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Cities exist within a much larger energy system;
Context decides what we try to pursue in cities.
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Global Carbon Project

Global Carbon Budget 2019

CO, emissions grow amidst slowly emerging climate policies

Fossil CO, emissions grow more slowly... but do not yet decline
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Infographic courtesy of Global Carbon Project. License: CC BY.
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https://www.globalcarbonproject.org/index.htm

Global Carbon Project

Natural gas and oil now drive global emissions growth

Continued support for low-carbon technologies needs Deforestation fires in 2019
to be combined with policies that phase out fossil fuels. drive emissions up on land
Gas
GICO,/yr GICO,/yr
10 Electricity 10
&Heat
8
6 6 Road
transport
B 4 =
Electricity
& Heat )
2 2

Infographic courtesy of Global Carbon Project. License: CC BY.
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Williams et al 2021 decarbonization pathways
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Williams et al 2021 decarbonization pathways
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Williams et al 2021 decarbonization pathways
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Note: in this paper, the central (least-cost) and low fuel price scenario
means that this is the maximum amount of fossil fuels that could be used.
Remaining use of petroleum and natural gas (both -75%).

Courtesy of John Wiley & Sons. License: CC BY.
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Williams et al 2021 decarbonization pathways

How do we go from a reference case to a carbon-neutral pathway that still
has fossil fuels?

@ lowering final energy use
@ decarbonizing electricity
@ switching from FF to electricity

@ carbon capture, util. & storage
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Carbon capture, utilization & storage

Cons:
@ pushed by fossil fuel interests as a way to continue emissions
@ not competitive, i.e., higher cost than existing renewable alternatives

@ no fundamental economic value to storing carbon

carbon taxes and prices have not proven to be politically viable

Pros:
@ short term: high fossil fuel prices

@ long-term: need to reduce carbon concentrations in the atmosphere
(current levels 415 ppm)
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© S&P Global. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see https://ocw.mit.edu/help/faq-fair-use/.

States advancing or prohibiting
building gas bans and electrification codes

St
from restricting natural gas utility service
Passed

Local gas bans and electrification codes in new buildings

Adopted

As of July 13,2021 —

Map credit Joe Felizadio S&P Global

Source: S&P Global Market Intelligence Market ln!ekllgence

Figure: S&P Market Intelligence, 2021
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https://www.spglobal.com/marketintelligence/en/news-insights/latest-news-headlines/gas-ban-monitor-building-electrification-evolves-as-19-states-prohibit-bans-65518738
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Carbon Capture and Storage (CCS)

The distance between the power station
and the CCS storage facility can extend
to distances of over 500 kilometres
CO; Isinjected and
I stored underground

Impermeable
cap-rock
keeps CO;
underground

The CO; is pumped
to a depth of about
1.5 km or more

Depleted oil or
gas reservoir
Natural saline aquifer

Inset right:

CO; becomes stabilised within the porous
rock as it forms natural compounds with
the surrounding brine and minerals

Fig. 11. An overview of underground carbon storage. Though this diagram indicates compressed C0; comes from a “power station,” it may also be produced by an
industrial facility or a cluster of facilities. Image CC BY 4.0 European Commission (permission).

Source: European Commission, DG TREN

CCUS in the lithosphere, geosphere diagram (Rissman et al)

Diagram by European Commission, reproduced courtesy of Jeffrey Rissman et al. License: CC BY.
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https://www.sciencedirect.com/science/article/pii/S0306261920303603

© David Suzuki Foundation. All rights reserved. This content is
excluded from our Creative Commons license. For more
information, see https://ocw.mit.edu/help/fag-fair-use/.

FIGURE 1: ONTARIO'S GREENBELT

- Fver Viley Conmectons (outwds he Greertet)
UpgarLar Muncrpar Bondases
Single-ter Wuncipal Boundares
Majer Moads
Woter
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Figure 1 from Tomalty report
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Agricultural soils (MIT CGC terrestrial carbon)
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Diagram courtesy of MIT Climate Grand Challenges.
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Forest sequestration (MIT CGC terrestrial carbon)
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Diagram courtesy of MIT Climate Grand Challenges.
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Hydrosphere (MIT CGC terrestrial carbon)

Diagram courtesy of MIT Climate Grand Challenges.
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McKinsey 2020 report on CCUS

The demand for CO, varies across applications, depending on cost and value.

