumption relative to other Engineeringdés t ech hastaieeg & totaldfh e
<D( leading DAC providers. $102 million.
S} LTSS I 22 - _ Land area requirements of S-DAC versus
— process uses an unnamed Mission Zero Technologies was
% liquid solvent to capture CO, founded in 2020 out of Deep Science L-DAC (by energy sou rce)
> in a process that is similar to  Ventures i an accelerator group based Land requirement (km?/MtCO,)
o that of Carbon Engineering.  in Imperial College London that recruits
_g Instead of using heat to founder teams to address specific Solid sorbent + solar PV _ 34.7
= regenerate the solvent, scientific challenges. The company has
o Mission Zero uses an two major partners: O.C.O Technology )
| ( %IIEIgg)ION electrochemical separation ~ (carbon utilization in aggregate) and Solid sorbent + geothermal . 7.5
TECHNOLOGIES technology that it says is 44.01 (a carbon storage developer).
currently used at scale to Mission Zero was chosen by Stripe as Liquid solvent + natural gas . 75
produce clean drinking part of its carbon removal purchase with CCS + solar PV '
water. The process uses program and offered its offsets at a
less than 1.8 price of $319/tCO,. Mission Zero aims Liquid solvent + natural gas I 19
gigajoules/tCO,, makingit  to build a plant with an annual capture with CCS + geothermal '
less energy intensive than capacity of more than 1,000tCO, by 3Q o
both Climeworks and 2023. In May 2022, it announced it had Liquid solvent + natural gas | 04
Carbon Engi ne raised$5 milion from Breakthrough with CCS
processes, and it is fully Energy Ventures and Anglo American. Source: BloombergNEF, WR|1 . 6CCS6 refers to carb
electrified. storage.
12 June 16, 2022
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Synthetic carbon removal

Direct air capture

How does it work? Maturity

Climeworks uses solid adsorption. First, air is

drawn into collectors using fans, and the CO, is
chemically bound to the sorbent, which is a solid
amine housed in a cellulose fiber filter. Once the

Climeworks is a Swiss company spun-out of ETH Zurich in 2009. It is the DAC
market leader, alongside Carbon Engineering. Climeworks has commissioned
at least three DAC plants with a cumulative capacity of 5,050tCO./year. Its
largest plant, Orca, was commissioned in 2021. Orca is a 4,000tCO./year plant

& i K sorbent is saturated, the collector is closed and the in Iceland that cost an estimated $10-15 million. In April 2022, Climeworks
CHIMEWOTKS  temperature is increased to a range of 80-100°C announced it had raised $650 million in unattributed venture capital, bringing its
using low-grade heat and a temperature-vacuum total funding to $793 million. It will use some of this funding to construct a
swing cycle. Climeworks collectors are modular. 40,000tCO,/year facility.
Global Thermostat was founded in 2006, andthe ~ |nvestment in DAC technologies
Global Thermostat has : , - -
—~ . company says it has raised $70 million and has $ million
@) developed a proprietary . o —
. built two facilities so far. The firstis a
< amine-based adsorbent : ) .
a) that is bonded to porous demonstration plant with a capture capacity of ol orae s q
N honeveomb ceramic . 1:000tCO,/year. In 2018, it built a 4,000tCO,/year ] ﬂ_r]“ € W";fs tf‘ Ingt:f)“”
~ oney . . plant. To date, the company has focused on selling 'S WOrth more than the last four
c 6monolithso6, . S . years of industry funding
o Global carbon sponaes or filters its captured carbon for utilization. In April 2021, combined
= W Thermostat bong .~ Bloomberg profiled the company, suggesting it had
o The sorbent regeneration .
= . been paralyzed by mismanagement and had made
o process differs to . .
b ) . little progress in the last decade. It also reported
S Climeworks. The filters are that Gl obal T h e r/yeardatilayt o ¢ 42
5 moved and then i : C —
S regenerated with low- was not running and that the contractor that
= constructed it had sued the company for $600,000 2018 2019 2020 2021 2022 YTD
o temperature steam. . il bill
0p) In unpaid bills. Source: BloombergNEF
. Carbon Capture was founded in 2019 and has raised $35 million to
CarbonCapture uses o6mol ecul : . ) . ; o
. . date in a Series A round. Its team is experienced in building well-
adsorption capture process. The company has not published . :
. . L7 funded climate startups. Bill Gross co-founded the company. Two of
much publicly on its process. However, it did fund a research
: ) : . = . hjs mosth h- proflle past ventures include Energy Vault and
paperhi ghl i ght i ng t h-eontaning chabazitel ||J Y E hidh
. R : elrogen, both bfiwhich Went public at billion-dollar valuations on
zeol i teso as -corwentradom C3,captare | o
) , o . less than $10 million of revenue. Adrian Corless i the former chief
CarbonCapture processes, suggesting this is likely the technology route it is ) : . A . .
i : ) o . executive officer of Carbon Engineering i is the chief executive
exploring. Zeolites are microporous aluminosilicate materials . . :
that are commonly used as commercial sorbents and officer and chief technqlogy officer of Carbon Cap_ture. Energy _
Vault 6s Chi ef Te c h Reaudetbigalso &do-foiindee
catalysts.
of Carbon Capture.
13 June 16, 2022
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https://www.bloomberg.com/news/features/2021-04-09/inside-america-s-race-to-scale-carbon-capture-technology?sref=GdaCfpHP
https://www.researchgate.net/publication/356409606_Zinc_Containing_Small-Pore_Zeolites_for_Capture_of_Low_Concentration_Carbon_Dioxide
https://climeworks.com/
https://www.carboncapture.com/
https://globalthermostat.com/

