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24/7 clean power: an introduction

Introduction

24/7 clean power

This paper outlines the key strategies for delivering 24/7 clean power.
Specifically, we analyze technology innovations, and the early-stage
companies developing them. It contains the following sections:

1. New power capacity: How can new forms of dispatchable power
generation and energy storage reduce the cost of providing round-
the-clock zero-emissions power? This section does not examine
lithium-ion battery innovations. (pages 8-34)

2. Power grid technology: How can improvement in grid technology
and demand-side power management reduce the overall cost of
providing zero-emissions power? (pages 35-47)

This paper provides data and context on new technologies, evaluates
proposed innovation in the field and suggests ways to overcome
potential challenges. Innovation in new power supply and grid
technologies is important. We highlight 59 startups that are working in
the area.

BNEF Pioneers: hunting for innovation

This is one of three reports to be published following the 2022

BNEF Pioneers awards.

Bl oomber gNEF6s annual Pi oneer s
recognizes innovators developing new technologies to tackle
some of the most important challenges in the fight against

climate change.

Each year, the Pioneers competition focuses on three innovation

challenges.
For the 2022 program the challenges were:

1.  Providing round-the-clock zero-emissions power (the focus

of this research note)

2. Scaling long-term carbon removal (research note available

here)

3. Decarbonizing aviation (research note available here)

For more information about the Pioneers competition, please

visit https://about.bnef.com/bnefpioneers/
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https://assets.bbhub.io/professional/sites/24/Scaling-Carbon-Renewal-White-Paper.pdf
https://assets.bbhub.io/professional/sites/24/Decarbonizing-Aviation-White-Paper.pdf
https://about.bnef.com/bnefpioneers/
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Why did BNEF choose 24/7 power as a

chall enge for

Driving power sector emissions down to zero is essential to
achieve a net-zero economy. The electrification of energy
demand in all other sectors is only effective under the
assumption that power sector emissions fall to zero.

A 2017 meta analysis of power sector models found that while creating
a net-zero power system based solely on variable renewable power
was possible, this would require a significant overbuild of capacity to
ensure reliable power supply. Power systems based solely on variable
renewables were several times more expensive than systems where
80% of power was supplied by variable renewables.

BNEFO6s p o wmrodeling estmates that wind and solar build
maxes out at around 70-90% of generation. This occurs because
variable renewable plants all begin to produce power at the same time,
increasing fleet-wide curtailment, which in turn lowers capacity factors
and weakens the economic case for each additional plant.

Novel technologies for energy storage, generating zero-carbon
dispatchable power and making better use of variable renewable
power supply, are therefore likely to be essential in bringing about a
net-zero power system cost-effectively. A portfolio of novel resources
will be more effective in decarbonizing the power system because:

o Different technologies have different cost structures, which means
each technology can fill its own niche within the power system i
operating with a generation profile that is optimal for its cost
structure. For example, a hydrogen plant can provide peaking
capacity while nuclear energy will likely provide baseload.

t hi s

P

AA portfolio of resources prevents lock-in to a single technology,
which may be more expensive than expected or have unexpected
consequences

year 0s

While the deployment of variable renewable resources is still
accelerating, and will not reach saturation until at least the 2030s, it is
imperative to invest in and develop next-generation power sector
technologies now so that they are commercially viable by the time they
are needed. Many of the technologies discussed in this report are
unlikely to be deployed until 2030.