Manufacturers' maximum willingness to pay for CO, as an input in 2030'

$ per ton of CO,

. 1. Finished-product plastics
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© McKinsey & Co.. All righfs reserved. This content is excluded from our Creative
Commons license. For more information, see https://ocw.mit.edu/help/fag-fair-use/.
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McKinsey 2020 report on CCUS

Exhibit 3
In the United States alone, potential industrial sources for carbon capture, use,
and storage are plentiful, though they vary in terms of CO, concentration.

Total CO, emissions in United States, 2018, metric gigatons of CO,
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© McKinsey & Co.. All rights reserved. This content is excluded from our Creative

Commons license. For more information, see https://ocw.mit.edu/help/fag-fair-use/.
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Carbon Engineering (David Keith and others)

ABOUT AIR TO FUELS™

CE's process delivers synthetic Using an approach called the AIR TO FUELS™ solution, CE can produce renewable fuels that are
drop-in compatible with today’s infrastructure and engines and are almost completely carbon
neutral. The process integrates four growing fields - renewable electricity generation, Direct Air
Capture, green hydrogen production, and sustainable fuel synthesis - to deliver a highly scalable,

of air, water and renewable clean fuel solution. It delivers drop-in ready fuels that have an ultra-low lifecycle carbon intensity and
electricity are cost-competitive with biofuels.

ultra low carbon fuels - such as

gasoline, diesel, and jet-A - out

As a leader in large-scale Direct Air Capture technology, with an AIR TO FUELS™ pilot plant that has
been producing clean fuel since 2017, CE is uniquely positioned to deliver this solution. We are open
to best-in-class suppliers and partners in electricity g ion, green hydrogen, fuel
synthesis, and plant development to partner with us on commercial projects.

© Carbon Engineering Ltd. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see https://ocw.mit.edu/help/fag-fair-use/.
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Carbon Engineering (David Keith and others)
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© Carbon Engineering Ltd. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see https://ocw.mit.edu/help/fag-fair-use/.
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Carbon Engineering (David Keith and others)

o I STANDALONE GEOLOGICAL STORAGE

formations or d
deliver permanent ¢
Salne Formations are large layers of rocks with porows spaces that ace isoisted ¥ sak water, The pr storing €O, in
saline N by . 8cademics, and government agencies and has been found to present & long term solution
for CO; storage with Immense capacky,
Depleted ol and gas feids that ger productive also make storage sites due to their estabiished trapping and storage
and the Y eciogk data from when they were operational wels.
<o, Ind depleted ofl and gas wells allows us & s known as

‘or negative emissions. A Direct Air Capture faciity bt this way has the sole purpose of removing CO, from the stmosphere. Near.term, this will alow us
10 reduce the net amount of CO; that is being released Into the atmosphere and heip us get to net zero much faster. In the future, once CO; emissions
have been reduced dramatically, these faciities couks be used 10 reduce the overall level of CO, in the air back 1o safe levels. GEOLOGICAL STORAGE

© Carbon Engineering Ltd. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see https://ocw.mit.edu/help/fag-fair-use/.
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Carbon Engineering (David Keith and others)

o 2 ENHANCED OIL RECOVERY

Atmospheric CO, captured from Direct Air Capture plants can be permanently stored in oil
reservoirs during oil production

Injecting CO; into oil reservoirs is 2 common practice, known as enhanced oil recovery, that has been performed by the oil and gas industry since the
1970's. While historically enhanced oll recovery was not performed to achieve environmental benefits, when the CO, used has been removed from the
atmosphere using Direct Air Capture technology, it can dramatically reduce the overall carbon footprint of the oil produced.

Additionally, new laws and regulations - such as California’s Low Carbon Fuel Standard - are now giving guidance and incentive to experienced operators
to ensure the CO; is stored permanently during the process. When performed this way, the permanent injection of atmospheric CO; into the reservoir
can partially or completely counteract the emissions from the oil produced. Or, if the quantity of atmospheric CO, permanently stored is greater than
what is produced through refining and use of the oll, this activity can produce fuels for P while also g g net negative For
readers familiar with life-cycle analysis, this means that, depending on factors such as the pattern of the well and the operation of the oll reservoir, DAC

with enhanced oil recovery can produce fuels with low, zero, or even negative life-cycle “carbon intensity”.

