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Preamble

The Coalition for Innovation is an initiative hosted
by LG NOVA that creates the opportunity for
innovators, entrepreneurs, and business leaders
across sectors to come together to collaborate on
important topics in technology to drive impact. The
end goal: together we can leverage our collective
knowledge to advance important work that drives
positive impact in our communities and the world.
The simple vision is that we can be stronger together
and increase our individual and collective impact on
the world through collaboration.

This “Blueprint for the Future” document
(henceforth: “Blueprint”) defines a vision for the
future through which technology innovation can
improve the lives of people, their communities, and
the planet. The goal is to lay out a vision and
potentially provide the framework to start taking
action in the areas of interest for the members of the
Coalition. The chapters in this Blueprint are
intended to be a “Big Tent” in which many diverse
perspectives and interests and different approaches
to impact can come together. Hence, the structure
of the Blueprint is intended to be as inclusive as
possible in which different chapters of the Blueprint
focus on different topic areas, written by different
authors with individual perspectives that may be
less widely supported by the group.

Participation in the Coalition at large and
authorship of the overall Blueprint document does
not imply endorsement of the ideas of any specific
chapter but rather acknowledges a contribution to
the discussion and general engagement in the
Coalition process that led to the publication of this
Blueprint.

All contributors will be listed as “Authors” of the
Blueprint in alphabetical order. The Co-Chairs for
each Coalition will be listed as “Editors” also in
alphabetical order. Authorship will include each
individual author’s name along with optional title
and optional organization at the author’s discretion.

Each chapter will list only the subset of participants
that meaningfully contributed to that chapter.
Authorship for chapters will be in rank order based
on contribution: the first author(s) will have
contributed the most, second author(s) second
most, and so on. Equal contributions at each level
will be listed as “Co-Authors”; if two or more authors
contributed the most and contributed equally, they
will be noted with an asterisk as “Co-First Authors”.
If two authors contributed second-most and equally,
they will be listed as “Co-Second Authors” and so
on.

The Blueprint document itself, as the work of the
group, is licensed under the Creative Commons
Attribution 4.0 (aka “BY”) International License:
https://creativecommons.org/licenses/by/4.0/.
Because of our commitment to openness, you are
free to share and adapt the Blueprint with
attribution (as more fully described in the CC BY 4.0
license).

The Coalition is intended to be a community-driven
activity and where possible governance will be by
majority vote of each domain group. Specifically,
each Coalition will decide which topics are included
as chapters by majority vote of the group. The
approach is intended to be inclusive so we will ask
that topics be included unless they are considered
by the majority to be significantly out of scope.

We intend for the document to reach a broad,
international audience, including:

e People involved in the three technology
domains: CleanTech, Al, and HealthTech
e Researchers from academic and private

institutions
e Investors
e Students

e Policy creators at the corporate level and all
levels of government
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Chapter 1:
Introduction

Author: Alex Fang

Over the past decade, there has been a seismic shift
in the technology at our disposal. Many of the core
questions around the viability of a transition to
cleaner, more efficient technologies have been
answered. Solar electricity is now dramatically
cheaper than fossil fuels. Grid-scale storage is no
longer a fantasy but a fact. These are no longer
theoretical breakthroughs — they are real,
demonstrable truths.

And yet, cleantech finds itself in a complicated,
awkward age. What science has proven and what
engineering has enabled must now be reconciled
with what society is willing to accept. Next-
generation energy solutions have, almost
inexplicably, become ideological flashpoints. Our
hope is that this whitepaper offers a small window
into the work of those who still believe—in science,
in progress, and in the transformative power of truth
to build a world that is cleaner, more abundant, and
more just.

The Coalition for Innovation is not a conventional
initiative; it is an experiment in collective curiosity.

It is an invitation to dream boldly and work together,
grounded in the simple belief that science,
technology, and human ingenuity still hold the keys
to a better world.

We come together not to debate if a clean, equitable,
and abundant future is possible—we come together
to determine how to make it real, fast. This
whitepaper, A Blueprint for the Future, is a living
document authored by innovators, investors,
scientists, policymakers, and entrepreneurs. It
represents a “big tent” exploration of where
cleantech is today, what barriers remain, and where
we can go in the next five years—if we choose
collaboration over competition, curiosity over
cynicism, and courage over inertia.

A New Phase of the Clean
Technology Journey

For decades, the clean technology community has
been defined by its pursuit of technical
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breakthroughs: cheaper photovoltaics, longer-
lasting batteries, smarter grids, and more efficient
systems. Much of that work has succeeded. Today,
solar and wind are the cheapest forms of new energy
generation in much of the world. Battery prices have
fallen more than 80% in the past decade. Clean
fuels, electric vehicles, and grid-scale storage are no
longer fringe—they are feasible.

But our current challenge is not technical—it is
cultural, political, and economic.

This is the messy middle. We have what we need to
transition. But entrenched systems, legacy
infrastructure, financial friction, misinformation,
and polarized narratives hold us back. What began
as an engineering challenge has become a societal
one. The path forward requires a new form of
innovation—one that is as social as it is scientific.

The Role of the Coalition

The Coalition for Innovation, hosted by LG NOVA, is
a response to that moment. It is a platform where

Author (In order of contribution)

Alex Fang, Co-Founder, RoundZero

people from different sectors — public and private,
for-profit and nonprofit, lab and legislature — can
come together to share ideas, build alliances, and
identify common ground.

