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Challenges to the Green Grid Transition
Bitcoin as an Accelerant of Renewable Adoption
Bitcoin could help accelerate the adoption
of a green, renewable grid: it mitigates some
of the key transitional challenges faced by
intermittent renewable sources.
The US and the rest of the world are
working toward transformational reform in
moving the global economy away from
fossil fuels in pursuit of various net‐zero
carbon targets. Renewable electricity
generation will be a primary driver of change
over the next few decades, with massive
global initiatives to expand the use of
renewable sources in the energy mix. This
report attempts to identify drivers,
challenges, and solutions in the US context.
Several practical constraints to the green
grid transition remain in the near term. For
example, renewable sources tend to be in
remote locations far from demand /
population concentrations. Our aging and
balkanized grid was designed for power
sources relatively close to the demand
centers, with long‐distance transmission
capacity geared toward the mismatch in
local production vs. demand. The
transmission grid lacks the arterial capacity
to cope with the need to transmit the bulk of
our power over long distances. Secondly,
intermittent wind and solar are expected to
increase from 12% of US generation today to
34% of the electricity mix by 2050, according
to
the
U.S.
Energy
Information
Administration
(EIA).
This
presents
significant
grid
stability
challenges,
particularly where local concentrations of
intermittent generation are even higher.
Thus, we need to backstop intermittent
Please see slide 66 for important disclosures.

sources. Energy storage is the ultimate goal:
storing excess renewable power until it is
needed, such as at night or when the wind
dies down. But high capital costs for storage
force the grid to remain reliant on natural
gas power sources for the bulk of
intermittency response until storage costs
come down with scale. Nuclear cannot
respond in real time, and hydro as a
backstop is constrained geographically.
Declining capacity factors as the mix shifts
further to renewables pose a risk for natural
gas plant viability. With only about 1%
annual power demand growth, most new
renewable capacity creates redundancy in
fossil fuel capacity that is only partially offset
by coal and nuclear plant retirements. Thus,
legacy plants, mostly natural gas, now need
to recover their operating and maintenance
costs from fewer megawatt hours of power
supply to grid, and they cannot respond
rapidly if their operations fall below
minimum
generation,
resulting
in
involuntary shut‐downs. This creates the
need for an interruptible load that can keep
the plant viable for several years while not
absorbing too much of its available capacity.
This would buy time for energy storage
solutions to come down the cost curve.
While thermal storage is in its early days,
we assess it will be a key component of the
ultimate solution, alongside battery and
hydrogen electrolysis. Retrofitting a legacy
plant could see thermal storage with grid‐
renewable powered heating elements
replace the boiler, which would utilize the
rest of the plant infrastructure (including

turbines, cooling towers, and water / steam
pathways), protect local jobs and enhance
the viable lifespan of legacy fossil fuel assets.
An interruptible load with a high per‐MWh
revenue potential is another critical
component of a transition to green, because
it can keep fossil fuel power plants in
operation at relatively low utilization rates at
or near minimum generation. Alternately,
nuclear plants with an interruptible behind‐
the‐meter load can now be dispatchable too.
This could enable the plants to recover their
operating and maintenance costs, retain
supply flexibility to respond to grid demands,
and fund a transition to a zero‐carbon heat
storage facility, while continuing to monetize
unutilized heat.
Rapid‐response data centers, including
Bitcoin mining, could represent a significant
part of this interruptible load because of
their high monetization rates. A Bitcoin mine
at 10% capacity factor would make 110% of
the total spark spread (the difference
between the sale price of power and the
cost of natural gas to produce the power,
per MWh) that the power plant would make
selling to the grid at a 100% capacity factor.
We assess pure play Bitcoin mines are not
the negative externality that many
commentators view them as, because many
use stranded / renewable power or flare
natural
gas.
More
importantly,
a
strategically deployed Bitcoin mine or
interruptible
data
center
presents
significant positive externalities for the
greening of the grid.
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Key Takeaways
• Bitcoin mining could accelerate
the adoption of a green grid
• The US transition to a green grid
could result in increasing issues
with grid stability and
intermittency
• Energy storage technologies are
promising but expensive for now
• Intermittency issues are
currently backstopped largely by
fossil fuel generation
• These facilities face falling
capacity factors and viability
challenges during this transition
• With the right storage
applications and funding, legacy
plants may find a place in a
fossil fuel‐free grid
• Interruptible, high revenue‐per‐
MWh loads such as Bitcoin
mining and other data centers
can help backstop renewable
sources and fund storage
deployments
• Thus, Bitcoin presents positive
externalities in accelerating a
green grid transition
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Greening The Grid
Evolving Challenges
We believe in human‐caused climate change
and are committed to seeing a greener grid.
Slowing the pace of climate change is going to
take decades of commitment by corporations
taking leadership roles and individuals driving
countries to a sustainable future through
personal action and collective voting. Currently,
about 137 countries have committed to zero‐
carbon targets over the next several decades,
mostly by 2050.

creates some key challenges. Specifically, the
transition to a green grid is making the system
less resilient:

Low‐to‐zero carbon energy sources are critical
to slowing the pace of climate change. This
includes both carbon capture at the source and
zero‐carbon sources, such as wind and solar
power. In addition, atmospheric (post‐emission)
carbon capture / sequestration will form part of
the solution, but we note that many such
projects and the resulting carbon credits that can
be purchased to offset emissions are of
questionable quality. For example, reforestation
initiatives may sell carbon credits against tree
planting that was planned anyway. Also, there
are often timing differences between when an
emission takes place and the period over which
the offset captures the carbon.
Green power is the long‐term solution – there is
no need to mitigate carbon that is never
emitted. We are seeing significant progress on
this front, particularly in the US and across the
Organisation for Economic Co‐operation and
Development
(OECD),
with
renewables
continuing to gain share of the grid energy mix at
the expense of coal and nuclear. In the US,
renewables are expected to form 42% of
electricity generation by 2050, up from 21%
today, with solar and wind as the other biggest
contributors. Both nuclear and coal sources are
each expected to drop from ~19% today to ~11%
by 2050, with natural gas losing share marginally
to 36% but growing in absolute terms.
We believe the transition to a greener grid
3
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•

Solar is predictably intermittent, with no
generation at night and intraday variability
owing to cloud cover, dust and other
atmospheric conditions.

•

Wind is unpredictably intermittent and can
drop with little to no warning.

•

Energy storage is still extremely expensive,
whether through pumped storage (limited
geographic
suitability),
utility
scale
batteries, hydrogen electrolyzers, thermal
storage, or other emerging technologies.

•

The aging grids struggle to deliver the
power from often remote wind or solar
farms to population centers. They were
designed when smaller power plants were
located near demand centers.

The grid is always in balance, with power
delivered equal to power drawn. Problems arise
when there is a mismatch, with a large change in
either load or source, because that results in a
drop in voltage and/or frequency on the grid.
This can damage appliances, industrial loads, or
the grid infrastructure itself. A sudden drop in
wind needs to be matched with either a near‐
instantaneous, corresponding drop in power
demand or an increase in power delivered from
another source. For suppliers, there are huge
challenges in meeting constantly changing
demand with increasingly more unpredictable
and extreme weather patterns impacting a
growing percentage of intermittent power
sources on electricity grids.
These imbalances can threaten the actual
supply of power itself. We saw this in Texas in
February and in Europe’s ongoing natural gas
crisis.
For exclusive use of BitOoda clients. Do not redistribute.