BNEF
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Synthetic carbon removal

Direct air capture

How does it work? Maturity
Heirl oomés technology is similar to that Heirloomwasfoundedin2020 and has
dd oxide looping. It has two main distinctions: it has removed the potassium hydroxide gained Stripe, Shopify and Klarna as
S solvent (KOH) and does not use fans to direct air flow, which account for 6.3% of energy  customers for its future credits. It says
% demand in Carbon Engineeringés process. its first commercial plant will aim to
= the potassium hydroxide solvent, Heirloom sets thin deposits of calcium hydroxide capture 100,000tCO,. In March 2022,
o §Vé Heirl (Ca(OH),) out in trays where they are exposed to air. The Ca(OH), captures the CO,in the company raised $53 million in a
C N CINOOM " ihe air and forms calcium carbonate, which can then be calcinated in a high temperature  Series A round. In its purchase
2 reactor to strip the CO, from it, and regenerate fresh Ca(OH), powder. The trays application to Stripe, Heirloom said it
) containing powder are modular and can be vertically stacked to reduce the footprint of would commission its initial pilot plant in
% pl ants. Heirl oombs intellectual proper ty June202l. However, after its series A,
o which CO, reacts with the Ca(OH), powder. It says that 86% of the powder turns to the company stated the funding would
2 2
carbonate within three days of exposure. be used to build a pilot plant.
. . The journal article upon which . . .
Verdox is trying to reduce the Verdoxds proces ENergyintensity of select DAC technologies
energy intensity of carbon capture . .
. . _published in October 2019 and . .
by relying -swi ag O'E)he company was founded Energy intensity (GJ/tCO2)
cycle, rather than one based on pany .
temperature and pressure. Verdox shortly thereafter. Momentum is w
_ has created an eIectroche;nicaI gz;hoeurrcge:r?::;tv(\;i:g:lhgso million SPAC M\\\\ 23t
8 cell where, by altering the voltage round of financing in 2021 .
= across the electrodes, one side of . 9 ’ \ Dashed
= : e Investors include Breakthrough L-DAC 14 -
o the cell gains an affinity for CO,, E v Prelud sections
= ﬂ V E R D O X causing CO, to cling to the nergy ventures, rejude indicate
O 2 - Ventures and Lowercarbon > ener
o electrode. It can then similarly . : Verdox | o5 energy
= discharge the CO, once the Capital. It has also in the past erdox BNy 2 intensity
5 electrode is saturated. As well as been awarded grants from the range
. ) US Advanced Research
T being up to 70% less ener . - I
- intengsivz than the most mgt{;re PIEJEES NYSrE] Energ)_/ . Mission Zero
DAC processes, it is fully (ClRPEEE), Gl #20 [miller &
electrified. The process can also :Lso::EdAng:ga:vﬁi?rY ':ﬁ:stg 0 5 10 15 20 25
be used to capture CO, from low- | hy ’h loqv f :
concentration flue gases, such as apply the tec n9 0_gy or pplht- Source: BloombergNEF, Negative Emissions Technologies and Reliable
aluminum source capture in its aluminium  sequestration: A Research Agenda. Note: Verdox and Mission Zero
’ smelters. claims taken from company presentations.
14 June 16, 2022 Bloomberg NEF
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Synthetic carbon removal