Share of generation by
New Energy Outlook 2020
Share of generation
100%
80% / Germany
== |bheria
60% U.K.
India
40% // e \EXiCO
.S,
20% e China
e Brazil
0%
2020 2030 2040 2050
Source: BloombergNEFNot e: Proj ections as per BNEFO&s

Scenario where changes are driven by techno-economic trends and market forces.
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https://www.innovationreform.org/wp-content/uploads/2018/02/EIRP-Deep-Decarb-Lit-Review-Jenkins-Thernstrom-March-2017.pdf
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Overview of technologies covered in
this note

s New type of power capacity:t‘ @@ﬁ
Flexible baseload |l| E:AN
9 New type of power capacityr./'w % Nuclear
LR P D NVER:
T , \’ ‘_
Electrochemical CCs J q"'J /

§

ﬁ Mechanical

Thermal

Reducing need for power capacity

Chemical T A Grid technology
i @% > I
* Dynamic line rating
% * New conductors
%% and transformers

Reducing need for power capacity
Reducing need for power capacity
Grid technology
Demand side flexibility
® |[nertia measurement
* Vehicle to grid charging « Equipment monitoring

® Smarter electric panels

e Equipment for energy
shifting

Source: BloombergNEF Note: CCS is carbon capture and storage
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Innovation map of 24/7 clean power
technologies

New power capacity Power grid technology

Source: BloombergNEF. Note: EGS is enhanced geothermal systems. SHR is superhot rock. DER is distributed energy resources.
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BNEF Pioneers 2022 winners

Challenge 1: Providing round-the-clock zero-emissions
power

” \ Energy Dome has invented a CO, battery to make long-duration energy

ENERGYDOME storage an economically viable proposition.
GROUND-BREAKING ENERGY STORAGE
rf—--..“ . Kairos Power has developed a novel advanced nuclear reactor technology
v ¥ Kairos Power | b
N to complement renewable energy sources.
®
(

Reactive Technologies helps grid operators, electric utilities, and regulators

reactive to measure grid inertia more accurately.
technologies

Nuvve offers a vehicle-to-grid (V2G) technology to manage power flow
N U VE between EV batteries and the grid.

For more i nformation on t hidGimateTaah StartupsitodWatch s 2022: e a s e
BNEF Pioneers Winners
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https://kairospower.com/
https://energydome.com/
https://www.reactive-technologies.com/
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New power capacity

New power capacity technologies

A power system composed solely of variable renewables would be extremely expensive compared with deploying renewables and

dispatchable power such as nuclear, geothermal, CCS and long-duration storage. However, these resources are currently expensive and

innovation will be needed to help drive down costs, encourage deployment and create a low-cost zero-carbon power system.

What do we need?

In a power system where a significant share of generation is
intermittent, dispatchable technologies are needed to make up the
gap when intermittent technologies do not produce. Power modeling
studies have shown that a range of technology options differing in
cost structure will deliver the least-cost power system.

This is because different cost structures mean it makes sense to run
technologies with different generation profiles. It is more economic to
run high-capex, low-opex plants (e.g. nuclear) as baseload at very
high capacity factors. These baseload technologies, however, would
be extremely expensive to use for peaking. On the other hand, it
would also be expensive to run low-capex, high-opex (e.g. hydrogen
turbines) at high capacity factors. This technology would much more
likely fill the role of peaking capacity. Peaking capacity and baseload
will be able to deliver a lower cost power system deployed together
rather than alone.

What should we tackle first?

Technologies that can generate profits in a near-term power system
will be easier to scale in the next decade. Storage technologies that
target the 4-12 hours duration market could outcompete lithium-ion
batteries on cost. Whereas systems with 100+hours of storage will
not be necessary for 15-20 years and will struggle to scale without
policy support.

Technologies that decouple energy supply from international
commodity markets (e.g. geothermal, mechanical and thermal
storage) could also see near-term significant uptake as they improve
energy security in a time where this is increasingly salient.

Why is it hard?

It will take many technologies discussed in this section more than a
decade to reach their cost targets. Chemical energy storage relies on

cheap hydrogen. Nuclear fusion has yet to produce more energy than it
t hese

consumes.Even at scale, many of
not compete with the levelized cost of electricity provided by solar and
wind. While they carry a cost premium, they produce dispatchable
power. There is no mechanism today, however, for them to be
financially rewarded for this dispatchability. Capacity markets i which
pay power plants for their availability i usually only reward up to four-
hours of power output, a duration that can already be economically
delivered with li-ion batteries, a mature technology.