This Blueprint is a collective snapshot of that
process. It does not attempt to impose a single vision
of the future. Instead, it offers multiple entry points
and perspectives, organized around practical, near-
term action: financing strategies, commercialization
bottlenecks, energy equity models, case studies in
battery innovation and electrification, and new
paradigms for how we define and measure impact.

Every contributor to this document shares a
commitment to truth and to possibility. They believe
that we can build systems that are cleaner and
cheaper. They believe that science is not a threat to
prosperity; it is a foundation for it. And they believe
that abundance — of energy, of opportunity, of
dignity — is possible when we invest in systems
designed to deliver it.

Alex co-founded RoundZero, where he is obsessed with deploying philanthropic capital where it matters

most.

o®

Page 2

CoalitionforInnovation.com

CleanTech Blueprint

© 2025. This work is openly licensed via CC BY 4.0.


https://coalitionforinnovation.com/
https://creativecommons.org/licenses/by/4.0/
https://www.linkedin.com/in/alex-fang-6ab8207/

Chapter 2:

Bridging the “Valleys of Death” in CleanTech
Commercialization

Authors: Alex Fang, Darlene Damm, Julia Yan

In CleanTech, entrepreneurs often encounter not
just one but two major valleys of death: pivotal and
perilous gaps in the innovation lifecycle where
companies frequently stall. The first valley of death
emerges in the transition from academic research or
lab discovery to a working prototype and functional
business. The second, more treacherous valley
arrives later: the climb from demonstrated prototype
to a market-ready, scalable product.

While many innovators focus on proving their
technology in a lab or through small pilots, crossing
into full-scale commercialization is a much deeper
and longer journey. This second valley is where
critical decisions around scale, infrastructure,
team, and funding converge. Together, these two
valleys define the journey from scientific curiosity to
transformative solution.

This chapter presents a unified view of these two
inflection points. From transforming research into a
venture to navigating the scale-up and market-
access gauntlet, we explore the systemic challenges
CleanTech startups face, along with the new tools,
structures, and mindsets needed to help them
survive and thrive.

The First Valley of Death:
From Idea to Startup

Navigating the Early Transition

For many CleanTech ventures, the earliest
challenges arise not in proving a technology’s
scientific merit, but in translating that technology
into a viable business. This is the first valley of

death: the fragile, under-resourced stage where
ideas born in labs, garages, home kitchens, or coffee
shops must become startups capable of attracting
capital, navigating regulations, protecting
intellectual property, and building teams. Despite
the abundance of scientific ingenuity, many
innovations stall here, never making it to their first
customer. This is not just a funding gap, but a
translation gap: one where technical talent must
suddenly speak the language of business, navigate
opaque capital markets, and convince others that
their vision can hold up outside a lab. The barrier is
less about feasibility and more about familiarity; the
systems designed to support academic research
often stop short of venture readiness.

Institutional Infrastructure:
Incubators and Accelerators

A growing ecosystem of incubators and accelerators
helps address this early-stage gap by offering
support beyond the lab bench. These programs can
provide seed funding, legal guidance, and
business training to emerging ventures, often
bundled with connections to investors and industry
mentors. According to the International Business
Innovation Association, there are over 7,000
incubators in the world, and, according to
BetaBoom, 3,000 accelerators.

The function of these programs extends beyond
capital. They offer a platform for entrepreneurs to
formalize their operations, pressure-test their
value propositions, and build credibility with
funders and other potential partners. Their
proliferation over the past decade has played a
crucial role in making early venture formation more
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accessible to scientists and engineers who might
otherwise lack business experience. Yet even the
best accelerators can only do so much. The real
challenge lies in equipping founders not only to

build products and services, but to build
organizations. Founders must learn to make
decisions with incomplete information, to set

culture early, and to balance ambition with survival.

Alternative Capital Sources: Impact
Investors, Prizes, and Fellowships

Unlike other sectors where capital often waits for
commercial validation, CleanTech benefits from a
broader universe of mission-aligned funding. This
includes impact investors, philanthropic
foundations, public innovation funds, prize
competitions, and fellowships: all of which can
help bridge early gaps in funding.

Impact investing in particular has become a major
force. As of 2024, over 3,900 impact investors
globally manage $1.571 trillion in assets, with the
sector growing at 21% annually (according to GIIN).
These investors expect both financial and
measurable environmental or social returns. Some
are willing to tolerate lower or longer-term returns
in order to support solutions aligned with their
values. The field traces its formal origins to a 2007
Rockefeller Foundation convening at the Bellagio
Center, which catalyzed early thought leadership
and capital deployment strategies. Today, platforms
such as the Skoll World Forum, SoCap Global, the
World Economic Forum, and Mercy Corps Ventures
help organize and amplify this capital network by
vertical segments.

Participants and members in these groups also form
strong networks and communities, guiding and
mentoring one another through the innovation and
fundraising process.

Today, it's also interesting to see how the field is
evolving. Given how technology has transformed the
economics of solving social and environmental
problems, we are now seeing some impact
technology companies creating financial returns
equal to or exceeding more traditional companies,
and the line between impact and traditional
investors is blurring. Electric vehicles, renewable
fuels, and battery storage - all once fringe

technologies — now draw mainstream capital. Impact
Investors and traditional investors are now
overlapping in their support of impact technology
startups. Early impact investors often act as
“first movers,” catalyzing market interest that later
attracts institutional and venture capital at scale.
This convergence has sparked new questions: What
happens when a company’s impact becomes its
competitive edge? And what happens when markets
begin to price in externalities, turning what was
once mission-driven capital into a mainstream
thesis?