Carbon storage

Carbon storage technologies are a critical enabler of direct air capture. Current practices rely
on storing supercritical CO, in porous sedimentary rock formations beneath an impermeable
caprock. While this is cheap, it requires monitoring to prevent leaks. In-situ carbon
mineralization is a process where CO, is mixed with water to form a weak acid and then
injected underground. This causes it to react with stray minerals and then carbonate (turn to
stone). Carbon mineralization is more expensive than supercritical storage but eliminates
virtually all risk of CO, leakage. Basalt and peridotite rock formations are the best
candidates for mineralization. Studies show these two minerals could provide thousands of
gigatons of carbon storage, enough capacity to meet demand.

New approaches and technologies

Storing supercritical CO, in porous
sedimentary rock (saline aquifers or old oll
and gas reservoirs), sealed by a non-porous
caprock, is the most mature CO, storage
practice, accounting for 99% of capacity.

In-situ mineralization: Carbon
mineralization is the process of CO, reacting
with stray cations in rocks (such as Ca?*,
Mg?* and Fe?) to form solid carbonate i in
other words, stone. In-situ mineralization
refers to the process where it happens in the
subsurface. It is achieved by mixing CO, with
water to form a weak carbonic acid. The acid
is then injected into the subsurface where it
reacts with the rock. Basalt and peridotite
formations are the two main candidates for
use in carbon mineralization. Mineralization
eliminates the risk of any carbon leaking over
time, as it has turned to stone. Carbon
mineralization on surface rocks is referred to
as ex-situ mineralization.

While the reaction is the same, ex-situ
mineralization is often classified as carbon
utilization rather than storage, because the
carbon is used as feedstock for construction
materials. This was covered in Pioneers
2021: Advancing Sustainable Materials.

Limitations

More expensive: Carbon mineralization
currently costs two to three times more than
supercritical storage ($10/tCO,, versus $20-
30/tCO,). Costs, however, are hugely
dependent on transport, so this will evolve as
the industry matures.

Subsurface risk: Any kind of subsurface
infrastructure project carries development
risk. Storage in peridotite rock formations, for
example, has the potential to reduce
permeability by clogging pores with
mineralized carbon, preventing further
storage at that site. Similar risks, however,
exist with supercritical storage.

Supercritical head start: Storing supercritical
CO, has a two-decade head start on carbon
mineralization as a process.

Potential solutions

Remove regulatory hurdles: Carbon storage
projects can take years to permit. This process
must be expedited so the industry can scale at
the rapid pace that is necessary.

Project scale up: Building large-scale storage
projects that can store CO, from multiple point
sources, as well as collocated direct air capture
plants, will generate economies of scale and
reduce the cost of permanent carbon
sequestration.

CO, geological storage capacity by
project type

Mtpa
10
Carbfix's in-situ mineralization
projects (shown in purple) are
8 : : . :
virtually imperceptible on this
chart compared with
6 supercritical CO,, storage

capacity

4
N

1996 2000 2004 2008 2012 2016 2020

Source: BloombergNEF
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Synthetic carbon removal

Carbon storage

How does it work? Maturity
Carbfix injects CO, into basaltic rock formations Carbfix is founded on an academic collaboration dating back to 2007. Its
and has demonstrated that 95% of the CO, is pilot injection site was launched in January 2012. Since 2014, the company
mineralized within two years. The basaltic rocks has stored 80,000tCO, (mostly from point source capture) and has signed

that Carbfixés pr ocess 1 partnershipswith Aker Carbon Capture, Rio Tinto and Climeworks to co-