The role of dispatchable generation technologies in a

zero-carbon power system

Peaking capacity Flexible baseload

Electrochemical Thermal Nuclear
Flow batteries Sensible Fusion
Metal-air Latent Carbon capture

. . Post-combustion
Mechanical Chemical o G Geothermal
LDES LDES xycombustion e
GraVity Hydrogen Closed |00p
Compressed air Ammonia Superhot rock

Source: BloombergNEF. Note: LDES stands for long-duration energy storage (i.e. energy

storage with an output duration of more than 4 hours). This note does not explore innovation in

lithium-ion batteries.
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New power capacity

Nuclear energy

Nuclear power is already a reliable and zero-carbon source of power but concerns around its

cost and safety have caused the industry to stagnate. A new class of fission reactors hopes
to cut costs by redesigning systems so that expensive elements of traditional plants, like
huge concrete containment units, are no longer needed. Simultaneously, private capital has
started to pour into nuclear fusion startups, as development expands beyond the confines of
large-scale government-funded programs. Regardless of technological progress, the nuclear
industry faces huge barriers to deployment. The earliest these new technologies will reach
the market is 2030. They will all need to deal with social reluctance to deploy novel nuclear
technologies and surpass stringent regulatory barriers.

New approaches and technologies

Making reactors smaller: One approach to
advanced nuclear is to simply make the
reactors smaller. This will make plants
cheaper and modular, meaning units can be
taken offline one by one for maintenance.

Advanced reactors: The next-generation of
nuclear reactors hope to reduce costs by
redesigning heat transfer methods and fuels
to reduce operating pressures and prevent
nuclear proliferation. These advances could
make safe nuclear energy cheaper to build.

Fusion: Fusion promises two main benefits
over fission: less nuclear waste, and no risk
of runaway meltdown. Most funding for
fusion development has gone to large proof-
of-concept government projects that are
attempting to demonstrate a net energy gain
reaction. Private companies, however, have
raised billions in the past year with plans to
develop and commercialize smaller fusion
reactors.

Limitations

Social acceptance: Nuclear continues to
have less political support than other clean
energy technologies and while nuclear is
safe, it is not zero-risk. Even if it was, this
would be a difficult perception to change in
the public psyche.

Regulatory barriers: New nuclear
technologies face more regulatory barriers
than any clean energy technology due to the
potential for failure. Nuscale 1 a small
modular reactor company i reportedly spent
$500 million in getting permission from the
US nuclear energy regulator to build its
reactor design.

Poor knowledge: Advanced reactor designs
are so novel that it is difficult for regulatory
agencies to certify the safety of the
technologies. People with the relevant
knowledge are likely to be quite involved in
the development of the new reactor designs.

Potential solutions

Retrofitting: Co-locating nuclear plants with old
thermal power infrastructure should be cheaper
as existing infrastructure can be leveraged to
accelerate project development and lower capital
costs.

Private energy consumers: The nuclear
industry has been driven by government support
due to the enormous size of the projects. As
smaller reactors come online, large industrial
power consumers (e.g. steel, chemical plants)
could catalyse the industry by building onsite
nuclear.

Global generation share (2020)

Generation (GWh) Biomass Other

and fossil
waste fuels
Other
Oil 2% 1% 0%
Solar . 39
Wind 3%

6%

Nuclear
10%

Hydro
17%

Source: BloombergNEF
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New power capacity