The ideal long‐term solution is energy storage,
where excess energy produced by the
intermittent renewable asset is stored for
release when the renewable asset cycles down.
However, many storage technologies are still
immature, with large capital investments per
MWh storage. In some cases, there are relatively
low round trip efficiencies, while others
experience falling efficiency and energy density
over repeated charge‐discharge cycles. While
utility‐scale deployments of these technologies
are accelerating, they are still maturing as grid‐
scale solutions.
The bulk of intermittent power sources are
currently backstopped by redundant power
capacity at natural gas power plants. This is
particularly true in developed markets such as
the US, where new renewable power
deployments far exceed demand growth. Natural
gas plants, when in operation above their
“minimum generation” level, can rapidly
respond to changing demand on the grid, unlike
nuclear plants that respond much more slowly.
Thus, in the near term, green power is largely
limited to what can be backed up by fossil fuel
generation sources, including arrays of small‐
scale gas engines.
During this transition, as renewable sources
continue to grow, utilization rates or capacity
factors for fossil fuel power plants are falling.
This poses challenges to their operational
viability, as these plants seek to recover their
operating and maintenance expenses from
declining megawatt hours dispatched to the grid.
Furthermore, if their demand falls below the
minimum generation level, they shut down and
can no longer respond in real time.
Many of these challenges are solvable over
time, but face expensive solutions.
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Excess Production Capacity and Falling Capacity Factors
Headwinds That Could Delay Corporate and Country Targets
As wind and solar get added to the mix, power
generation capacity is growing faster than
demand. This results in a systemwide decline in
capacity factor over time that will slowly be
addressed through retirements of older
equipment – particularly coal‐fired generation
capacity, but also some nuclear, as evidenced by
the planned retirement of Indian Point in New
York.
In the meantime, many companies are taking an
indirect approach to reducing their carbon
footprint,
such
as
Renewable
Energy
Certificates/Credits (RECs), Carbon Offsets, etc.
These may be purchased to offset emissions,
rather than reduce emissions at the source.
Some offsets work by protecting woodland from
logging activities, thus not releasing the carbon
locked in the trees, or by planting more trees.
One criticism of this approach is that it merely
transfers the logging activity elsewhere; another
is that the woodland might have been protected
anyway, so there is no incremental carbon
capture. Carbon capture and storage from the
smokestack or from the atmosphere are more
provably incremental solutions that cost a lot
more and are difficult to implement at scale, for
now.
Eventually, stored energy solutions will allow for
a primarily intermittent renewable grid. For now,
though, storage systems remain expensive, and
many have relatively low round trip efficiency –
the percentage of primary generation of power
that is returned to the grid from the stored
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power source. Over time, and with continued
deployments, stored energy systems will come
down the cost curve, becoming competitive (as a
system) with fossil fuel solutions, factoring in
the capex, production costs, storage costs and
round‐trip power losses, as well as any subsidies
or mandates that shift the adoption curve.
In the near term, though, intermittency is
addressed through backup capacity. This means
that as wind and solar deployments grow, more
fossil fuel capacity gets reallocated to backup
generation. By definition, this reduces the
frequency and amount of power supplied by
these plants to the grid. As a result, such plants
could struggle to recover their annual operating
and maintenance costs over fewer hours of
operation and falling total MWh sold. While
capacity payments and other incentives can help
keep these plants in operation, it can still
degrade financial performance. Additionally, gas
plants, which can spin production up and down
when in operation, would have to switch off if
their power production falls below the so‐called
minimum generation level. In this situation, they
can be available to sell power in the day‐ahead
market but cannot participate in the real‐time
market – which is often the timeframe in which
the grid needs a response.
In the meantime, gas plants need to maintain a
minimum generation to respond rapidly to a
decline in solar or wind production. This can be
done by maintaining base‐load agreements with
demand sources or providing their own

For exclusive use of BitOoda clients. Do not redistribute.

interruptible base load at or above minimum
generation.
We have seen a number of emerging solutions
that can help this transition. These include
retrofitting thermal storage systems into existing
fossil fuel plants, utilizing the existing steam /
water / cooling / turbine infrastructure, and
replacing the boiler with a stored‐heat source
such as molten salt / aluminum.
We note that thermal storage can be effective,
but questions remain: the footprint of a thermal
storage system vs. a coal fired boiler may limit
the amount of power that can be stored. Also,
thermal storage needs to be either maintained
or released within a few days timeframe, which
means that one can enhance the efficiency and
economics of such a system by combining it with
an interruptible load.
Falling capacity factors could affect the viability
of the existing power infrastructure and inhibit
capital investment in the space. This in turn
could slow the deployment (and thus the hoped‐
for decline in costs) of new storage technologies.
This could also increase governmental subsidy
burdens.
Over the course of this report, we look at the
current state of the US power market and offer
insights on transitional technologies and
solutions that might form part of the bridge to a
storage‐supported renewable future.
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State of US Power
Markets
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Why is the US Grid Constrained?
Age & Capacity
The US grid was deployed earlier than many
other developed countries and suffered
relatively minor destruction during World War
II. As a result, our grid is older than most, and it
has suffered from underinvestment since its
initial development.

demand. If a region or district had, for example,
2GW of demand but only 1.8GW of generation
assets, the long‐distance transmission line was
designed to deliver a few hundred MW of power
from a remote generation source to make up the
shortfall. Thus, the transmission line capacity is
often a small fraction of the total power demand
at the load end of that transmission.

The US electricity network is largely balkanized,
with early electrification done by private
companies serving local markets. Over time, the
utility sector became regulated, but it still had a
fragmented market, with many power plants
either located near their fuel or energy supplies
or, more often, near the population / load
center.

New renewable sources are more likely to be in
remote locations than the fossil fuel sources
they are designed to replace. This includes
regions of the US West / Southwest that have
high potential for wind and solar generation, but
that are relatively long distances from major
population or industrial / demand centers. This
implies that much more power would need to be
transported down the capacity‐constrained long‐

Long‐distance transmission networks evolved
to fill the gap between local generation and

Figure: Schematic of Transmission and Distribution network
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distance transmission line corridors. Thus, the
greening of the grid also means there needs to
be significant investment in the grid.
More investments seem to be directed toward
generation rather than transmission assets,
given the preponderance of private capital in the
sector. Annual spending on high‐voltage
transmission lines increased from $15.6B in 2012
to $21.9B in 2018, according to the American
Society of Civil Engineers (ASCE), with utilities
focusing on system hardening and resilience
investments. Distribution investments have also
increased: although distribution failures account
for 92% of electric service interruptions, it is the
transmission constraint that most affects cost
of power and mix of renewable power.

Source: http://www.gatewaywestproject.com/faq_general_transmission.aspx
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Remote Wind and Solar Resources Need
Transmission Line Capacity to Bring Power to Demand Centers
Transmission‐line bottlenecks limit the grid’s capacity to move large
amounts of remotely‐generated renewable power over long distances to
population centers where the demand is located.
ASCE (American Society of Civil Engineers) gives our congested and aging grid
infrastructure a C‐minus grade. Transmission congestion limits access to
lower‐cost sources of power, resulting in end‐customer electricity bills that are
billions of dollars more than they otherwise might be. Moreover, a lack of
strong transmission ties with neighboring power systems was a primary

Figure: Proposed Transmission Lines to tap Renewable Resources
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contributing factor to the February 2021 Texas blackout event.
The map below from cleanenergygrid.org shows just one set of proposed
transmission line projects that could add 42GW of transfer capacity with
8,000 miles of high‐voltage AC and DC transmission lines. For context, the US
has 240,000 circuit miles of transmission that operate above 230kV. This could
enable a 50% increase in wind and solar generation. The proposal envisages a
mix of ultra high voltage DC and AC, which would result in far fewer
transmission losses than legacy systems, at an investment of ~$33 billion.