© Carbon Engineering Ltd. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see https://ocw.mit.edu/help/fag-fair-use/.
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Carbon Engineering (David Keith and others)
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If the amount of CO, injected and stored is equal to the amount produced when the oil is refined and used, the full process is carbon neutral. Iif more CO, is injected than what is
produced. the process results in a net reduction of CO, in the atmasphere.

© Carbon Engineering Ltd. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see https://ocw.mit.edu/help/fag-fair-use/.
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Stripe’s negative emissions commitment

Stripe’s first carbon removal
purchases

May 18,2020

Ryan Orbuch
Cimate E
Spring 2021 Update: Request for Projects
We're searching for new carbon removal projects that meet our target

criteria to apply for our next round of purchases.

Request Application >

To mitigate the threat of climate change, the majority of climate models agree that the
world will need to remove carbon dioxide from the atmosphere on the scale of
approximately 6 gigatons of CO2 per year by 2050. That's roughly the equivalent of the
United States' annual emissions,

Last year, Stripe announced our Neg Ei i C % ging at least $1M
per year to pay, at any price, for the direct removal of carbon dioxide from the atmosphere
and its sequestration in secure long-term storage. We've since built a small team within
Stripe to focus on creating a market for carbon removal by being an early customer for
promising carbon removal technologies.

© Stripe. All rights reserved. This content is excluded from our Creative Commons
license. For more information, see https://ocw.mit.edu/help/fag-fair-use/.
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Stripe’s negative emissions commitment
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per year to pay, at any price, for the direct removal of carbon dioxide from the atmosphere
and its sequestration in secure long-term storage. We've since built a small team within
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Stripe’s negative emissions commitment

Stripe carbon removal target criteria

Criteria Today
Sequestration beyond the

biosphere

Takes advantage of carbon sinks Yes

less constrained by arable land,
e.g. carbon mineralization

Volume

Has a path to being a meaningful
part of the carbon removal
solution portfolio

Cost
Has a path to being affordable at

scale

Permanence
>1,000 years
Stores carbon permanently

Target by 2040

Yes

> 0.5 gigatons per year

<$100 per ton

>1,000 years

© Stripe. All rights reserved. This content is excluded from our Creative Commons
license. For more information, see https://ocw.mit.edu/help/fag-fair-use/.
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Stripe’s negative emissions commitment

Verifiability

Uses scientifically rigorous and
transparent methods for
verification

Modeled or measured directly Modeled and measured directly

Quality and safety

Is globally responsible,
considering possible risks and
negative externalities

Path to high High

Net-negative lifecycle

Reduces net atmospheric CO,
expressed as a ratio subject to
appropriate boundary conditions:
[Emissions produced] : [CO,
removed from the atmosphere]

Negativity ratio <1 Negativity ratio <1

We are very open to supporting projects that focus on either capture or storage, so long as they have a pathto a
holistic carbon removal solution that meets the above criteria.

© Stripe. All rights reserved. This content is excluded from our Creative Commons
license. For more information, see https://ocw.mit.edu/help/fag-fair-use/.
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Stripe’s negative emissions commitment

Call to action

Our goal is not only to remove carbon from the atmosphere, but to become an early
member of an ecosystem of funders and founders who will invent ways to solve the
world’s largest collective problem. We continue to search for great projects, purchasers,
and experts. Please reach out to us to work together on this effort or to give us any
feedback. We can be reached at climate@stripe.com. (And if you're

an engineer or designer who cares about climate impact, consider joining our team).

© Stripe. All rights reserved. This content is excluded from our Creative Commons
license. For more information, see https://ocw.mit.edu/help/fag-fair-use/.
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Frontier

An advance market
commitment to accelerate
carbon removal

Alphabet. Shopify. Meta.

using Stripe Climate.
Buyers Suppliers
Getintouch => Getintouch -

McKinsey
stripe Alphabet ) shopify QO Meta & Company
How Frontier works
Frontier is an advance market commitment (AMC) that aims to L AMCis

carbon removal and i 8g0. The first AMC acceserated the
them. istosenda of vaccines for low-i
and countries, saving an estimated 700,000 fives.