Nuclear energy

How does it work? Maturity VCPE funding for geothermal and nuclear
technologies
Nuscale has completed the .
Nuscal eds smal l sixth and final phase of the US Funding ($bn) No. of deals
is a 4.5 x 23 meter, 700 ton Nuclea_r Regulatory : 3.0 12
vessel that uses conventional CO”.“T“'S.S'O” S (NRC.) dsien
T light water cooling and runs on SELg ey LS 2.5 10
S 4.95% enriched uranium. The ST 20.20’ FEGEET
© . . Standard Design Approval
o reactor has a power generation : 2.0 8
= capacity of 77MW NUSC al which allows customers to
= . reactors will be manufactured ﬂlevelop nuotl:legrAplaBtts rl: sih9 15 6
® NUSCALE " osffsite and then delivered in us ¢ adesgossiia
& rower for ol numanking : Associated Municipal Power
N three segments to a site to get : . . 1.0 4
installed. Nuscale wants to cut SRS Qe FO St e st R
nuclear capex costs by 60% with gg\;\:e:]p:)lanztol;s;gogou .?hg 24 0 3_5 2
its Nth-of-a-kind facilities. 'gn by 2950
project will consist of 12 . ]
reactors. 0.0 — e — f— —
2017 2018 2019 2020 2021 2022
Kairos Power is developing an Following an extensive pre- mmm Geothermal = Nuclear ====Geothermal s====Nuclear
advanced 140MW fluoride salt- iﬁﬁlltchaetlfjréeggggzrrnent _
@ cooled high-temperature reactor. st B B e Source: BloombergNEF, CB Insights
= Its coolant can operate under gutatory ’
> . Kairos is in the process of
) atmospheric pressure and the L ~ .
8 reactor uses TRISO (tri-structural <GB 2 ngmes : Nucl ear energyods most direct
5 ™ Kai ISOtropic fuel). Operating at low 35MW thermal pilot project, is geothermal. Their high-capex, low-opex cost
2 () Kairos Power pic fue?). Dperating which will evolve into :
: - pressure eliminates the need to - /e _ structure means they would likely serve the same
5 construct an expensive reactor additional renditions prior to baseload generation role in a zero-carbon power
— full-scale deployment of its

containment vessel, reducing the commercial reactor. It does system. BNEF counts 66% more investment rounds for
cost and physical footprint of the not anticipate sal es.pr o startups developing new nuclear technologies and
plant. 2030. 14.2x more dollars invested compared to geothermal.
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New power capacity

Nuclear energy

Fusion

My Commonwealth
7~ Fusion Systems

Q

TECHNOLOGIES

ta

How does it work?

Commonwealth Fusion systems is using an adaptation of the

tokamak approach to fusion used in the International
Thermonuclear Experimental Reactor (ITER) i the 25 billion euro

international research project i to build its Sparc reactor. Its key

innovation relates to the use of yttrium barium copper oxide high-
temperature superconducting magnets, which it hopes will simplify

reactor design to lower costs. Its 50-100MW pilot reactor will be 2%
the size of ITER and attempt to demonstrate a net energy gain.

TAE is developing a
neutronic fusion power i a
different approach to the
tokamak. TAE®G
requires higher
temperatures because it
fuses hydrogen and boron,
rather than deuterium and
tritium like most other
efforts. This difference may
also mean, however, that
there are even less
concerns about waste than
other fusion companies,
and it thus may be easier to
gain operating licenses.

TAE was founded in 1998 and
TA

has raised $880 million.
most recently completed
device is its Norman reactor,
which successfully
demonstrated its objective of
heating a plasma above 30
million degrees Celsius and
keeping it stable for 30
milliseconds. It plans to start
testing its next device,
Copernicus, in 2023-2024.
The $250 million project will
deliver temperatures of up to
150 million degrees and will
validate the ability to achieve
net energy.

Maturity

CFS was founded in 2018
Science and Fusion Center. The company has raised
just over $2 billion since its founding, $1.8 billion of which
came in its Series B in December 2021. It has disclosed
32 investors, including some of the most well-known
deep tech climate investors such as The Engine,
Breakthrough Energy Ventures, Lowercarbon Capital,
Khosla Ventures and Bill Gates.

as

Nuclear reactors under construction

GW No. of
reactors
80 80
70 70
60 60
50 50
40 40
30 30
20 20
10 10
0 0
2006 2011 2016 2021

Source: BloombergNEF, International Atomic Energy Agency
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New power capacity

Geothermal energy

Geothermal energy is currently reliant on subsurface permeability and heat. This has limited
the scale of the industry. New approaches to geothermal involve subsurface engineering so
that projects can be developed wherever there is heat i a far less stringent requirement.
This can involve fracking to crack rocks (enhanced geothermal systems) or drilling long
subsurface loops (closed-loop). Novel geothermal will only succeed with lower-cost, higher-
performance drilling technologies. The industry must address issues relating to potential
seismic risk, as well as long project development timelines, to scale quickly. Co-producing
heat and power and leveraging existing power infrastructure (e.g. turbines, grid connections)

could help boost the economics of geothermal projects.