Source: https://cleanenergygrid.org/wp‐content/uploads/2019/04/Transmission‐
Projects‐Ready‐to‐Go‐Final.pdf
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Total Energy Consumption:
Still Predominantly Fossil
Fuel; Power Losses Massive

•
•
•
•

The bulk of fuel consumption in the US is still fossil fuel
Transportation forms 66% of petroleum use, and 90% of transportation energy
use comes from petroleum
Interestingly, only 35% of electricity generation is sold, with 65% system losses
Recapturing or productively monetizing even some of this lost power is a
massive economic opportunity

Figure: US energy consumption by source and sector, in quadrillion BTU, 2020
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Source: EIA Monthly Energy Report, April 2021
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Fossil Fuel Musical Chairs
Natural Gas Replacing Coal

•
•
•

Coal consumption has been declining in the US after peaking around 2008
Natural gas is responsible for much of the replacement supply
Renewables are gaining share, but slowly

Figure: US primary energy consumption by major sources, 1950‐2020, quadrillion BTU
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Source: U.S. Energy Information Administration
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•

Fossil Fuel for Electricity
Generation
Should Decline As
Renewables Double

•

•

Renewables are expected to grow from 21% to 42% of the electricity
generation source by 2050
Solar growth should far outstrip other sources, going from 16% of the
renewable mix to 47%; wind could lose some share from 41% now to 34%,
while hydroelectric generation could fall from 34% of today’s renewable mix to
just 13%
These trends could lead to over 80% of renewable and ~35% of the overall
electricity mix coming from intermittent sources

U.S. electricity generation from selected fuels
AEO2021 Reference case

U.S. renewable electricity generation, including end
use AEO2021 Reference case
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Figure: Electricity generation from selected fuels, billion kWh
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Source: U.S. Energy Information Administration, Annual Energy Outlook 2021 (AEO 2021)
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Carbon Emissions
Coal is 80% Dirtier Than
Natural Gas

•
•
•
•
•
•
•

Below, we show EIA’s data on energy consumption by source in the US on the
left, and energy related CO2 emissions on the right
Both Petroleum and Natural Gas provide 34% of US energy consumption, or
44% of energy consumption from fossil sources, excluding the 21% non‐fossil
(nuclear and renewable)
Natural Gas contributes 36% of CO2, Petroleum 45% and Coal 19%
Compared with the aggregate CO2 emissions per BTU of fossil
The US fossil fuel mix contributes 63 million metric tons of CO2 per quadrillion
BTU ( 4571 mm tons / ~72.5 quadrillion BTU from fossil sources)
Natural Gas results in 52mm metric tons of CO2 per quadrillion BTU, while
Petroleum releases 65mm metric tons of CO2. Coal releases 93.4mm metric
tons per quadrillion BTU
Thus, coal releases almost 80% more CO2 than Natural Gas per BTU; other
emissions are also dirtier for coal

Figure: US energy consumption and energy related CO2 emissions by source, 2020
Nonfossil is nuclear and renewable energy
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Source: EIA Monthly Energy Review, April 2021
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The Grid
Basic Structural Overview

•
•

The combined transmission and distribution network of electricity is known as
the “power grid” or simply “the grid.” It connects electricity from its
generation source via transmission and distribution to the end user
Power generators line to distribution transformers that connect electricity
consumers via hundreds of thousands of miles of high‐voltage and millions of
miles of low voltage power lines

Source: DOE US Electricity Industry Primer

Figure: Power grid basic structure
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Retail Power Prices
Vary Widely

•
•
•

States like Texas, Kentucky, Wyoming, Washington, West Virginia are among
the states with the lowest‐cost electricity
Of these, Texas and Wyoming are among the more crypto‐friendly states
Power prices in each market reflect local tax regimes and the abundance of
local resources, such as coal in WV or wind / solar / hydro in TX / WY / WA

Source: Global Energy Institute

Figure: 2020 US average retail electricity price
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Electricity Origination
And Distribution
Power sources, or fossil fuel and renewable energy sources, are
unevenly distributed throughout the country. The challenge is
getting the cheapest, greenest source of power to where the
demand is.
Generation capacity varies by state and is dependent upon the
availability of the fuel resource. Vast infrastructure networks of
railroads, pipelines, waterways, highways, and processing plants
support the delivery of these resources to generating facilities,
many of which in turn rely on electric power to operate.
For example, hydropower is plentiful in the Northwest, coal in
the Appalachian region, and natural gas in the North.
Plentiful wind and solar power cannot simply be “trucked” or
“piped” to ANY generator as fossil fuels can, and vice versa. But
that is changing.

Source: NREL 2020 Standard Scenarios Report: A U.S. Electricity Sector Outlook
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The Grid: 4 Interconnects
10 Wholesale Markets

•
•
•

There are four North American power grid interconnections and 10 wholesale
markets
However, there remains infrastructure balkanization even within these
markets, with bottlenecks between zones in each market
Texas is its own market, which is part of the reason for the February 2021
outage – it proved impossible to bring power from other regions to offset
offline generation capacity during and following the winter storm

Source: North American Electric Reliability Corp

Figure: US grid interconnects and wholesale markets
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Anemic Demand Growth
Drives Redundancy

•
•
•

U.S. electricity demand generally grows less than 1% per year
This anemic growth means most of the additive renewable power capacity
does not see incremental demand
Thus, it must be offset by either retirement of legacy capacity or result in falling
capacity factors for legacy plants – ideally the more efficient / cleaner and
faster responding natural gas plants that are still needed to keep the grid in
balance and offset variability in wind / solar generation

U.S. electricity use by end‐use sector
AEO2021 Reference case

U.S. electricity use growth rate,
three‐year rolling average
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Note: Onsite generation is electricity produced onsite for own use.

Figure: U.S. electricity demand growth and usage
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•

Capacity Additions
Exceed Retirements
= Falling Capacity Factors

•
•

Fossil fuel capacity additions are still expected to dwarf retirements over the
next few decades, according to the EIA
Only about 60% of gross additions is renewable capacity (72% of net adds)
Thus, natural gas capacity should grow in absolute terms

Annual electricity generating capacity additions and retirements
AEO2021 Base Case
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Figure: Historical and estimated electricity generating capacity sources
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Source: Form EIA‐860M, Monthly Update to the Annual Electric Generator Report, July 2020

For exclusive use of BitOoda clients. Do not redistribute.

BitOoda Research

Lifecycle CO2 Emissions
Coal is worst; Wind,
Hydro and Nuclear Best

•
•
•
•
•
•

Figure: Comparison of Lifecycle Greenhouse Gas Emissions of Various Electricity
Generation Source
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According to research by the World Nuclear Association, the lifecycle emissions
intensity of fossil fuel sources is 5‐10x that of Solar PhotoVoltaic
Wind and Hydroelectric are even more advantageous compared to fossil fuels
Solar PV faces a significant global supply chain with polysilicon manufacture
and transport, as well as end of life electronic recycling
Transporting Solar PV is a meaningful part of the carbon footprint, largely
driven fossil fuel
By contrast Wind and Hydro are much more locally sourced
This data ranges from 2011 and updated in 2017, but we believe the general
disparities in emission intensity persist

Source: World Nuclear Association Working Group, 2011, updated 2017

For exclusive use of BitOoda clients. Do not redistribute.

BitOoda Research

Supply Redundancy a Factor
For Falling Electricity Prices

•
•
•
•
•

The EIA expects power prices to trend downward over time
The decline is projected to be driven by lower generation prices, marginally
offset by higher transmission costs
This makes sense, as investments in transmission will enhance grid capacity,
enabling remote renewable sources to better compete with fossil fuel sources
The marginal production cost of renewable power is very low, and the high
upfront capital investment will decline over time
However, investment in storage and the losses from round‐trip power
efficiency costs need to be factored into these long‐term projections

Components of U.S. Electricity Prices

U.S. average electricity price

2020 cents per kilowatthour

2020 cents per kilowatthour
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Figure: Falling generation costs should lead to lower real power prices over time
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• A successful energy transition will require substantial investment in grid
and infrastructure upgrades to combat the changing climate; storage
technology advancements will play a central role
• Moving separate supply chains for transportation, electricity and gas into
one integrated system increases vulnerability to natural disasters
• Independent power providers, such as ERCOT and CAISO, have limited
ability to import power in an emergency
• We examine several recent case studies on the following pages

Renewable Power
Challenges to Reliable
Scaling

Issues to Consider
Infrastructure legacy and technology:

Access to renewables:

•

Electricity grid was built in the early 1900’s around power
sources: coal production and hydroelectric supplies (i.e., rail,
not long‐distance transmission power lines)

•

Access / transportation from supply source to demand
center

•

•

Older, existing transmission and distribution lines are in
need of upgrades and/or replacement