It’s also interesting to note that historically, many
wealthy philanthropists also park their endowment
funds in traditional venture capital funds as limited
partners. While we often think of social impact and
for-profit businesses as two distinct groups, the ties
between them run deep in unexpected ways.
CleanTech startups are well-positioned to take
advantage of both.

Prize Funding: Visibility and Validation

Prize mechanisms have a long history of
incentivizing breakthrough innovation. The 1919
Orteig Prize, for instance, spurred Charles
Lindbergh’s transatlantic flight. More recently, the X
Prize Foundation has awarded over $500 million
across 30+ challenges, including competitions
focused on carbon capture, clean fuels, and
sustainable materials. The Earthshot Prize and
VinFuture Prize offer high-profile funding and global
recognition for environmental innovators. Another
form of prize competitions are pitch competitions,
where startups come together for a day to pitch their
solutions to an audience with a set of judges
selecting the winner, with the winner often receiving
funding or investment. While many universities,
accelerators, businesses, and investment groups
often host pitch competitions, one of the more well-
known ones is Startup Battlefield, hosted by
TechCrunch Disrupt. Winners receive a $100,000
equity-free prize.

In addition to financial awards, prizes often offer
exposure, third-party validation, and access to
networks of funders and policymakers. These
outcomes can be particularly useful to early-stage
startups navigating the credibility gap of the first
valley. Prizes function not only as validation tools
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but as narrative engines. They allow unknown
ventures to enter global conversations, giving
funders a signal of quality that may otherwise take
years to establish. In this way, they accelerate not
just capital access, but trust. However, they are not
always suitable for proprietary or confidential
technologies, which risk premature disclosure in
open competition formats.

Fellowships and Educational Support

Fellowship programs provide another bridge,
combining financial support with tailored
mentorship and institutional backing. Programs
such as Breakthrough Energy Fellows, Activate, 776
Foundation, and Labstart offer funding, lab access,
and structured guidance for founders building
solutions to climate-related challenges. Many of
these programs are backed by leading climate
investors and philanthropies, creating a seamless
transition from fellowship to pre-seed funding for
aligned ventures.

These programs are particularly valuable in
CleanTech because they help decrease risk for
technologies still in development, giving founders

time and space to iterate without immediate
commercial pressure. Fellowships also offer
something rarer: space (Newlab Founder

Fellowship). For many founders, they are one of the
few environments where exploration is encouraged
over optimization, and where failure is treated as
data rather than disqualification. In some cases,
fellows emerge from these programs with pilot
partnerships, angel backing, or connections to
impact funds positioned to support scale-up.

Grant Funding: Public and Philanthropic
Channels

Given that CleanTech touches on many social and
environmental issues, many foundations and
humanitarian foundations might support relevant
projects, including those that offer grants or loans
to for profit startups. ClimateChange Al offers
grants at the intersection of climate change and
machine learning. The Unicef Venture Fund is open
to startups working on climate and the well being of
youth and some programs of The United Nations
World Food Programme Innovation Accelerator are
open to startups working on solving hunger and

climate. Climateworks hosts a database of climate
grants. Elemental Impact is a nonprofit investing in
climate projects and created a “D-SAFE” modelled
after Y Combinator's SAFE, specifically aimed at
helping climate tech companies with impact
missions overcoming their development risks.

As the climate crisis accelerates, more
grantmakers are broadening their definitions of
eligibility, experimenting with ways to support for-
profit companies tackling public challenges. This
signals a larger trend; the lines between public
good and private innovation are becoming
increasingly porous, and often intentionally so.

Early Planning for the Second
Valley

While the primary goal early on is often to achieve
proof-of-concept and organizational lift-off, the
most resilient startups also begin preparing for
what comes next. Strategic choices around legal
structure, IP ownership, and product focus can
significantly impact a venture’s ability to navigate
the second valley. Early collaboration with
manufacturing partners, attention to cost modeling,
and an awareness of policy landscapes can all
shorten the path to scale later.

Smart startups also find creative ways to stretch
their resources: leveraging open-source tools,
partnering with universities, launching innovation
challenges, or forming alliances with industry peers
to tackle shared regulatory or infrastructure
barriers. Startups can also track technological
breakthroughs in adjacent industries that might be
able to further lower their costs or speed up their
timelines. For example, advances in computing can
help startups run simulations before making
expensive infrastructure investments. These tactics
not only preserve capital but also build institutional
memory and optionality.

Clean energy innovators often celebrate when they
prove a new technology in a lab or build a successful
prototype... but an even greater challenge looms
next. Between a proven prototype and a market-
ready, scalable product lies the notorious “second
valley of death.” This is the perilous gap in the deep
tech lifecycle where many CleanTech startups falter
or even fail. Unlike the first valley of death — the
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early-stage gap between academic research and a
working prototype — this second valley occurs after
technical proof-of-concept, in the phase of
demonstration and scale-up. (See “Across the
“Second Valley of Death”: Designing Successful

just a bigger version of the first; it introduces new
structural hurdles that include integrating into an
established market, proving the economics at scale,
and meeting safety or regulatory benchmarks. Many
promising climate technologies stall here, never

Energy Demonstration Projects”.) At this stage, the
question is no longer “Can we make it work once?”
but “Can we build it at scale, reliably and
economically, and find a market for it?” Crossing this
chasm is critical for climate innovation; technologies
like solar panels, wind turbines, and electric
vehicles all faced long, arduous journeys from lab to
mass deployment, often spanning decades. (See
“Climate Tech’s Four Valleys of Death and Why We
Must Build a Bridge”.)