New approaches and technologies

The aim of new geothermal approaches is to
expand global geothermal power capacity by
making it less dependent on subsurface
features, and thus location. This
simultaneously boosts project economics.

Enhanced geothermal systems (EGS):
Normal geothermal energy relies on natural
permeability so fluids can absorb energy by
flowing through hot rock. EGS create
artificial permeability by fracking rocks.

Closed-loop: Rather than fracking rock to
create an artificial reservoir, closed-loop
systems drill long sections of pipe that are
sealed, so the fluid carrying energy from the
subsurface never touches the rock.

Superhot rock: SHR projects use fluid
hotter than 375°C (i.e. the supercritical point
of water). SHR projects could produce 4-10x
more electricity per well than traditional
geothermal projects, but challenges remain.

Limitations

Seismic activity: Novel geothermal
approaches that use fracking to create
artificial subsurface reservoirs have been
associated with increased levels of seismic
activity, though proponents argue safety
protocols negate this risk if followed.

Drilling costs: The competitiveness of
new geothermal technologies are highly
reliant on step changes in drilling and cost
performance.

Project timelines: Geothermal plants can
take up to eight years to develop, so novel
approaches will take time to come to
market.

Price premium: Even optimistic cost
estimates for some novel geothermal
technologies have higher levelized costs
than solar and wind. Current power
markets do not yet reward the reliability
provided by geothermal energy.

Potential solutions

Supply district heating: Low-temperature
resources will be more competitive in
supplying district heating as they have much
larger efficiency losses converting to power.

Co-locate with old thermal assets: SHR
projects could be used to refire old thermal
power plants if drilling technology is sufficiently
advanced, saving enormously on plant costs.

Enhance flexibility: While geothermal is a
reliable energy source, power markets do not
yet reward reliability. Integrating elements of
flexibility into power plants (i.e. using the
reservoir as an energy store) could allow
plants to engage in power price arbitrage.

Global geothermal capacity
Capacity (GWelth)

35 Dashed
portions
Power Direct- indicate
30 )
capacity use Z share of
o5 capacity % capacity that
% goes unused
20 7, % [ due to lower
% % capacity
15 7 ? % %, | factors in
. z 7 % f J direct-use
10 : Z % % 7 applications
5 ’ / / compared
ﬁ i with power
0 (40% vs
2000 2010 2020 2000 2010 2020 90%)

Source: BloombergNEF, Direct utilization of geothermal energy
2020 worldwide review
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New power capacity

Geothermal energy

EGS

How does it work? Maturity

Fervo uses directional drilling, as well as advanced sensing and modeling technologies, to improve  Fervo was founded in 2017. In
its ability to develop enhanced systems. For example, it uses fiber-optic sensing i where fiber-optic ~ April 2021, it raised $28.4
cables are deployed down boreholes i to obtain continuous measurements along the full depth of million at a reported valuation
the borehole. This contrasts with the more traditional strategy of using discrete datapoints to of $65.5 million. Investors
estimate downhole conditions using interpolation. In February 2022, Fervo Energy was granted $4.5 include Breakthrough Energy
million from ARPA-E to develop its FervoFlex technology. The project is designed to store multiple Ventures, Congruent Ventures
days worth of energy. While the project description did not detail how energy would be stored, BNEF and drilling contractor
believes it is likely a geomechanical storage process like Quidnet E n e r gDyring periods of low Helmerich & Payne. Fervo
power prices, a greater amount of fluid is injected into the surface to build up pressure. The parasitic also signed an agreement
load of pumping water can then be lowered in periods of high power prices without reducing power  with Google to supply 24X7
capacity. Research suggests round-trip efficiency could be 60-90%. clean power.