Storage capacity of power generation for later use,
transport and access, right of way, eminent domain

•

New, expanded network of power lines is needed to link
renewable energy generation, such as solar and wind
power, which are often far from concentrated demand
centers

•

Major infrastructure buildouts are needed

Reliability:
•

Other issues:
•

Siting new transmission lines – approval process/obtaining
rights/NIMBY issues abound

•

Determining who bears the cost of building out new
technology: public vs private responsibility

•

Intermittency, stability and reliability issues

Costs of Renewable power:
•
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Subsidies and policy support needed to incentivize
renewable adoption

The only 100% reliable backup strategies so far are based on
fossil fuel

For exclusive use of BitOoda clients. Do not redistribute.
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Energy Storage
Technologies
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100% Renewable Goals Are Not Workable Yet
Storage is Time‐Limited and Expensive
Solving for intermittency while maintaining grid stability remains the key
gating issue to increase the share of renewables in the mix.
Two opposing approaches are maintaining backup generation capacity or
creating backup energy storage capacity.
Battery storage is advancing and has an attractive ~80% round‐trip efficiency.
Although costs are declining, it remains an expensive alternative.
Thermal storage is nascent, expensive, and has a relatively low 50‐70% round‐
trip efficiency. It is also limited in terms of the duration of storage and ongoing
energy demand to keep it at peak capacity, offsetting natural heat dissipation.
However, we do see promise in the technology, particularly designs that take
advantage of existing infrastructure.
Hydrolysis is nascent and costly. The technology breaks water in hydrogen and
oxygen using surplus renewable energy. Stored hydrogen is then burned when

needed, releasing water as the combustion output.
Pumped storage is the bulk of current US stored power, but is limited by
geographical, environmental and permitting issues.
Currently, the only 100% reliable backup power solution that is not time‐
limited is fossil fuel generation, although hydro can be used where available
and under‐utilized. Nuclear forms base load, and is harder to vary rapidly –
unless it has a base load that can be interrupted. Another advantage of fossil
fuel backup is that its capex has already been incurred. At low marginal
operating expenses, it can provide the capacity needed to backstop wind and
solar generation.
Falling capacity factors at these fossil fuel plants – primarily natural gas –pose
a challenge, as they risk declining margins and a slow deterioration of the
business fundamentals to eventual unviability as other solutions come along.

Figure: Storage capacity and discharge times by select technology
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Storage Methods Vary Widely
For Grid‐Scale Projects Thermal /Electrochemical More Promising
•

Types of Energy Storage:
•

Fossil fuel storage

•

Mechanical

•

•
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Thermal
•

Brick storage heater

•

Cryogenic energy storage, Liquid Air Energy Storage (LAES)

•

•

Liquid nitrogen engine

Spring

•

•

Eutectic system

Compressed air energy storage (CAES)

•

•

Ice storage air conditioning

Fireless locomotive

•

•

Molten salt storage

Flywheel energy storage

•

•

Phase‐change material

Solid mass gravitational

•

•

Seasonal thermal energy storage

Hydraulic accumulator

•

•

Solar pond

Pumped‐storage hydroelectricity (pumped hydroelectric
storage, PHS, or pumped storage hydropower, PSH)

•

Steam accumulator

•

Thermal Expansion

•

Electrical, electromagnetic
•

Capacitor

•

Supercapacitor

•

Superconducting magnetic energy storage (SMES, also
superconducting storage coil)

Electrochemical (Battery Energy Storage System, BESS)

Chemical
•

Biofuels

•

Hydrated salts

•

Hydrogen storage

•

Hydrogen peroxide

•

Power to gas

•

Vanadium pentoxide

•

Flow battery

•

Rechargeable battery

•

Glycogen

•

UltraBattery

•

Starch

•

Biological
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Storage Methods Overview
•

Mechanical
Energy can be stored in water pumped to a higher elevation
using pumped storage methods or by moving solid matter to higher
locations (gravity batteries). Other commercial mechanical methods
include compressing air and flywheels that convert electric energy
into internal energy or kinetic energy and then back again when
electrical demand peaks.

•

Electrical, electromagnetic
Electromagnetic storage includes using capacitors, supercapacitors
and superconducting magnetic storage. These have very short
charge and discharge cycles and can be viable for immediate
demand response, but not for extended back up

•

Electrochemical (Battery Energy Storage System, BESS)
Battery storage is one of the most widely deployed energy storage
technologies, although best suited for relatively short discharge
times. A flow battery works by passing a solution over a membrane
where ions are exchanged to charge or discharge the
cell. Commercial applications are for long half‐cycle storage such as
backup grid power. Rechargeable batteries such as Lithium‐ion, have
high energy to mass ratios and very slow self‐discharge times. An
ultrabattery combines an ultracapacitor with a lead acid battery
using a common electrolyte.

•

considered an important means for cheaply balancing high shares of
variable renewable electricity production and integration of electricity
and heating sectors in energy systems almost or completely fed by
renewable energy.
•

Chemical
Renewable energy is used to generate and store ionic hydrogen,
which is later burned to generate electricity, producing water as a
result of combustion. Other chemical energy storage systems include
methane, biofuels, power to gas, and hydrated salts

Of the scalable technologies with relatively long storage and discharge times,
we assess gravitational, rechargeable battery, phase change thermal and
hydrogen electrolysis are the most promising, given the current maturation of
the space.
We discuss one phase change thermal solution in more detail because of its
potential capability to retrofit its technology into existing legacy power
plants. This is for illustrative purposes and is not meant as a
recommendation for this technology over others.

Thermal
Thermal energy can be stored and used hours, days, months later, at
scales ranging from the individual building to a town or region. Usage
examples are the balancing of energy demand between daytime and
nighttime. Storage media include masses of native earth or bedrock
accessed with heat exchangers by means of boreholes,
deep aquifers contained between impermeable strata; shallow, lined
pits filled with gravel and water and insulated at the top, as well
as eutectic solutions and phase‐change materials. Sources of thermal
energy for storage include heat or cold produced with heat
pumps from off‐peak, lower cost electric power; heat from combined
heat and power (CHP) power plants; heat produced by renewable
electrical energy that exceeds grid demand and waste heat from
industrial processes. Heat storage, both seasonal and short term, is
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Round Trip Efficiencies
Select Storage Solutions
•

Energy storage typically consumes electricity and saves it in some
manner, then hands it back to the grid

•

The ratio of energy put in (MWh) to energy retrieved from storage
(MWh) is the round‐trip efficiency (also called AC/AC efficiency),
expressed in percent (%)

•

It is a critical factor in evaluating the usefulness of a storage technology –
the higher it is, the less energy we lose due to storage

•

Some technologies will experience energy loss (leakage) for long‐term
storage, while others will keep quasi‐constant efficiency over time

•

Batteries
(current
leakage),
flywheels
(friction)
and
electrothermal storage (heat loss) experience significant leakage over
long durations

•

Hydro (water leaks, evaporation) and compressed air (air leaks) are
relatively stable

•

The numbers below represent typical ideal storage round‐trip efficiency;
round‐trip efficiency is the percentage of electricity put into storage that
is later retrieved. The higher the round‐trip efficiency, the less energy is
lost in the storage process

•

In a future where energy storage is sufficient to backstop intermittent
sources reliably, there will be excess storage capacity at the 95%+
confidence level, probably approaching and exceeding 99.99% confidence

•

Energy losses over time would result in a lower practical round trip
efficiency because some storage resources will only be called on rarely

•

This is one reason to consider optimizing stored energy usage – when
low‐to‐zero marginal cost renewable sources are in surplus, to monetize
the surplus with an interruptible load while topping‐up stored energy

Typical Round-trip Efficiency

75%

Hydro

85%

80%

Flywheels

Batteries

70%

70%

Electrothermal

Compressed Air

Figure: Typical round‐trip efficiency of select common energy storage technologies
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Relatively Stable Storage
Battery Storage
•