© Frontier Climate. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see https://ocw.mit.edu/help/fag-fair-use/.
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Are you pro- or anti-nuclear?

Pro:
@ Sepulveda et al 2018 make a convincing argument that it will be more
expensive to achieve decarbonization without “firm" resources

@ plenty of other reasons: land use!

Cons:
@ will it ever get cheaper?

@ plenty of other reasons: nuclear waste! proliferation!

Perhaps a more useful way to think about it:

@ operating and maintaining the existing nuclear fleet
(Lyman 2022, Diablo Canyon article)

© building new nuclear with existing technology?

© building new nuclear with new technology?

David Hsu (MIT) October 20, 2022 30/ 41



Figure courtesy of Our World in Data. License: CC BY.

The price of electricity from new power plants
Electricity prices are expressed in ‘levelized costs of energy’ (LCOE).
LCOE captures the cost of building the power plant itself as well as the
ongoing costs for fuel and operating the power plant over its lifetime.
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Figure courtesy of Our World in Data. License: CC BY.

The price of solar modules declined by 99.6% since 1976 -

Price per Watt of solar photovoltaics (PV) modules (lopmhmoc axis)
The prices are adjusted for inflation and presented in 2019 U
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With each doubling of installed capacity the price
of solar modules dropped on average by 20,2%.
This is the leaming rate of solar modules.
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Figure courtesy of Our World in Data. License: CC BY.
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in new markets

From Our World in Data
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Figure courtesy of Our World in Data. License: CC BY.

Electricity from renewables became cheaper as we increased
capacily - electricity from nuclear and coal did not
Price per megawatt hour of electricity

This is the global weighted-average of the
levelized costs of energy {LCOE), without subsidies
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Price and market size of lithium-ion batteries since 1902 -

Price pe
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Prices declined by a factor of 40.
Capacity increased by a factor of 50,000,

Prices declined an average of 18.9%
for every doubling in cumulative capacity.
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MIT 2020 paper on nuclear costs

Joule @ CelPress

Article

Sources of Cost Overrun in Nuclear Power
Plant Construction Call for a New Approach to
Engineering Design

Philip Eash-Gates, Magdalena
M. Klemun, Goksin Kaviak,
James McNemey, Jacopo
Buongiomo, Jessika E. Trancik

Camck@mit adhs

Costs of nuclear plants of Mechanisms it
standed rexctor design of cost change PCHLCHTS
PR e S A M PRSI o 4152 US nuclear plant cost estimation
A | W r does not align with observed
8 i | 11 T ] experience
5l ‘l\/\ LS E
| A YRR §
é | Sy T i . “Indirect” expenses, largely soft
5 N"’Y‘ id 3 costs, contributed a majority of
i: ¢ the cost rise
Hi 3
{ = Safoty-rolated factors ware
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important but not the only driver
of cost increases

Courtesy of Elsevier, Inc., https://www.sciencedirect.com. Used with permission.
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MIT 2020 paper on nuclear costs
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Figure 1: U.S. nuclear construction costs. (a) Average overnight cost of plants with construction beginning in each year
from 1967 to 1978. Vertical bars give the minimum and maximum construction cost in each year. The dashed line is an OLS
regression fit and its slope corresponds to a learning rate of -115%. (b) Overnight cost of individual plants for all four standard
plant designs that hed a lative built capacity of 8GW, (indicated by the dashed vertical line), a threshold at which
cost guidelines expect plants to realize NOAK cost reductions [14]. The first marker of each series shows the FOAK plant of
a given design. OLS fits were made to the data for each plant design, from which the learning rates shown were computed.
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Abstract

The paper reviews the history and the economics of the French PWR program,
which is arguably the most successful nuclear-scale up experience in an
industrialized country. Key to this success was a unique institutional framework
that allowed for centralized decision making, a high degree of standardization, and
regulatory stability, epitomized by comparatively short reactor construction times.
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