% located where geothermal energy i a low-carbon develop services and projects. Carbfix won the XPRIZE twice this year for
% . baseload source of power and heat that can be two separate projects, in partnership with Verdox and Heirloom, both also
o) @ Carbfix used to power direct air capture plants i can be profil ed i n t haxtsnajorprojeet.is th€ devebpment of gs
plentifully found. Thi s CodaTerminal ashippingterminalin south-west Iceland that will act as a
could be located relatively close to sources of zero- major carbon storage hub for northern European industry. It aims to have a
carbon baseload, and therefore low-carbon direct capacity of 5,000 tCO,/year from 2026, scaling up to 3MtCO,/year by 2031.
air capture plants. Carbfix is a wholly-owned subsidiary of Reykjavik Energy.
44.016s prc CO, storage outlook
similar to that of 44.01 is newer to the carbon Capacity (Mtpa)
Carbfix, but it uses mineralization game than Carbfix, 200
peridotite as a storage having been founded in 2020.
. .. . . 175
medium for carbon, 44.01 has a similarly impressive Utilization and
rather than basalt. list of partners as Carbfix, including 150
® o . . . unknown
et Peridotite has more Stripe, Shopify and Climeworks.
= abundant minerals  44.01 won the Carbon XPRIZE in ~ 2° In evaluation
o that induce the 2022 in partnership with Mission 100
5 > hzf ()] mineralization Zero Technologies to build Project - = Enhanced oil
o reaction than basalt, Hajar. The first phase of Project recovery
butitis also less Hajar will commission in 2024 and 50 = Dedicated
abundant, further from aims to sequester 1,000 tCO,/year. 25 geological storage
population centers 44.01 has raised $5 million in seed “I“““I
and less porous funding and counts Breakthrough 0 (LLLELLELE
(making it more prone Energy Ventures as an investor. 2000 2010 2020 2030
to clogging). Source: BloombergNEF
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Synthetic carbon removal ] .
Methane oxidation

Met haneds war mi
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amounts to 16%

second-largest cause of radiative forcing. As this warming impact is felt in the near term, it is
worth addressing methane emissions. Because methane exists at about 0.4% the
concentration of CO, in the atmosphere, it is likely going to be too energy intensive to suck it
out of the air in a DAC plant. Research has focused on reducing the warming impact of
atmospheric methane through oxidation (inducing the breakdown of methane into CO,)
rather than capture. While this does not eliminate the warming impact, it dramatically
reduces it. Research into atmospheric methane oxidation is very early stage, more so than
any other carbon removal strategy addressed in this note.

New approaches and technologies

Iron salt aerosol (ISA): Spraying ISA in the
lower atmosphere would increase the level of
chlorine radicals, which would accelerate the
breakdown of methane into CO,. ISA has
numerous impacts on the climate 7 including on
biological activity in the ocean 1 but it is distinct
from ocean iron fertilization strategies, which
capture carbon by increasing biomass growth in
the ocean.

Microbial: Methanotrophs are microbes that
metabolize methane, turning it into CO,,.
Accelerating the natural oxidation process of
existing methanotrophs, or genetically editing
microbes with faster metabolisms, could reduce
methane emissions.

Photocatalysts: Some materials act as
photocatalysts for methane oxidation, meaning
when they are exposed to UV light, they induce
a methane oxidation reaction. Candidate
materials include titanium oxide and silver-
coated zinc oxide.

Limitations

Does not eliminate warming effect: While
methane is a more potent greenhouse gas than
CO,, its warming effect is short-lived as the
methane will ultimately naturally oxidize into
CO,. Methane oxidation is therefore only
reducing the near-term warming impact of
methane, rather than eliminating the emissions.

Early stage: While all the technologies
discussed in this note are early stage, methane
oxidation is more so than most. These
technologies have not evolved past lab stage
and have yet to receive the large amount of
funding that other carbon removal companies
have. The potential negative externalities of
methane oxidation processes are also,
therefore, less explored.

May need higher concentrations: It is too
early to tell whether the oxidation of methane at
atmospheric concentrations will be cost
effective, or whether oxidation will only work in
areas with high methane concentrations.

of

Pplghitighsolyiodie nhouse gas
Demonstrate lack of negative externalities:
The early stage of many processes means there
are multiple risks to methane oxidation. ISA
injection could disrupt ecosystems, and microbial
methane oxidation has, in some cases, been
demonstrated to produce nitrous oxide (N,O),
another potent greenhouse gas with a long
lifetime.

Co-removal with other gases: A huge amount

of air would need to be processed to meaningfully

impact methane concentrations (0.04% of the
worl dés atmosphere to
1GtCO,e). The co-removal of other greenhouse
gasses in the same air handling process could
make it more energy and cost efficient.

More robust catalysts: Experiments using
photocatalysts to oxidize methane on dairy farms
showed they degraded too quickly to mitigate
emissions cost effectively.