The Second Valley of
Death: From Prototype to
Commercial Product

Structural Challenges: Why the
Second Valley Is Different

The second valley of death represents a fundamental
shift in the innovation lifecycle. Early on, a startup’s
biggest hurdle is turning science into a prototype:
often a singular focus on proving the technology
works. By contrast, the transition from prototype
to commercial product is a multifaceted challenge.
It requires scaling up production, navigating real-
world operating conditions, and integrating into
existing industries and infrastructure. In deep tech
(such as energy, materials, or biotech), this stage
differs greatly from the first valley of death in scope
and complexity.

As one analysis notes, a climate-tech entrepreneur
must first translate research into a working product
(first valley), then “cross the second ‘valley of death’
to find a way to scale their product and bring it to
market,” a journey fundamentally different from
the quick growth of a software startup. Unlike a
software app that can be distributed instantly at low
cost, a clean energy solution might require physical
infrastructure, long development cycles, and
compliance with strict standards before it can be
widely deployed. In short, the second valley is not

making it out of the pilot phase into commercial
reality.

Deep tech startups often face extended timelines at
this stage. An energy technology that works in one-
off demonstrations may need years of iteration and
optimization to become a product robust enough
for everyday use. Incumbent technologies have the
advantage of decades of manufacturing experience
and economies of scale. By comparison, new
CleanTech solutions frequently start at a cost
disadvantage as high as 100x versus incumbent
options, simply because they are not yet produced
at scale. Overcoming that cost gap requires time and
volume.

Moreover, CleanTech markets tend to be fragmented
across geographies and sectors - unlike, say, a
global software market — so achieving wide adoption
means tackling many markets and regulations,
not just one app store. These markets can span
governments and countries with their own sets of
laws and regulations. All of these factors make the
second valley of death especially deep and wide. It is
during this transition point that startups must
evolve from a small team focused on invention into
a scalable enterprise that can manufacture,
deploy, and support their technology in the real
world. It’s a point where purely technical challenges
give way to scale-up challenges, and where many
founders discover that new skills, partners, and
resources are needed to survive.

Misalignment Between Startups
and Investors

One of the biggest barriers in the prototype-to-
product phase is a mismatch between what
startups need and what investors are willing to
fund. CleanTech startups at this stage typically
need significant capital, patience, and tolerance for
risk, but traditional venture capital (VC) is often ill-
suited to provide those. In conventional tech,
investors expect a startup to find product-market fit
and start generating revenue quickly, ideally
yielding an exit (through acquisition or IPO) in just
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a few years. CleanTech ventures typically don’t fit
that pattern. Energy and climate hardware can
require 10+ years and hundreds of millions of
dollars to reach full commercial scale, meaning
returns (if they come at all) might play out over a
decade or more. As former U.S. Energy Department
official Dr. Steven Koonin observed, investors from
the software world vastly underestimated the time
horizons in energy: they sought returns on a 3-5
year schedule, when success in the energy sector
can require waiting 20-30 years. This
fundamental misalignment in risk tolerance and
capital horizon has historically made venture
investors hesitant. Early-stage VCs looking at a
climate startup see not just one valley of death to
cross, but multiple successive challenges — and if
they “have a hard time grasping how a startup can
reasonably cross from one valley to the next and
then the next, they fail to see a path to exit, and
therefore hesitate to invest”. The result is a
financing gap exactly when the startup needs money
the most.

Another misalignment lies in how investors gauge
progress. A startup may have world-class
technology (high technical readiness) but still lack
evidence of market readiness: e.g. paying customers,
reliable supply chains, proven unit economics.
Many climate tech founders are engineers or
scientists who naturally focus on perfecting the
technology. Investors, however, might be more
concerned with whether the startup can navigate
business and market challenges. At the
demonstration stage, a startup often needs to
conduct pilot projects with industry partners, obtain
certifications or regulatory approvals, and line up
manufacturing; these activities that don’t
immediately show up as revenue growth.

Traditional investors may grow anxious during this
period when metrics look flat even though
important progress (de-risking manufacturing or
securing a lead customer) is being made behind the
scenes. This misalignment can lead to a breakdown
in support; the startup feels it is proving the tech
step by step, but investors see delays and rising
risk. Indeed, after the early 2010’s “Cleantech 1.0”
bust when many VCs lost money on CleanTech
ventures, investors became especially cautious.
Venture funding may pour into certain climate
sectors today (over $12 billion went into clean
energy startups in 2022, a six-fold increase from

2019), but it tends to favor software or low-capital
ventures. Capital-intensive hardware startups still
struggle to find backers who truly understand and
embrace the long road from prototype to market.