AltaRock Energy is a
leading SHR

The company has raised a
total of $65 million. In
September 2021, it
announced results of a

Power output potential of 60kg/s of geothermal fluid
at different temperatures
Power output (MW)

geothermal project technoeconomic feasibility 60
developer. It wants to  study of a SHR project at Altarock future .
¢ use EGS methodsin  Newberry Volcano in 50 Newberry SHR  : ~o
8 superhot rock Oregon, in partnership with
= conditions to develop Baker Hughes. The analysis 40
2 cost-competitive estlmate(_j that the project AltaRock 3km
— K geothermal energy. could deliver power at an 30 Germany-and EGS at Newberry
8_ ALTaARoOECGK IslIPisinintegrating LCOE* of <$0.05/kWh. The France, 2017
S the various processes study estimated that a 20 Utah FORGE
n of geothermal demonstration SHR well Rosemanowes, :
development rather system will be constructed by 10 1992 o9 Supercritical :
than drilling, sensing 2025 and the plant willbe | 0. - :
. . PO - point of water:
or materials that commercially developed by 0 .
enable the process. 2030. 50 150 250 350 450
*LCOE is levelized cost of Temperature (C)
electricity. Source: BloombergNEF, AltaRock Energy
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New power capacity

Geothermal energy

Closed-loop

()Eavor”

How does it work?

Eavor builds its closed-loop systems

by drilling and casing the vertical

portions of its well in the same way

traditional wells are made. It then
drills around 90km of lateral wells
that make up the majority of its

closed loop. A cross section of the
system looks like a big pitchfork that
has been dug into the ground. The

Il 1 ed
system is orders of magnitude more
than a traditional plant would need; it

l ength of dri

is particularly reliant on improved
drilling.

GreenfireEn er gy 0 sloogsystem e cf

is a pipe deployed down a single

borehole (also known as co-axial closed
loop). The pipe is divided into an inner
and outer section by a smaller pipe
inside it. Fluid is pumped down the
outside where it absorbs heat from the
hot rock and pumps it to the surface
though the center of the pipe. Greenfire
is targeting the retrofit of old, failed
geothermal wells to eliminate drilling
costs, rather than attempting greenfield
development in the near term like most

geothermal startups.

Maturity

Eavor was founded in 2017 by
veterans of the oil and gas
industry. The company has
raised $83 million and counts
BP Ventures and Chevron
Technology Ventures among its
investors. In 2019, it built its first
loop in Canada as a proof of
concept. Eavor is building a
$223 million, 8MW plant in
Germany that will provide both
heat and power.

reenfire Energy was
ounded in 2014. In 2022, it
raised a Series A, which
included funding from Baker
Hughes and Helmerich &
Payne (a Fervo investor).
Greenfire has a
demonstration plant in
California, a commercial
project in the Philippines,
and another in development
in Japan. It says itis in
discussion with eight of the
top 10 largest geothermal
developers.

LCOE of geothermal in Germany, Kenya
and for Eavor-Loop 2.0, 2021

LCOE ($/MWh)

375
300 @®Average
225 am2zss
150
0
Kenya Germany

Standard geothermal
conditions
(30°C/km gradient)

& 204

72

*Eavor-Loop *Eavor-Loop
2.0 2.0

*Modeled costs. Not real project data

Source: BloombergNEF, Technoeconomic performance of Eavor-Loop 2.0

A study from the National Renewable Energy
Laboratory in the US estimated that the proposed
closed-loop geothermal system design of

startup Eavor could produce power at a levelized
cost of electricity (LCOE) of $70 per megawatt-hour
(MWh) with good geothermal resources, and
$204/MWh in more standard conditions. The results
were highly dependent on low-cost, high-
performance drilling metrics that have yet to be

demonstrated in the field.
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New power capacity