Global warming impact of GHGs,
2020 HCFCs
CFC_ 2%
8%
N20
7%

1%

Source: BloombergNEF, NOAA. Note: Warming impact treated
as equivalent to radiative forcing. CFCs = Chlorofluorocarbons,
HCFCs = Hydrochlorofluorocarbons, HFCs =
Hydrofluorocarbons

e mi
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HFCs

17 June 16, 2022

BloombergNEF
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Synthetic carbon removal

Methane oxidation

How does it work?

Blue Dot Change aims to use the iron-

Maturity

Blue Dot Change was founded
in December 2020. The

Concentrations of various greenhouse
gases

Concentration (ppm)

8 salt-aerosol method to oxidate - company has not publicly Atmospheric (CH4) [l 2
o methane. Its process works by injecting ) _ _
o iron dust into the atmosphere from the announ_c_ed any fundlng_. It h_as Permian Basin (CH4) [l 3
< back of large ships. This iron spray I EMOIHENS SIS U ArnElie: Atmospheric (CO2) |G 410
E=S Blue Dot Change reacts with ultraviolet rays in sunlight ~ S2YINd In its Stripe carbon i
o ; 4 g removal funding application that Dairy farm (CH4) - N 906
wn and sea salt in the water to generate . ;
c free chlorine radicals. The chlorine N TBFES 19 EEEE il s_cale 2 1 10 100 1,000
E radicals then react with the methane, ?[))ggen:ll:?el’ %023’ ?‘nd i);](ldate Source: BloombergNEF, Atmospheric Methane Removal: A
eventually turning it into CO,. annunr1nI 1on fons of methane per - Research Agenda
Crispr-Cas-9 published journal articles
The Banfield Lab at the University = Borgs were only discovered in July N::rt'igfers()f
of California, Berkeley, is running 2021 from a basic science project, 4.000
basic science research projectsto  and their existence is still up for ’
better understand methanotrophs.  debate. They might perhaps be an 3,000
The lab discovered a new class of  already-discovered DNA structure
novel DNA structures called presenting itself in a new manner. 2,000
6Borgsdé in July Professor Jill Banfield, however, who
e various genes from leads The Banfield Lab, said she had 1,000 I I
o m microorganisms in their not been as excited about a 0 |
o Banfield surroundings . Bo discovery since Crispri the DNA 2006 2008 2010 2012 2014 2016 2018
O Lab structures are large, so require a sequence that enabled gene editing - BloomberaNEF. L
= — lot of energy to support. This, methods. While this could be viewed Source: BloombergNEF, Lens.org.
coupled with the fact that many of  as hyperbole, Jennifer Doudna is Crispr was a relatively obscure concept until 2012,
the Borgs contain genes involving  also an author on the paper outlining when a discovery highlighted the potential use cases
the metabolic processes for the discovery of Borgs. Doudna of the technology. Investment and research in the
consuming methane, suggest they  shared the 2020 Nobel Prize in topic has been growing at a rapid pace since. If
could be a vital new tool in Chemistry for her role in the Borgs do result in similar scientific advances for
engineering more effective discovery of the method for genome engineering methanotrophs, they are unlikely to
methanotrophs. editing, known as Crispr-Cas-9. occur any more quickly than the timeline depicted
above.
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https://github.com/stripe/carbon-removal-source-materials/blob/master/Project%20Applications/Spring2021/Methane%20Oxidation%20Corp%20-%20Stripe%20Spring21%20CDR%20Purchase%20Application.pdf
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https://twitter.com/BanfieldJill/status/1414647658786922496
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Land-based carbon removal

Land-based carbon removal

The | and carbon sink, which consists of the earthés soil and and-get at
based carbon offsets (in the form of forestry projects) currently dominate voluntary carbon removal markets, but it is difficult to verify

the carbon stored in these projects, and the carbon storage is not durable. Land-based solutions such as biochar, or bioenergy with

carbon capture and storage (BECCS), that store carbon durably will boost the long-term potential of land-based removal strategies.

What is it? What is difficult about land-based removal?