Estimates of energy storage capacity, including one from WoodMac, are
that 1.2 gigawatts of battery storage were added in 2020 and a further 7.5
gigawatts will be added by 2025

•

Battery prices are expected to continue to decline by 45% through 2030,
according to the National Renewables Energy Laboratory, but the recent
rise in commodities prices may change that trajectory

•

Average cost per unit of energy capacity in storage fell 61% between 2015
and 2017 to $834 per kWh. This has made battery storage economical
and should accelerate growth

•

Battery storage is the best choice because it is highly efficient. The EIA
estimates that round‐trip efficiency is relatively stable at around 80%

Figure: Monthly round‐trip efficiency by storage technology
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Battery Storage
Relatively Short Discharge Duration

• The largest battery storage deployments around the world can
deliver 100‐400 MW of power
• Most can only provide power for 1‐7 hours, with Lithium‐ion
technology generally used for 1‐4 hours of backup
• Battery storage can respond rapidly, helping to counteract
oscillations that occur when networks are run near peak capacity
and prevent grid instability and regional blackouts
• Battery systems can be used for peak shaving and to provide
systems services such as frequency stabilization
• But they are not a reliable long term backup solution

Figure: Largest battery storage deployments around the world
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Energy Storage Technologies
Qualitative Comparison
•

National Renewable Energy Laboratory (NREL)
research compares the cost per kW of
installed capacity, and per kWh based on
discharge time

•

Per kWh, Thermal energy storage shows the
lowest capital investment

•

Thermal also provides the several hours of
discharge duration needed for grid scale
deployment, with an acceptable reaction time
of several minutes

•

The round trip efficiency of some thermal
installations can be as high as 90%, and is
expected to last ~30 years, 3x the lifetime of
Li‐ion

•

Note, though, that thermal round trip
efficiency of ~90% refers to thermal to
thermal. Thermal to Electricity is closer to
about 37%, particularly with a coal retrofit

•

Although thermal storage is still in initial
commercialization, it is nonetheless a
technology worth investigating

Figure: Qualitative comparison of energy storage technologies
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E2S: A Thermal Storage
Example
Longer Power Delivery
Times

•
•
•
•
•
•
•

Retiring coal plants results in job losses at both coal mines and the power
plants, many of which are important employers in their communities
A typical coal plant has a boiler that burns coal to produce steam from water,
which then spins a turbine that drives a generator to produce electricity
A thermal storage system could replace the boiler and be integrated into the
water‐steam cycle between feed water pumps and the turbine system
The goal is to balance variations in demand and supply over a multi‐day
window
Solutions such as the planned 50MWh aluminum encased in graphite pilot by
E2S in Europe could, if successful, drive coal plant conversions while retaining
many existing jobs
Operating and staffing a facility that only intermittently sells power back to the
grid could mute returns on investment and payback periods
However, a co‐located interruptible load that draws on stored power while the
grid has excess renewable power, and supports the constant steam pressure
needed to respond rapidly to a supply reduction, could drive up the capacity
factor for such plants, making the investment viable and scalable much faster

Source: e2s‐power.com

Figure: Proposed E2S retrofitted thermal storage system
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Siemens Gamesa
Another Thermal Storage
Option

• Siemens Gamesa is a renewable energy player in Europe
• Its flexible ETES thermal system targets a second life for power plants,
as well as GWh standalone solutions

Source: https://www.siemensgamesa.com/en‐int

Figure: Siemens Gamesa Electric Thermal Storage system
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Interruptible
Loads:
Monetizing Power
Capacity
31

February 4, 2022

For exclusive use of BitOoda clients. Do not redistribute.

BitOoda Research

Transitional Base Load to Keep Gas Plants Operating
And Supporting Thermal Storage Conversion
As discussed previously, many power plants are seeing declining capacity
factors, leading to more frequent occurrences where the power demand is
below the plant’s minimum generation.

sequencing and biostatistics. These can earn more revenue per MWh, but face
the challenge of needing to acquire customers, and thus face the risk of under‐
utilization and thus under‐monetization, as well as customer acquisition costs.

This creates a vicious cycle where the plant switches off, and thus cannot sell
power without a 12‐to‐24‐hour advance notice. Thus, the plant cannot
participate in a real‐time market, only the day‐ahead market. It then sells less
power, meaning it has less ability to recover operating expenses and invest in
the future.

We note that a Bitcoin data center can only mine Bitcoin, and cannot also be
used for compute applications, because the hardware for mining Bitcoin is
purpose built for that application alone.

One alternative approach is to develop a large interruptible load that keeps
the plant at minimum generation at all times, or at least more often. In order
to be effective, this load must also generate a significant revenue to recover
overhead rapidly as compared to the effective capacity factor boost (about 20‐
25%) provided by this load.
A data center is a highly efficient load in this context: it can be shut down at a
moment’s notice and can effectively earn between $300‐800 per MWh,
compared with selling power at $25‐50 per MWh.
At the lower end of this range are data centers dedicated to mining
cryptocurrencies, but they have the advantage of plugging in and earning
revenue 100% of the time they are operational.
At the other end of the spectrum are interruptible high‐performance
compute solutions, which can be used for non‐mission critical applications
including machine learning, artificial intelligence, graphics rendering, gene
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A middle ground, then, is to implement a hybrid program, where the data
center aims to sell capacity to high‐value compute applications, but mines
cryptocurrency as a base‐level revenue for any unsold capacity. A flexible
Graphics Processing Unit or GPU farm can take on high‐value customer
projects and mine Ethereum or other currencies with spare capacity, as a
hybrid program that combines compute with crypto. Such a project could be
even more effective at providing a highly monetizable base load, extending
the viability of the power plant and helping fund a retrofit of a thermal
solution as that technology matures, to support a full conversion to renewable
power at utility and grid scale.
This section of the report focuses on the economics of Bitcoin mining in the
context of monetizing legacy power plants. GPU mining and compute
potentially could earn higher returns but face the challenges of customer
acquisition and a pending transition of Ethereum, the largest GPU mineable
cryptocurrency, to proof of stake. This transition could erode mining margins
for a GPU farm that has not achieved high enough customer utilization. If
crypto mining is still an important piece of the monetization strategy at that
transition, it could pose risks that a Bitcoin mining project does not.
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Revenue per MWh mining BTC
10% Capacity Factor Exceeds
Total Spark Spread of Grid Sale

• Miners using latest‐generation S19‐class mining rigs are currently
earning $201 per MWh
• Over the same period, the mean / median daily earnings have been
$201 and $169, respectively
• For a power plant that can sell power at $30/MWh with a spark
spread* of $13 / MWh, earning the median $169 / MWh results in an
effective 11x expansion in marginal contribution toward operating and
maintenance costs, as well as margin
• We assume the Bitcoin mine operates at 10% of capacity (operating at
20% of nameplate capacity for 50% of the time)
• With just 10% capacity factor, a Bitcoin mine could make 110% of the
total spark spread the plant would make at 100% capacity factor**

Figure: Bitcoin mining revenue in USD per MWh using then‐current gen rigs over the past two years.
* The spark spread is the difference between the sale price of power and the cost of natural gas to produce the power, per MWh
** This does not include the incremental capex / deprecation for the Bitcoin mine and its infrastructure
33
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Source: CoinMetrics, CoinGecko, Bloomberg, BitOoda

• The table below shows the number of days needed to recover capex
• Investment recovery periods could stretch out if mining economics
mean‐revert, but are relatively short at this point
• A Bitcoin mine could prove cost effective in monetizing a power plant
and allowing it to backstop an intermittent renewable power source
• This monetization also could support a plant conversion to thermal or
other stored‐energy solution and provide a monetization pathway for
when the storage solution is at capacity and the grid continues to
generate excess renewable power
• The Bitcoin mine would now drive incremental monetization and
improved capacity factor at the renewable source as well as the
storage facility, accelerating the transition of the grid to green

BitOoda Research

Investment Payback
Days to Recover Capex

Daily USD Rev / PH/s, Current Range
Capital Cost / TH/s
$10
$20
$30
$40
$50
$60
$70
$80
$90
$100
$110
$120
$130
$140
$150