Infrastructure Barriers: Pilots,
Permits, and People

Even with willing investors, CleanTech startups face
infrastructure and operational hurdles when
scaling up. Developing a successful prototype in a
lab or small workshop is one thing; building
hundreds or thousands of units or a full-size plant
is entirely another. One key structural challenge is
the lack of pilot-scale facilities and support
infrastructure for demonstration. Startups often
need access to specialized equipment, whether it’s a
chemical processing plant for a new fuel, a test grid
for an energy storage system, or a manufacturing
line for advanced materials. Such facilities are
expensive to build and in short supply. Unlike
software startups (which can iterate with just
laptops and cloud services), climate hardware
startups may have no choice but to invest tens of
millions in a pilot plant or a small production line
just to validate their design at scale. If they cannot
find a government, corporate, or university facility
to borrow, they must shoulder this cost themselves
which can be prohibitive. In many cases,_private
investors alone won’t foot the bill for first-of-a-
kind demonstration plants, and yet without those
demonstrations the technology cannot prove its
commercial viability.

Regulatory and Permitting Burdens

Scaling a clean technology usually means entering
heavily regulated domains: energy, transportation,
construction, etc. Navigating the maze of permits,
safety standards, and regulatory approvals can
slow a startup’s progress to a crawl. For example,
connecting a new energy device to the electric grid
may require regulatory certification and utility
interconnection agreements; deploying a carbon
capture project means securing environmental
permits; selling an innovative fuel may involve
meeting detailed government specifications. The
energy sector’s high level of regulation is a
known entry barrier for start-ups, especially if
their business model disrupts the status quo. Often,
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existing regulations were written around incumbent
technologies and practices, which means a new
solution might not cleanly fit the rules. A small
company can be overwhelmed by the time and
expertise required to interpret and comply with
these rules. In some cases, a technology that works
might still be legally or logistically unable to deploy
at scale due to outdated or mismatched regulations:
effectively a bureaucratic valley of death. Startups
at this stage need specialized legal and policy know-
how, which many founding teams lack. Dealing with
regulatory hurdles can also drain precious capital
and time, further frightening investors who see the
runway shrinking.

Specialized Talent Gaps

Another infrastructure challenge is human capital.
Moving from prototype to production demands skills
that many startup teams don'’t initially have. Early
employees might be inventors and software
developers; now the company needs seasoned
manufacturing engineers, supply chain
managers, experts in quality control, and
industry insiders who understand how to scale
operations. These people are hard to come by;
they’re often working at established companies or
require high salaries that cash-strapped startups
struggle to pay.

There is a stark difference between tinkering with
one reactor in a lab and running a 24/7
manufacturing line with consistent output. Many
deep-tech founders “fresh out of graduate school”
lack the industry connections and practical
experience to meet the rigorous specifications and
standards of established industries. In short,
building the first unit is a science problem; building
the thousandth wunit is an engineering and
management problem. Without experienced talent
to guide scale-up, startups can run into costly
mistakes or delays. This is why we often see startups
bring in a new CEO or COO, or a fractional C-level
consultant, with manufacturing experience at this
stage. It’s a race to assemble the right team that can
handle factory construction, vendor negotiations,
and other scale-related tasks; failure to do so can
sink the company even if the core technology is
sound.

A Dbetter mousetrap design is no guarantee for
success.

Financial Constraints and the
Limits of Traditional VC

Perhaps the most defining barrier of the second
valley of death is financial. Scaling physical
technology is expensive and the funding models
that carried a startup through prototyping often
break down when faced with the capital needs of
commercialization. Traditional venture capital —
which might supply a few million dollars in seed and
Series A funding - is not equipped to finance a $50
million pilot plant or a fleet of first-generation
hardware units. By the time a climate tech startup
needs serious scale-up capital (often in Series B or
later rounds), many VCs pull back; the required
check sizes are too large, the payback too distant,
and the risks too high for their comfort.

The result is what many call the “valley of death”
in financing. One industry analysis quantifies this
mismatch starkly: building a first-of-a-kind
(FOAK) commercial facility for a climate solution
(say, a new hydrogen fuel plant or battery
gigafactory) typically requires $20-100 million and
12+ years of development, whereas a typical VC
fund might only invest on the order of $1-10 million
over a total span of 10 years. In other words, the
scale of funding needed is an order of magnitude
beyond what most venture investors can commit
within their fund timelines.

A few exceptional funds, such as Bill Gates’s
Breakthrough Energy Ventures (a $2 billion fund
that operates on 20-year investment cycles) or
MIT’s “tough tech” incubator The Engine (which
accepts a 12-18 year horizon for returns), have
stepped up to fill this gap. But these are minority
players. As a 2024 report noted, most Series B and
later dollars dry up just when startups need them
most: when it’s time to finance large-scale
facilities to prove commercial viability. Banks
and traditional project financiers won’t step in at
that point either, because they require a de-risked,
operating track record that most startups can’t
provide until they build the very facilities required,
they seek to fund. This Catch-22 leaves many
ventures stranded.
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High Burn and Inadequate Funding
Options

The financial strain of scaling can quickly become
fatal. CleanTech history is littered with the corpses
of companies that had a great product but ran out of
money before they could scale it. A poignant
example is Aquion Energy, a startup that developed
an innovative saltwater battery. Aquion had working
prototypes and even a small production line. It
raised nearly $200 million from prominent investors
(including Bill Gates) and was named one of MIT’s
smartest companies in 2016. Yet, despite this early
promise, Aquion fell into the second valley of
death. The company struggled to ramp up
manufacturing and reduce costs while facing fierce
competition from rapidly cheaper lithium-ion
batteries. It needed more capital to scale its factory
and refine its product — but that funding never
materialized in time. By early 2017, Aquion had
burned through its cash and could not secure
additional financing, forcing it into bankruptcy.