Land-based carbon removal strategies reduce the level of atmospheric Strategies that rely on growing biomass to capture carbon inevitably run
carbon, either by strengthening the flows of carbon into vegetation and saill, into issues regarding land use, because capturing gigatons of carbon
or weakening flows of carbon out of aremgwedlalty oinn atnldi s owdy Wihlel etaak éeh 08 si
vegetation are known together as the land-carbon sink. The land sink has land. This will have negative impacts on biodiversity, as land-based
great potential as a resource for carbon removal. It exchanges around forestry projects are often monocrops. It will also have implications for
440GtCO,e with the atmosphere each year, equivalent to approximately food security, as land used for carbon removal could potentially compete
11GtCO,e on net. The land sink has absorbed 31% of anthropogenic for farmland, driving up food costs.

emissions. Land-based strategies are also difficult to scale quickly because they
Removal strategies that focus on strengthening the land sink are currently require a certain level of control over land, and this means engaging with
the worl ddéds | argest s oui metheowords; ar b o nahuge muonibeadf decehtrfalizesl stakeholders.

forestry and agricultural projects. Regenerative farming, which encourages

the drawdown of carbon into the soil through different farming practices, is Net annual carbon flow into land sink

also gaining momentum as farmers seek to bring in new revenue from Carbon flow (GtCl/year)

burgeoning offset markets. Removal strategies that weaken carbon flows out 6

of the carbon sink (such as biochar production and bioenergy with carbon
capture and storage) have less developed markets, but would make a more
durable and scalable carbon removal solution in the long term. 4

What should we tackle first?

Permanently sequestering biogenic carbon i carbon stored in biological 2

material T is the best form of land-based carbon removal. Lowering the cost

of point source capture for use in bioenergy plants, and reducing the cost of 0

biochar production, are the key routes to doing this. On the other hand, 1959 1969 1979 1989 1999 2009 2019
improving the quality of forestry projects will also enhance the land efficiency

of biocarbon sequestration, and can be applied to an already very large 2

offset market. Regenerative agriculture will likely scale quickly as it offers a Source: BloombergNEF, The Global Carbon Project. Note: Lines indicate the average of
new, sustainable revenue stream to many agricultural stakeholders. climate models. Lighter shaded areas indicate 95% confidence intervals based on the

same set of models. Human emissions amount to around 10GtC (GtCO,e) annually.
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Land-based carbon removal

Afforestation and reforestation

Afforestation and reforestation (A&R) offsets have been criticized as some of the lowest
guality carbon removal credits available. They do not act as permanent storage, they are
difficult to measure and there are significant concerns about their impact on land use and
biodiversity. A&R offsets supply a significant share of the removals market and this is unlikely
to change until at least the middle of the next decade. Improving land-use efficiency and
A&R verification will significantly enhance the effectiveness of the offsets market. Efforts to
increase the photosynthetic efficiency of vegetation and automate forestry management with
intelligent drones are some of the main technology routes to achieving this.

New approaches and technologies

Photosynthetic enhancement: One strategy to
improve A&R projects is genetically engineering
plants to enhance the rate at which they absorb
CO, through photosynthesis. Current efforts are
focused on reducing the rate of photorespiration
in plants i through inserting C,_plant genes into
C, plants. Other strategies include improving the
energy efficiency of CO, conversion in plants
and making plants grow to maximize the light
capture of the whole canopy rather than
individually competing for light.

Robotics: Aerial drones equipped with sensing,
weed management and planting technology are
being used to improve forest management
practices. This makes projects easier to verify
and more effective.

Measurement and verification technologies like
satellites are essential in incorporating forestry
projects into any net-zero strategy. This is
covered i n | &sderstanding O s
Planet, and so is not discussed here.

Limitations

Not permanent storage: Carbon stored in
vegetation will likely return to the atmosphere
in decades, slowing rather than preventing or
reversing climate change

Land-use and biodiversity implications:
A&R projects are often criticized because
they are monocultures. The large-scale
removal of carbon through forestry projects
would consume a massive amount of land
and hence reduce biodiversity. A&R could
also compete with land used to grow food,
driving up prices and creating food insecurity.

Limited biotech capabilities: A review of
photosynthetic enhancement strategies
found they are Al i mi
introduce, position, and regulate inserted
geneso in plants.
concepts are also at the lab stage, and it is
currently difficult to tell how the perceived
Ibepefite would translate into real-world
environments.

teed by ocur

Manyl genet i =~

Opposition to genetic engineering: In the US,
trees classified as genetically modified
organisms (GMOSs) cannot be included in forestry
projects certified by the Forest Stewardship
Council as being responsibly managed.