Minimum25th Percentile
$71
$141
364 Days
103 Days
728
205
1092
308
1455
410
1819
513
2183
615
2547
718
2911
821
3275
923
3638
1026
4002
1128
4366
1231
4730
1334
5094
1436
5458
1539

Median
$193
67 Days
134
201
268
334
401
468
535
602
669
736
803
870
937
1003

Mean 75th Percentile
$216
$303
58 Days
39 Days
116
77
174
116
232
154
290
193
348
231
406
270
464
308
522
347
580
385
638
424
696
462
754
501
812
540
870
578

Figure: Days to recover rig investment as a function of revenue per PH/s per day,
assuming $40/MWh median power cost, PUE of 1.12, and 34W / TH/s efficiency and
$7/MWh labor cost
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Current
$186
70 Days
140
211
281
351
421
491
561
632
702
772
842
912
983
1053

Max
$476
23 Days
46
69
92
116
139
162
185
208
231
254
277
301
324
347

Source: BitOoda, CoinMetrics, Bloomberg
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Could a Bitcoin Mine Really Accelerate the Green Transition?
Conclusions and Risks to the Thesis
As we have shown, an interruptible load can
enhance plant economics for a fossil fuel plant.
This can be a critical component of the transition
to green power by supporting the operation of
backup generation capacity until storage
solutions reach critical mass and come down on
the cost curve.
It can also enhance the monetization of excess
renewable capacity through a grid‐connected
storage facility.
A power plant could use a Bitcoin mine to stay
above the minimum generation level and to
monetize a small portion of available power at a
high value, with demand response /
intermittency a key aspect of the project. The
goal is to recover variable operating and
maintenance expenses (VOM) and improve the
availability of power to backstop green
renewable power on the grid.
A pure play Bitcoin mine, on the other hand,
wants the lowest possible power price, with 24/7
reliability, or to be paid to shut down‐ which
could also work to the power plant’s advantage
by enhancing capacity factors.
In fact, this can also benefit nuclear operators,
who typically constitute base load generation
and don’t easily flex in response to power
shortages and rising power prices. Having a large
flexible load they can shut down to sell the
power to the grid when economically
advantageous could help operating metrics for
nuclear plants that often run at 50‐60% capacity,
with a negligible marginal cost of production.
Bitcoin miners seek the cheapest power and do
not mind being in remote locations. They utilize
large amounts of increasingly renewable and
stranded power, and thus are less of a negative
externality than many people argue.
Their access to cheap stranded power may
decrease with the deployment of new
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transmission line capacity to bring remote power
to population centers. These lines are critical to
the green transition and will result in lower
power prices for customers in demand centers,
but also will enhance pricing power for remote
wind and solar assets.
For a fossil fuel plant to sell power to a Bitcoin
mine at arms length, they may need to sell at
$30‐45 / MWh, which solves the minimum
generation problem but not the rapid recovery
of VOM.
Self‐mining as a strategic component of
transitioning to a green storage solution and
backstopping green power could represent a
market‐based solution that generates a strong
positive externality.
However, a supportive political and regulatory
environmental are needed for a plant to invest
approximately $3.5 to 4mm per MW of mining
capacity. This is a capital‐intensive solution that
needs to be insulated from short‐term policy
changes.
In our assessment, Bitcoin mining – and more
generally, interruptible data centers – are a
strategic part of the environmentally conscious
green transition. There is a cost associated with a
transition to green, by way of potentially
unviable projects (over time) that need
investment to be available as a grid backstop,
and further investment in storage options. If
they are not allowed to earn the returns needed
to fund these costs, we as a society will pay –
either through taxpayer funded direct subsidies
to keep them operating, through increasingly‐
frequent grid problems and blackout / brownout
events, or both.
Over the latter part of the grid transition, we see
the interruptible loads increasingly being general
purpose, non‐mission critical compute, including
everything from AI and machine learning to
simulations, graphics rendering to computational

For exclusive use of BitOoda clients. Do not redistribute.

biology and biostatistics, While the compute
market isn’t mature enough yet, the adoption of
these interruptible loads will help accelerate this
next evolution of compute as a commodity.
Bitcoin mining and interruptible data centers in
general can also incentivize the deployment of
renewable generation resources, as a large scale,
high value power load. However, we note that
renewable resources are being deployed in
North America faster than the capacity to bring
that power to the load centers owing to grid
constraints. This might be seen as increasing the
supply / demand imbalance until the grid
enhancements take effect.
As power producers start including demand
response loads such as Bitcoin mining in their
green transition strategic plans, it is important to
note that the institutional infrastructure needed
to custody and trade the produced
cryptocurrency already exists. Fidelity Digital
Assets, for one, maintains robust systems and
processes to provide some of these services.
BitOoda, a fully regulated and compliant broker
dealer and CFTC NFA IB / CTA, can provide
hedging and other complementary services as
well. Talk to our advisory and consulting division
to examine a green transition strategy
customized to your bespoke needs.
Not all environmentalists will agree with this
conclusion, but we hope and intend for this
paper to contribute to the engagement
between the various stakeholders working
toward a transition to a green grid.
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US Power Assets
Geographic Distribution
& Costs
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US Electricity Plant Capacity
By Power Source

Figure: Power plant capacity across the US by source
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•
•

This and the next few slides map out power plant capacity by source around
the country
The Midwest has mostly wind, while natural gas drives the South

Source: WP, “Mapping How the US Generates its Electricity”, Mar 28, 2017
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Natural Gas‐Powered
Electricity Plants
Across the US

Figure: Gas plants across the US
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•
•
•

There are 1793 natural gas‐powered electricity plants in the US, responsible for
generating roughly 40% of the nation's electricity in 2020
Advances and the expansion of fracking in the past decade have unlocked vast
supplies of natural gas from shale deposits all over the country
This is the primary source of electricity generation in 19 states and provides at
least 50% of the electricity in 9 states

Source: WP, “Mapping How the US Generates its Electricity”, Mar 28, 2017
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Coal‐Powered Electricity Plants
More Popular in Eastern US

Figure: Coal power plants across the US
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•
•

There are 400 coal‐powered electric plants in the United States, generating
~19% of electricity in 2020
Coal was the chief source of electrical generation in 19 states and the second
most common source in another nine. Coal is most popular in the East and
accounted for at least 50% of generation in 13 states

Source: WP, “Mapping How the US Generates its Electricity”, Mar 28, 2017
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Nuclear Electricity Plants
Mostly East of Mississippi

Figure: Nuclear power plants in the US
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•
•

There are 61 nuclear electric plants in the US, generating approximately 20% of
the nation’s electricity in 2020
New nuclear plants are coming online following decades of pause after an
initial push in the 1970s and 1980s driven by the first oil shock. Maryland
joined South Carolina, Illinois, Pennsylvania, Connecticut and New Hampshire
in getting a plurality of its power from nuclear last year. 20 states have no
nuclear electricity generation

Source: WP, “Mapping How the US Generates its Electricity”, Mar 28, 2017
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Hydroelectric Plants
Dominate Pacific Northwest

Figure: Hydroelectric plants across the US
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•
•

There are 1,444 hydroelectric plants in the US that generated 7.3% of the
nation’s electricity last year
Washington, Oregon, Vermont and Idaho lead the nation in power from
hydroelectric plants, receiving between 56‐68% of their electricity from hydro.
Montana and South Dakota were the only other states where hydro plants
were responsible for more than 5% of electricity. Government‐run plants
generate most of the power

Source: WP, “Mapping How the US Generates its Electricity”, Mar 28, 2017
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Wind‐Powered Electricity
Great Plains Corridor

Figure: Wind generation capacity in the US
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•
•

There are 999 wind‐powered electric plants in the US, generating 8.4% of the
nation’s electricity in 2020
Wind is the fastest‐growing power source, even before the Biden
Administration set a 30 GW offshore generation goal by 2030