Aquion’s experience is a cautionary tale; even
substantial venture funding can prove inadequate
when the task is building factories and launching a
new hardware product into the market. The
traditional VC model expects to hand off a maturing
company to either public markets or acquirers after
a few funding rounds. This strategy just doesn’t
align with the capital-intensive, long-duration needs
of CleanTech scale-ups. When a startup’s survival
hinges on a $50 million infusion to build a plant —
and no VC is willing or able to write that check — the
valley of death often claims another victim.

Catalytic Capital and Non-Dilutive
Funding

To address this gap, new financing models are
emerging. Catalytic capital refers to mission-
driven, patient funding provided by entities such as
foundations, government programs, or impact
investors specifically to bridge these kinds of gaps.
Such capital is willing to be more patient, risk-
tolerant, and flexible (even “concessionary”)
compared to conventional VC. For example, catalytic
investors might offer low-interest loans, loan
guarantees, or equity investments that accept a
longer timeline and lower return in order to help a

promising clean technology reach
commercialization. This isn’t charity so much as
impact-driven investment; the goal is to unlock
environmental and social benefits (and eventually
financial returns) by de-risking the technology for
other investors.

Governments can also play a pivotal role through
non-dilutive funding: grants, contracts, and other
support that doesn’t require giving up equity. In the
U.S., programs such as ARPA-E’s SCALEUP are
explicitly designed to fund the scale-up of high-risk
energy technologies beyond the lab prototype stage.
The Department of Energy has provided cost-
shared demonstration grants and loan
guarantees to help companies build first-of-a-kind
projects that private capital shuns .

One notable success story is Tesla. In 2010, as
Tesla was preparing to scale up production of its
electric vehicles, it received a $465 million low-
interest loan from the DOE’s Advanced Technology
Vehicles Manufacturing program. This public
financing allowed Tesla to open its Fremont
factory and build the Model S sedan, at a time
when private markets were unwilling to bet on an
unproven electric car company. The loan famously
paid off; Tesla repaid it early and went on to become
one of the world’s most valuable automakers. But
it’s important to note that without that bridge
funding, Tesla’s story might have ended very
differently. Tesla’s success was also built on other
revenue streams, such as $2.7 billion earned by
selling carbon credits.

Not every government-backed project succeeds
(Solyndra, a solar startup that also received a
federal loan, failed due to market shifts), yet the
Tesla case shows what can happen when patient
capital steps in to propel a startup through the
valley of death. Today, founders and investors are
exploring blended finance models, where public or
philanthropic funds take the first risk so that private
investors can follow. The idea is to use catalytic
dollars to “de-risk” projects enough that traditional
banks or investors feel comfortable coming on
board.

Such models could unleash far more capital; one
study suggests that strategic use of catalytic capital
could mobilize several times more private
investment for climate infrastructure . In summary,
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bridging the financial gap requires moving beyond
business-as-usual venture funding to assemble
larger, more patient funding streams, through
government support, novel investment funds, or
partnerships that align capital to the needs of
CleanTech scale-ups.

Barriers to Market Access: The
First Customers Conundrum

Even if a CleanTech startup survives technical
scale-up and secures funding to build a pilot plant
or initial product run, it faces another daunting
challenge: finding willing customers and market
entry points. Major industries such as energy,
transportation, and manufacturing are notoriously
conservative about adopting new technologies... and
for good reason. These sectors prioritize reliability,
safety, and cost. A utility or factory will not rip out
a proven incumbent solution in favor of an untested
startup product without very strong assurances (or
incentives).

Thus, CleanTech startups often struggle to secure
their first commercial deployments. They may line
up demonstrations or pilot projects but converting
those into large repeat orders is hard.
Entrepreneurs sometimes refer to this problem as
“death by pilot”; the company spends time and
money on one trial after another with big potential
customers, but never gets a full rollout commitment.
One founder quipped that “trying to get a pilot with
a major oil company can bankrupt you” because
large corporations can be so slow-moving and risk-
averse that a startup exhausts its capital waiting for
a contract that never comes.

This highlights a core market-access issue;
incumbent partners control the keys to scale
(distribution channels, infrastructure,
procurement budgets), but their timelines and
risk tolerance often are misaligned with
startups. A power company or aviation firm might
take years to evaluate a new technology, run it
through internal tests, and obtain regulatory
clearance before purchasing at any meaningful
volume. For a startup that needs revenue now, this
can be an excruciating — and potentially fatal — wait.

Anchor Customers and Procurement

Getting an anchor customer — a first big buyer or
strategic partner — is often decisive in breaking
through the second valley. An anchor customer not
only provides vital revenue but also validates the
technology for the rest of the market. However,
attracting that first major customer requires
overcoming the classic Catch-22; customers want
proof the technology works at scale and is cost-
effective, but the only way to get that proof is to
deploy it at scale in the first place.

Many startups address this by aiming at niche or
early-adopter markets initially, where the pain
point is so acute that a customer is willing to tolerate
the risks of a new solution. Others rely on
government or mission-driven procurement. For
instance, the U.S. military or city governments
might agree to be early customers of a CleanTech
innovation as part of their public mission, providing
the startup an opportunity to demonstrate in a real-
world setting. In renewable energy, power purchase
agreements (PPAs) with utilities or corporations have
often been crucial to give new technologies a
guaranteed revenue stream for their first projects.
Without such arrangements, even well-funded
startups can languish because nobody wants to be
the first to try the unproven product.