Potential solutions

Pair with biocarbon sequestration
technologies: A&R projects could be paired with
technologies i likely pyrolysis i for converting
biomass for permanent geological or soil
sequestration.

Relax regulation on genetic engineering:
Allowing plants that have been genetically
engineered to be included in forestry projects
would let companies developing novel plant
breeds generate revenue.

Carbon removal supply by sector
GtCO2e

5
H Direct air capture
4
Reforestation
3

2022
2024
2026
2028
2030
2032
2034
2036
2038
2040
2042
2044
2046
2048
2050

Source: BloombergNEF, SBTi

21 June 16, 2022

BloombergNEF


https://ripe.illinois.edu/sites/ripe.illinois.edu/files/2018-06/1424031112.full_.pdf
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https://www.bloomberg.com/news/articles/2022-05-03/elon-musk-alphabet-invest-in-carbon-removal-technology?sref=GdaCfpHP

Land-based carbon removal

Afforestation and reforestation

Photosynthetic enhancement

Robotics

HRIPE

®

Living Carbon

drone

How does it work?

The RIPE project (realizing increased photosynthetic efficiency) is an
international research effort between institutions in the US, UK,
Germany, China and Australia to enhance photosynthesis. It has nine
main areas of research. Its focus is predominantly on improving food
security through raising crop yields, rather than carbon removal.

Living Carbon has
developed a hybrid poplar
tree with photosynthetic
enhancement traits. Lab
results have shown that
its trees grew 53% more
biomass compared with a
control group after 21
weeks. Living Carbon is
also attempting to
incorporate genes that
slow the rate of decay of
biomass, in order to trap
carbon for longer than
typical forestry projects,
and genes to help plants
leach metal from soils.

DroneSeed has developed 55-pound+ drones that are equipped
with sensors, herbicide sprayers and seed planting instruments.
The drones are able to create maps of their environment to
centimeter-level accuracy, decide where is the optimal location
to plant a seed and then plant it. DroneSeed is focused on

Living Carbon took part in the
Summer 2021 Y-Combinator
cohort i a startup accelerator.
In February the following year,
it raised $15 million in a Series
A round. To date, the company

has only demonstrated the

improved efficiency of its plant
in the lab. It is currently running
a field trial with Oregon State

University and has chosen

3,200 acres of land for its pilot

projects. Living Carbon is
developing a research and
development platform for
synthetic biology related to
plant science. Its enhanced

poplar is just the first product it

has publicly announced.

reforesting areas affected by wildfires.

Maturity

The RIPE project was founded in 2012 and funded by a
five-year $25 million grant from the Bill and Melinda Gates
Foundation. It has since received a further $58 million from
past funders, as well as the UK government and the
Foundation for Food and Agriculture Research.

C; versus C, plants: reducing photorespiration

Photorespiration is a process that occurs during photosynthesis when
rubisco i the enzyme whose main purpose is consuming CO, to
produce useful carbohydrates i reacts with oxygen instead of CO,.
When rubisco reacts with oxygen, this uses energy but does not
produce sugars. The most common photosynthesis process in plants
i C5carbon fixation T is estimated to be around 25% less efficient
due to photorespiration. Around 15% of plants use a different
photosynthesis process called C, carbon fixation, which combats
photorespiration. This makes C, plants much more energy efficient in
their use of sunlight. Examples of C, plants include corn, sorghum

and sugarcane.

Livi

ng

Carbonos

photosynthetic

genetic traits from C, plants into a C; plant. The reason it is useful to
add C, traits to a C, plant is because C, plants do not grow to be as
large as forests and so store less carbon per acre.

DroneSeed was founded in 2015. It raised a $5 million seed
round in 2017 and a $36 million Series A round in September

2021. The following month it acquired Silvaseed, a 130-year-old

seed provider, to be more vertically integrated in the reforesting

business. DroneSeed announced its largest carbon removal
purchase to date in March 2022: some 50,000tCO, from Shopify.
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Land-based carbon removal

Biocarbon sequestration

Vegetation is the largest annual sink of atmospheric carbon. Unfortunately, vegetation
decays as it reaches the end of its lifecycle, releasing almost as much carbon back into the
atmosphere. Biocarbon sequestration strategies seek to stop this natural source of
emissions by processing biomass into a form that cannot decay. While this is technically not
carbon removal, it is functionally the same. Popular processing techniques include
pyrolyzing the biomass to convert it to biochar for use in agriculture, or burning biomass in
power plants equipped with point source carbon capture. Biocarbon sequestration has huge
potential as a durable form of carbon storage, but challenges remain around land use and
creating the complex supply chains for processing decentralized sources of biomass.