Source: WP, “Mapping How the US Generates its Electricity”, Mar 28, 2017
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Solar‐Powered Electricity
West, NJ, MA and NC

Figure: Solar power plants across the United States
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•
•

There are 1,721 solar‐powered electric plants in the United States, generating
2.3% of the nation’s electricity in 2020.
Solar power is predominantly used in the Southwest, but the growth of solar
has created plants in all but 8 states. California gets almost 10% of its electricity
from solar and Nevada 6%, followed by Vermont and Arizona with 4% each

Source: WP, “Mapping How the US Generates its Electricity”, Mar 28, 2017
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•

Oil‐Powered Electricity
Plants
Mostly Legacy

•

Figure: Distribution of oil‐powered electricity plants across the U.S.
*Oil includes petroleum liquids & petroleum coke
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There are 1,076 oil‐powered electric plants in the US, generating <1% of the
country’s electricity in 2020
Oil is no longer a popular source for electricity generation. After the rise of
OPEC and the oil shocks and price increases of the 1970s, utilities switched to
other fuels, mostly coal. Hawaii gets two‐thirds of its electricity from oil and is
the only state where oil is the leading energy source

Source: WP, “Mapping How the US Generates its Electricity”, Mar 28, 2017
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Levelized Cost of Energy
(LCOE)

•

•

The LCOE is the long‐term offtake price in U.S. dollars per megawatt‐hour
($/MWh) a power plant needs to recoup all project costs (e.g., capex, opex, tax,
financing, fuel, carbon) to hit the investment target (hurdle internal rate of
return, or post‐tax equity rate)
Most renewables will be more affordable than Combined Cycle Gas Turbines
(CCTG) post‐2030

Figure: Levelized cost of energy historical and projected through 2050
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•

Economics of Renewables
Showing Improvement

•

The economic metrics of CCGT, wind and PV electricity generation screen
favorably, encouraging further capacity growth. The falling costs of intermittent
renewable technologies means they are competitive with CCTG
The disadvantages of coal are obvious, but nuclear generation will struggle to
gain share due to the huge capital and time commitments demanded

Levelized avoided cost of electricity (LACE) and levelized cost of electricity (LCOE) by technology,
2026 online year, AEO2021 Reference case
2020 dollars per megawatthour

Levelized avoided cost of electricity

CCGT

wind

PV

$100

$100

$100

$50

$50

$50

$0

$0
$0

$50

$100

coal

$50

$100

$50

$50

$0

$0

$50

$100

Economically attractive builds are shown above
the diagonal breakeven line for each technology.

nuclear
$100

Regions with no
built capacity

$0
$0

$100

Regions with
built capacity

The solid, colored circles on the figure indicate
that projects tend to be built in regions where
revenue (LACE) exceeds costs (LCOE)

$0
$0

$50

$100

$0

$50

$100

Levelized cost of electricity
Figure: LACE and LCOE by technology
Note: CCGT = natural gas combined cycle, PV = solar photovoltaic
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Source: U.S. Energy Information Administration, Annual Energy Outlook 2021 (AEO2021)
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Hybrid vs. Standalone
Solar Photovoltaic (PV)
And Energy Storage
Systems

•
•
•

Hybrid storage capacity is vital to the success of renewable electricity generation
Not surprisingly, it is expected to grow at a faster pace than standalone technology
Eventually hybrid storage should dominate the power sector and account for about
20% of the solar sector

U.S. solar PV generating capacity, all sectors
AEO2021 Reference case

U.S. storage energy capacity, power sector
AEO2021 Reference case
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stand‐alone solar PV, power sector

hybrid storage
stand-alone storage
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400
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0
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Figure: U.S. energy storage systems and capacity
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Source: U.S. Energy Information Administration, Annual Energy Outlook 2021 (AEO2021)
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Renewable Capacity
by Source and Region

•
•

Electricity generation varies by region based on the availability of
power plants, fuel costs, climate and pricing regulations
The point is easily seen below by the concentration of solar in the
US Southeast, and wind in the Midwest, under a variety of input
supply and cost scenarios

Northeast

West
Mid-Continent

PJM

CAISO
Southeast
ERCOT

Total renewables capacity in all sectors, 2019 and 2050
AEO2021 selected side cases, History=2019, all other columns are 2050 scenarios
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other
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0

HC: High Renewable Cost; LC: Low Renewable Cost; HOGS: High Oil & Gas Supply; LOGS: Low Oil & Gas Supply; other: geothermal, biomass,
municipal waste
Figure: Renewable capacity by US region
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Source: U.S. Energy Information Administration, Annual Energy Outlook 2021 (AEO2021)
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Decarbonization
Targets:
Countries &
Corporates
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•

Carbon Neutrality
National Targets

•
•

Figure: Race to Net Zero: Carbon Neutral Goals by Country
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Two countries (Bhutan and Suriname) already have achieved carbon neutrality,
and a handful of others are targeting this goal by 2045
The majority of countries are targeting 2050 to achieve carbon neutrality,
although many have not yet formalized these targets in its laws or official
policies
99 of 137 pledges are under discussion and have no official standing

Source: National Public Utilities Council, https://www.visualcapitalist.com/wp‐
content/uploads/2021/06/Race‐to‐Net‐Zero‐Carbon‐Neutral‐Goals‐by‐Country‐
Full‐Size.html
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The Path to Decarbonization
Three Scopes of Emissions
With many countries and companies formalizing
commitments
to
meet
the
Paris
Agreement carbon emissions reduction goals,
the pressure to decarbonize is on.
A common commitment from organizations is a
“net‐zero” pledge to both reduce and balance
carbon emissions with carbon offsets. Germany,
France and the UK have already signed net‐zero
emissions laws targeting 2050, and the US and
Canada recently committed to synchronize
efforts towards the same net‐zero goal by 2050.
As organizations face mounting pressure from
governments and consumers to decarbonize,
they need to define the carbon emissions that
make up their carbon footprints in order to
measure and minimize them.
The most commonly used breakdown of a
company’s carbon emissions are the three
scopes defined by the Greenhouse Gas (GHG)
Protocol, a partnership between the World
Resources Institute and Business Council for
Sustainable Development. (See following slide)
The GHG Protocol separates carbon emissions
into three buckets: emissions caused directly by
the company, emissions caused by the
company’s consumption of electricity, and
emissions caused by activities in a company’s
value chain.
Scope 1: Direct emissions
These emissions are direct GHG emissions that
occur from sources owned or controlled by the

company, and are generally the easiest to track
and change. Scope 1 emissions include:
•
Factories
•
Facilities
•
Boilers
•
Furnaces
•
Company vehicles
•
Chemical production (not including biomass
combustion)

•
•
•
•
•
•
•

Scope 2: Indirect electricity emissions

Most uses of the GHG Protocol by companies
include many of the most common and impactful
greenhouse gases that were covered by the UN’s
1997 Kyoto Protocol. These include carbon
dioxide, methane, and nitrous oxide, as well as
other gases and carbon‐based compounds.

These are indirect emissions from the generation
of electricity consumed by the company, which
requires tracking the company’s energy
consumption, the relevant electrical output type,
and emissions from the supplying utility. Scope 2
emissions include:
•
Electricity use (e.g., lights, computers,
machinery, heating, steam, cooling)
•
Emissions occurring at the facility where
electricity is generated (e.g., fossil fuel
combustion)
Scope 3: Value chain emissions
These include all other indirect emissions
occurring because of a company’s activities
both upstream and downstream. They are not
controlled or owned by the company and many
reporting bodies consider them optional to track,
but they are often the largest source of a
company’s carbon footprint and can be impacted
in many different ways. Scope 3 emissions
include:

Purchased goods and services
Transportation and distribution
Investments
Employee commute
Business travel
Use and waste of products
Company waste disposal

Carbon Emissions Not Measured

However, the standard does not include other
emissions that either act as minor greenhouse
gases or are harmful to other aspects of life, such
as general pollutants or ozone depletion.
These are emissions that companies are not
required to track, but are still impactful and
helpful
to
reduce.
They
include
Chlorofluorocarbons (CFCs), Nitrogen Oxides
(Nox) and Halocarbons.
There are many different types of carbon
emissions for companies (and governments) to
consider, measure, and reduce on the path to
decarbonization. But that means there are also
many places to start.