Incumbent Resistance

In many cases, startups need the cooperation of
industry incumbents - whether as customers,
suppliers, or distributors — to reach the market. Yet
incumbents may struggle with disruptive
innovations for multiple reasons. They often don’t
see the new technology’s value, or they doubt it can
make money; they don’t know how it fits into their
operations; and they may perceive it as a threat to
their existing business model. For example, a utility
invested in fossil fuel plants might be reluctant to
purchase a novel grid-scale battery system that
could displace gas peaker units that exist solely to
handle peak demands. This resistance forces some
startups to attempt an extremely costly route:
bypassing incumbents altogether by building a
full-stack solution on their own.

Tesla again provides us with a famous example.
Instead of just making an electric powertrain and
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selling it to incumbent automakers (who at the time
weren'’t interested), Tesla built its own cars, its own
retail network, and even its own charging
infrastructure. This vertical integration approach
eventually succeeded but required billions in capital
and is not feasible for most startups. Most
companies cannot afford to “go it alone” to create a
new market from scratch; they need at least some
incumbents to buy in or move aside. The absence of
clear pathways for startups to engage with big
industry players presents a significant barrier in the
second valley of death. Startups can easily become
stuck in pilot purgatory — endlessly proving their
tech in small deployments without ever scaling up —
if they can’t crack the code of market entry.

The Struggle for Channels and Scale

Another facet of market access requires building out
the channels and infrastructure to deliver the
product to customers. For hardware, this might
mean setting up distribution, maintenance, and
support networks. A company selling a new type of
industrial equipment, for instance, might need field
service teams around the country, which can be
hard to finance and organize when you only have a
handful of initial deployments. Compare this with
software startups that can distribute online and
update products remotely; climate tech ventures
often face boots-on-the-ground requirements that
are costly and complex. The first few units of a
climate technology are often essentially hand-
crafted, and company supported. How does one
make the leap to dozens, or hundreds of units
deployed widely? Often it involves partnering with a
larger firm for sales or maintenance, or outsourcing
manufacturing/licensing.  Those  partnerships,
again, can be tricky to secure until the startup has
proven itself; a classic chicken-and-egg scenario.

In short, even after solving the technical problems,
a CleanTech startup must overcome
commercialization problems: convincing
customers, aligning with, or disrupting incumbents,
and building the machinery of business operations
at scale. This is why the second valley of death is
sometimes called the “market adoption” valley or
the commercialization valley. It’s not enough to
have a great product; the company must also break
into the market and grow, which requires as much

savvy in strategy and business development as in
science and engineering.

The Role of Policy and Ecosystem
Support

If the second valley of death sounds daunting, it is...
but it is not insurmountable. A growing movement
of policymakers, investors, and industry leaders is
focused on building bridges across this valley.
These participants recognize that individual
startups cannot overcome all these structural
barriers on their own; they need a supportive
ecosystem. Public policy and collaborative
programs play a crucial role in easing the transition
from demo to deployment:

Government Funding and Partnerships:

As discussed, government programs can inject
capital where private investors won’t. Beyond loans
and grants, governments can sponsor public-
private demonstration projects that share risk
and expertise. For example, the U.S. Department of
Energy in the late 2000s co-funded dozens of clean
energy demo projects through the stimulus package,
on the premise that such projects yield public
benefits and will not happen without public support.
Governments can also act as first customers through
procurement programs (buying emerging tech for
public facilities or defense) and implement policies
such as production tax credits that create early
markets.

Smart policy can directly tackle the second valley;
one policy memo bluntly noted that federal dollars
often evaporate during the later stages of energy
tech development - the very “second valley of
death” that puts entrepreneurs at risk of failure.
In response, new initiatives such as the DOE’s
Office of Clean Energy Demonstrations (launched
with billions in funding in 2022) aim to fund and
shepherd first-of-a-kind projects in areas including
advanced nuclear, carbon capture, and energy
storage. These programs essentially build bridges by
providing the infrastructure and capital for pilot-
to-commercial leaps, underwritten by public funds
in partnership with private firms.
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Equally important to smart policy is the risk that
high levels of policy uncertainty can create.

Regional Innovation Hubs

Innovation does not happen in a vacuum; location-
based ecosystems can greatly aid CleanTech scale-
ups. Regions that establish CleanTech hubs create
clusters of innovation that include the ingredients
startups need: labs and testing facilities,
universities, investors, industry partners, and a
talent pool of engineers and technicians. Examples
include Greentown Labs in Massachusetts which is
a CleanTech incubator with prototyping space;
Cyclotron Road (Activate) at Lawrence Berkeley
National Lab which hosts scientists working on
energy hardware and provides them access to lab
facilities; and new programs such as mHUB’s
Climate & Energy Pilot in the Midwest that won
federal support to provide pilot-scale equipment and
guidance to startups mhubchicago.com.

These hubs lower barriers by giving startups a place
to build and test without having to invest in full
facilities of their own. They also encourage
networking; a startup in a hub has easier access to
mentors, investors, and supply chain partners in
the region. They also provide opportunities for
collaboration and sharing of ideas among startups.
Recognizing this, policymakers are investing in
regional innovation centers. For example, the U.S.
government’s recent Tech Hubs program is
directing funding to build up regional clusters in key
technology areas, and several regions are
positioning themselves as clean energy hubs. The
presence of an ecosystem can significantly shrink
the valley of death by connecting startups to the
right resources at the right time.