New approaches and technologies

Pyrolysis: Pyrolyzing biomass i heating it in
the absence of oxygen i converts the carbon
stored in biomass into a more stable form
that will not decay into the atmosphere.
Biochar i a charcoal-like substance i is one
popular product. Biochar can be deposited in
soil where it stores carbon for hundreds of
years, while simultaneously enhancing soil
health. Pyrolysis can also produce bio-oils
that can be injected underground, where
they solidify, storing carbon permanently.

Bioenergy with carbon capture and
storage (BECCS): BECCS is the process of
creating energy with biomass (power or
fuels) and then using point source carbon
capture to make the process carbon
negative. Climate models have relied on
BECCS to drive most of their negative
emissions scenarios. Biomass-to-power is
the most land-efficient type of BECCS from a
carbon removal perspective.

Limitations

Sourcing biomass: Biomass is produced at
a decentralized level, from both a geographic
and organizational perspective, making it
difficult to build supply chains. Companies
seeking to process biomass also often
assume that they can take the material,
usually waste, at very low cost. Once waste
producers realize value is being generated,
they can hike prices.

Land use: BECCS has been particularly
criticized for the large amount of land it would
need to use to achieve any meaningful
impact on emissions 1 some 1GtCO, would
require about 4% of

Scarce resources: Biomass products are a
useful tool in decarbonizing other hard-to-
abate industries such as aviation, shipping
and petrochemicals. It may not be the best
allocation of resources (or highest value
option) to use biomass pyrolysis or BECCs
carbon removal.

t

Potential solutions

Pair with more land-efficient vegetation:
Pairing biocarbon sequestration with
technologies discussed in the afforestation
section could improve the land-use efficiency
of biocarbon sequestration

Decentralized plants: Smaller plants or in-
field processing would dramatically reduce
feedstock costs for biomass, because
transport is such a large component of
feedstock costs. This is, however, somewhat
at odds with the use of point source capture in
BECCS, which relies on centralization to
benefit from economies of scale for
transporting and storing carbon.

Cost of carbon removal using BECCS
under different sorbent performances

Levelized cost of carbon ($/tCO2)
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No degradation
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Source: BloombergNEF, Defining Targets for Adsorbent Material
Performance to Enable Viable BECCS Processes.
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Land-based carbon removal

Biocarbon sequestration

How does it work? Maturity
Carbo Culture is developing a new generation Carbo Culture was founded in 2017 and built a demonstration reactor in 2019.
of large-scale pyrolysis reactors to produce It raised a $6.2 million seed round in 2021. Zendesk has purchased carbon
biochar from waste biomass. Its pyrolysis removal credits from Carbo Culture. Carbo Culture hopes to commission
process produces biochar, as well as syngas 14,000tCO, worth of capture capacity in 2024 and scale to more than

that can be used to generate renewable heat. 100,000tCO, post-2025.

Biochar

Climate Robotics is developing a system that collects
agricultural waste and pyrolyzes it to produce biochar in
the field. This decentralized process eliminates a huge
limitation of biomass processing: the cost of transporting
it to central locations for processing. BNEF research
estimates that harvesting and transport costs account for
about 80% of waste biomass feedstock costs.

Climate Robotics was founded in 2020 and has raised $4.7 million to
date, most of which was from a $4.4 million seed round. The
company also received an undisclosed investment from Exelon as
part of the | atteros Climate Ch
Roboticsd6 only publicly announc
to remove 1,000tCO, at a contracted durability of 200 years. The
project will operate in Texas and sequester 2.2tCO, per acre
annually.

Permanence of carbon removal applications submitted to Microsoft

and Stripe procurement programs

Soils ®
Ocean
Direct-air ®
capture
1 10

Source: BloombergNEF, Carbonplan.org

A small number of projects have emerged that
are seeking to sequester biocarbon in an even
more simple way than pyrolysis: burying it. These

o Soil- and companies are developing processes to
based removals permanently store biomass in either the earth, or
have far shorter saline water bodies to prevent the decay and
durability than emissions of biogenic carbon. The practice has
biomass projects yet to attract funding or offset purchases from

° . with sequestration major players in the industry.

q
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