Source: https://www.motive‐power.com/npuc‐resource/what‐does‐decarbonization‐look‐like/
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Source: https://www.motive‐power.com/npuc‐resource/what‐does‐decarbonization‐look‐like/
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Corporate Commitments
Multinationals Leading
The Way

Figure: Major companies with climate commitments
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•
•
•
•
•

Corporations are able to control Scope 1 and Scope 2 emissions directly
Firm leadership also can influence Scope 3 emissions, particularly in tandem
with government policy
As countries and corporations make progress on their net zero plans, they are
increasingly dependent on renewables
This increases the strain on existing transmission systems
There is a need to backstop intermittency issues through energy storage and
demand response, alongside fossil‐fuel‐based backup generation

Source: https://www.visualcapitalist.com/ranked‐the‐50‐companies‐that‐use‐the‐highest‐percentage‐of‐
green‐energy/
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Renewables
Challenges:
Case Studies
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• A successful energy transition will require substantial investment in grid
and infrastructure upgrades to combat the changing climate; storage
technology advancements will play a central role
• Moving separate supply chains for transportation, electricity and gas into
one integrated system increases vulnerability to natural disasters
• Independent power providers, such as ERCOT and CAISO, have limited
ability to import power in an emergency
• We examine several recent case studies on the following pages

Renewable Power
Challenges to Reliable
Scaling

Issues to Consider
Infrastructure legacy and technology:

Access to renewables:

•

Electricity grid was built in the early 1900’s around power
sources: coal production and hydroelectric supplies (i.e., rail,
not long‐distance transmission power lines)

•

Access / transportation from supply source to demand
center

•

•

Older, existing transmission and distribution lines are in
need of upgrades and/or replacement

Storage capacity of power generation for later use,
transport and access, right of way, eminent domain

•

New, expanded network of power lines is needed to link
renewable energy generation, such as solar and wind
power, which are often far from concentrated demand
centers

•

Major infrastructure buildouts are needed

Reliability:
•

Other issues:
•

Siting new transmission lines – approval process/obtaining
rights/NIMBY issues abound

•

Determining who bears the cost of building out new
technology: public vs private responsibility

•

Intermittency, stability and reliability issues

Costs of Renewable power:
•
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Subsidies and policy support needed to incentivize
renewable adoption

The only 100% reliable backup strategies so far are based on
fossil fuel
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Reliability Example: Texas
Cold Snap Interrupts Power Generation
•

The blackouts in Texas in February of 2021 were due to extreme weather
causing frozen instruments at gas, coal and nuclear plants, as well as
supply disruptions on the gas side

•

The ability to prepare for and store energy in advance of extreme events
would help prevent future occurrences, especially when feedstock
availability is the issue rather than transmission

•

The situation was NOT due to a failure in renewable energy such as wind
and solar, although they were also impacted. It was a power GENERATION
issue

•

Electricity in Texas is generated primarily from natural gas (45%), with
wind and solar the next largest sources. Texas is the largest producer of
both wind and natural gas in the US

Figure: Generation by fuel type in Electricity Reliability Council of Texas
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Texas Example
Blackouts Implemented

•
•
•
•

With freezing temperatures, demand soared
At the same time, power generation from all feedstocks was down on February
14th, the drop from natural gas and wind was the largest
Storms knocked out 12 of the 25 GW of wind power as the freeze locked up
turbine towers across the state.
Wind generation is the 2nd largest source of energy in Texas, accounting for
23% of power supplies (according to ERCOT, 2020)

Figure: ERCOT energy capacity and energy used, Feb 14‐17, 2021

58

February 4, 2022

For exclusive use of BitOoda clients. Do not redistribute.

Source: IEA, ERCOT

BitOoda Research

Texas Example
Solutions
•

Feedstock supply was reduced in both wind and natural gas at the same
time demand hit a new winter record as cold temperatures increased
demand for electricity. Electricity prices surged 10,000% in parts of the
state

•

•

According to the EIA, ERCOT has been adding battery storage to its largely
independent grid only since 2018

Texas is a stand‐alone power interconnection and cannot pull power from
other regions

•

•

California has been leading the buildout of storage and Florida has begun
to build additional storage, but Texas has lagged behind

Battery storage capacity could have filled the gap left by outages at the
generation level. While battery storage has been considered critical to

solving the intermittency problem of renewables, states have been slow
to accelerate their buildout of storage to solve for events such as this

Figure: Cumulative utility‐scale battery storage capacity from 2010‐2018 in the U.S.
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•

California Example
Heat Interrupts Power
Generation

•
•
•
•

The California extreme weather event in August 2020 resulted in rolling power
outages across the state, as the power operator there was unable to provide
enough electricity to meet demand
High temperatures resulted in surging demand for air conditioning
This was largely a GENERATION issue
Wildfires also threatened transmission lines, causing transmission issues
Storms associated with the extreme heat interrupted solar power generation
and hydro generation was hampered by drought

Figure: July, August, and September Temperatures 1985‐2020
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California Example
Renewables Generation
Fell

•
•
•
•
•

California has the highest share of renewables in its mix, with 36% of electricity
coming from renewables in 2019
Solar is 42% of California’s renewables generation, with costs continuing to
come down for residential solar
Other sources include wind, hydro, geothermal, biomass and ocean waves
California aims to have 100% of all electricity from renewables by 2045
This is going to present further reliability challenges throughout the transition

Figure: Scenarios showing different modeled mixes of electricty capacity needed to
meet California’s needs
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California Example
Solution
•

High demand due to extreme weather events often occurs with weather
that disrupts renewables generation, such as clouds, storms, or smog

•

A lack of storage and a misestimation of peak load demand led to the
California blackouts

•

Utility‐scale battery storage used for ramping or spinning increased
almost 40% in 2020. This is typically needed to rapidly replace disruptions
due to intermittency, but the pace is behind that of solar and wind
generation capacity additions

•

California was forced to build temporary natural gas‐fired power
generation to ensure adequate power in the face of increasing climate
events

Source: EIA

Figure: Utility‐scale battery storage capacity use cases
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Louisiana Example
Storm Interrupts Power Generation
•

•

An extreme weather event in August 2021 – Hurricane Ida – damaged
transmission wires, poles, and oil and gas production. This was both a
TRANSMISSION and GENERATION issue
FEMA distributed portable diesel generators, but damages to oil and gas
infrastructure meant that adequate feedstocks were not available

•

This shows the importance of transmission in the mix

•

Storage solutions closer to the load do not solve transmission bottlenecks

•

However, such solutions can help mitigate the scale and duration of
outages during such weather events, reducing some of the risks that are
exacerbated by an increasing reliance on remote renewable sources

Source: U.S. Energy Atlas

Figure: Lousiana transmission and generation
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Louisiana Example
Transmission Was Also
Damaged

•
•
•
•

Hurricane Ida not only resulted in the longest oil and gas production outages in
the Gulf of Mexico in history, but also destroyed transmission ability
Over 30k utility poles were damaged, almost twice the amount damaged in
Hurricane Katrina
Without feedstocks for generation and with crippled transmission capacity, the
area was plunged into darkness
This is where distributed storage systems closer to the load could reduce the
breadth of outages

Source: CEC Weather data & CEC analysis

Figure: Damaged utility poles from natural disasters
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Louisiana Example
Solution
•

Transmission issues could be solved by burying transmission lines, but
this is slow and costly

•

Microgrids with battery storage could be built in hard‐to‐reach areas.
When detached from the main grid, the solar powered battery kicks in to
provide power

•

A more modest solution could be based on utility‐scale storage at
decommissioned (or to‐be‐decommissioned) generation sources closer to
the loads / communities

Source: Encyclopedia de l’energie

Figure: Microgrid structure
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