Geothermal energy

How does it work? Maturity
Hypersciences6 geot her mall I P i s cent er e dHyparsciéentes hopey tp @mrdercializd its grilfby d u c t .
drill contains a tube through which high-velocity low-cost projectiles made early 2023. The company is anticipating it will need
= of plastic and concrete are fired every 2-3 seconds. These projectiles a large amount of capital to scale its products in the
< HYPER impart their kinetic energy into the rock ahead of the drill, weakening it. coming years. Itis currently in the midst of raising a
= SCIENCES Hypersciences says the drill has boosted rates of penetration by 5x in $30 million venture round with plans to IPO in 4Q
S field trials set in hard rock formations. Drill bits also last longer because 2022-1Q 2023. This timeline is a three-month delay
= they are grinding through weakened rock. on what it presented in August, 2021.
o
f__—ti D Hydrovolve JENE e ope AL LI p|yadrtovoI\L/jeSWgsSfour?dgd?an((fl!f &nd thefeSs little information
@)) i mpul se energy6 to weaken th . . .
n \ , o . available publicly on the company. Its GeoVolve Hammer drill,
. way Hypersciences uses projectiles. Hydrovolve claims the th ith th | licati I di
HdeOVOIVG drill increases the rate of penetration by 10x and cuts the cost € one with geothermal applications, was only anhounced in
January 2022.
of geothermal wells by 50%.
Qu a i rél ases a gyrotron to Estimates of geothermal well completion costs,
generate electromagnetic by depth and cost function
radiation in the form of
millimeter waves. These waves Quaise spun out of Well cost ($m)
are directed down a borehole MI Tés Fusi c 9
() through a waveguide (a metal Research Center. It
E pipe acting like a fiber-optic has raised $75 million ~ "° —— Traditional drilling
= cable) heating the rock at the to date. Its technology 60 costs
k= Q U\ I S E bottom of the borehole intoAa has been proven at Constant cost per
% vapor. WhileQu a i precdss lab scale and the 45 meter ($3,000/m)
leb) is expensive per meter drilled, company aims to
(@] its costs stay relativel demonstrate it in the 30 constant cost per
/AR : LS meter ($4,000/m)
constant, making it potentially  field by 2024, with
tens of millions of dollars AltaRock. 15 ﬁz?::a(ggcg&t) /Fr’r?)r
cheaper to drill to 10km, where 0 '
superhot rock is available 0 3,000 6000 9,000 12,000 15,000 Depth (m)

virtually anywhere in the world.
Source: BloombergNEF
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New power capacity

Post-combustion carbon capture

Post-combustion carbon capture i where CO2 is removed from the flue gas of a traditional
power plant, rather than through a pre-treatment step 1 is the most viable technology option
for CCS in the power sector. Second-generation post-combustion capture technologies,
which make use of new sorbents, membranes or cryogenic gas separation, hope to deliver
capture at a cost of under $50/tCO2, competitive with European carbon prices. Most of these
technologies have the drawback that they only capture 90% of emitted CO2, making the
power source low-carbon rather than zero-carbon. Reducing the energy requirements for
sorbent regeneration and the durability of capture materials will be key in lowering costs.

New approaches and technologies

There are three types of CCS for power: pre-
combustion, oxyfuel and post-combustion.
This slide focuses on post combustion,
which is cheaper than pre-combustion.
Oxyfuel combustion is covered separately in
the section on CO, turbines.

New sorbents: Sorbents are the materials
that filter the CO, out of flue gas. New liquid
or solid adsorption sorbents could reduce the
energy intensity of sorbent regeneration, a
core cost driver of post-combustion capture.

Membranes: Membrane separation of CO2
from flue gas, as an alternative to sorbents,
is another technology being explored that
has the potential to be more energy efficient
than sorbent approaches.

Cryogenics: An even more novel approach
is to cool flue gas from power plants to the
point where CO2 will condense. It can then
be separated from the flue gas and stored.

Limitations

Only 90% of carbon captured: Post-
combustion capture is not a net-zero
technology. It must be paired with carbon
removal to be truly zero carbon.

High energy requirements or poor
durability: Sorbents eventually saturate with
carbon and need to be regenerated T i.e.
stripped of the carbon so they can absorb
more. This is a very energy intensive process
contributing to cost. Lower energy filtration
mechanisms such as membranes may still
be expensive as they are not durable and
need to be regularly replaced.

Time to market: Capture equipment needs
to be demonstrated before industrial sites will
provide huge capital outlays to build it. Once
demonstrated, manufacturing also must
scale up. These long timelines mean that
even without delays, it will be years before
carbon capture is widely deployed.

Potential solutions

Equipment design: Designing more efficient
methods for contacting flue gas and sorbents
can reduce the size of equipment, cutting
capex.

More efficient regeneration: Finding
sorbents that can be regenerated more

efficiently is essential in cutting carbon capture

opex.

Combine separation steps: Different
separation mechanisms (e.g. membranes,
sorbents) work better at different levels of
temperature and CO2 intensity. Combining
separation mechanisms could result in a more
efficient overall process.

Distribution of post-combustion
carbon capture patents, 2020

Rectification, Biological
condensation
rocesses
Membranes, 4% P 1%
diffusion
8%
Chemical ‘
process : .
12% WaleNleljelifely

49%

Adsorption
26%

Source: BloombergNEF, Technology Scouting Carbon
Captur e: From Todayds to

Novel
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New power capacity

Post-combustion carbon capture

ION Clean Energy is developing a liquid absorbent post-combustion capture process that is
90-98% efficient. It says its novel liquid absorbent outperforms industry standard materials.
Its other innovation is the use of 3D printing in the manufacturing of the devices used to
contact the sorbent and flue gas i optimizing for cooling, mass transfer, liquid hold up and
pressure drop. A techno-economic analysis for its equipment on a coal plant estimated that

How does it work?

Maturity

ION has run several pilot projects
in the US and Norway to
demonstrate its technology but
has yet to announce a major
installation. The company

| ON6s systems coul d c utopek ey g8%tcarpared with traglitiobday  received a $5.8 million grant from
- systems, resulting in a cost of $39-45/tCO2 captured on a coal plant. the US DoE in 2019.
@)
= Carbon_ Clean_ ha_s developed It ha_s attracted $35.3 r_mlllon in Cost of capture for ”q uid
= a proprietary liquid solvent as  funding from strategic investors
< well as a gas-liquid contactor  including cement-maker solvents and Svante
Q design to reduce the size of Cemex, Equinor Ventures and
< carbon capture equipment, Chevron Technology Ventures. Both Svante $1co2
while improving performance.  Its focus going forward is to and Carbon
It is targeting a competitive commercialize the technology  Clean are 250
capture cost of $30/tCO2 for at 10tCO2/day and targeting more
flue gases with CO2 100tCO2/day with select difficult to abate
concentrations of 3-25%. partners for roll out in 2022- industries such 200
2023. as steel and
cement but their 159
Svante makes a solid adsorption Svante has two pilot equipment Liquid solvents
system, which means the CO2 plants in Canada that could be used in Svante
adheres to a surface rather than capture 1 and 30 tons of  the power 100
c being absorbed by a liquid, and CO2 per day. The sector. Their
© targets a cost of $50/tCO2. Its company has raised cost estimates
o innovation is in how it layers $138 million, $100 million may not 50
B sorbents into structured sheets. This of which was in 2021, translate to
_8 is material agnostic and it should be  and counts Chevron, power.
< able to incorporate new sorbents Suncor and the Oil & Gas 0
(e.g. functionalized silica, metal Climate Initiative as 0 2 . .4 6
organic frameworks) as they are strategic investors. Million ton per annum
developed.
Source: BloombergNEF, Svante
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