Mission-Driven and “Patient” Capital

Another crucial piece is the rise of mission-focused
investors who explicitly aim to bridge the scale-up
funding gap. “Patient capital” funds such as
Breakthrough Energy Ventures (BEV) or Prime
Coalition’s impact fund are willing to wait longer for
returns and accept higher risk in exchange for
climate impact. BEV, for example, offers capital on
20-year timelines and is backed by philanthropic
money that prioritizes decarbonization outcomes.

Such investors often coordinate closely with
governments and industry. In the case of Fervo
Energy - a geothermal energy startup - the
company navigated the first valley of death by
tapping an ecosystem of support It received a
$50,000 grant from a university program to validate
its concept, then joined the Cyclotron Road
fellowship to access lab facilities and mentoring, and
finally secured seed funding from Breakthrough
Energy Ventures, whose “patient capital”
approach fit the long development cycles of
geothermal tech. BEV’s involvement not only
provided funding but also credibility and
connections; BEV’s team brought deep industry
knowledge and introduced Fervo to partners)
siliconvalley.um.dk.

This kind of blended finance and mentorship
model — where philanthropic or government-linked
investors lead then more traditional investors follow
once risk is reduced - is increasingly seen as a way
to get through the second valley. The Chicago Policy
Review notes that while funds like BEV and The
Engine are paving the way, they are still the
minority, and scaling up such catalytic capital is
necessary to cover most CleanTech projects.
Encouragingly, more players are entering this space
each year, from corporate venture arms with longer
strategic outlooks to family offices and
foundations willing to take “first loss” positions in
climate investments.

Policy Pull: Standards and Market
Creation

Governments can also create markets or demand
for new technology through policy. This includes
renewable portfolio standards, clean product
procurement rules, or carbon pricing that makes
dirty alternatives more expensive. Such demand-
side policies are critical because they signal to both
startups and investors that a market will exist
for a better CleanTech mousetrap. For instance,
alignment of regulations across states or countries
can enlarge the addressable market for a startup’s
solution, making it more attractive to scale.

Experts argue that we need to “create bigger
markets” through coordinated policies and
procurement, so that cleantech startups don’t have
to tackle one fragmented region at a time. A classic
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example is how feed-in tariffs and government
contracts in the early 2000s created a market for
solar and wind, which allowed many renewable
energy companies to grow and drive down costs.
Similar efforts today might involve government
purchasing of green cement or steel, zero-emission
vehicle mandates (guaranteeing a market for EVs
and trucks), or subsidies for first-of-a-kind
industrial decarbonization projects. By de-risking
demand, policy can shorten the time a startup
spends searching for those elusive first customers.

Ecosystem Coordination

Finally, a supportive ecosystem means all the pieces
— investors, corporates, government, and startups —
communicate and collaborate. Initiatives such as
Third Derivative (a climate tech accelerator backed
by RMI) explicitly integrate multi-stage venture
funding with large corporates and
market/regulatory insights to chart a path for
startups across valleys of death. In other industries,
such as biotech or medtech, these ecosystem
connections are well-developed; big pharma and
medtech companies routinely partner with or
acquire startups, and specialized investors finance
the risky early clinical trials knowing that if results
are good, larger firms will step in.

In climate tech, we are starting to see the same kind
of ecosystem playbook; oil and gas major
corporations are investing in CleanTech ventures,
utilities rung innovation programs, and public-
private consortia are created for demonstration
projects. CleanTech ecosystem actors realize that no
single entity can solve the commercialization
puzzle alone. Through regional innovation hubs,
public-private partnerships, and mission-driven
networks, the goal is to knit together a support
system that can guide a startup from the lab bench
all the way to the market.

Real-World Trials and Triumphs

The challenges of the second valley of death are not
just theoretical; they manifest in real companies’
stories. We've already touched on a few, but they
bear summarizing to illustrate the stakes:

e Pacific Fusion (Structured for Success):
Pacific Fusion’s experience offers a bold
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example of using novel financing to cross the
second valley. The company is developing a
pulsed magnetic inertial fusion technology
with the potential to unlock clean, limitless
energy. In 2024, they raised a $900 million
Series A round, structured so that capital is
released only upon achieving specific
technical milestones. This staged funding
approach helped de-risk the investment
while aligning expectations between the
startup and its backers, which includes a
mix of top climate and deep-tech investors.
The deal also included penalty clauses for
non-performing investors, providing
accountability on both sides. Pacific Fusion’s
approach demonstrates how thoughtful deal
structure can attract significant capital to
extremely high-risk, long-duration
technologies. (Sources: In Conversation: Will
Regan, Pacific Fusion, Tammy Ma: Fusion
Ignition and Beyond, Pacific Fusion website)

Aquion Energy (Struggled): Aquion’s fall
highlights the structural and financial
gauntlet of scaling a clean technology. Their
novel battery worked, and it addressed a
genuine need (safe, long-duration energy
storage). But to compete, Aquion had to scale
up manufacturing to cut costs... and do so
just as mainstream lithium-ion batteries
were rapidly getting cheaper. The company’s
overhead grew with a new factory and staff,
but revenues were slow to ramp in the
nascent storage market. When expected
funding for expansion fell through, Aquion
had no safety net and went bankrupt in

2017sunsethg.com.

In autopsy, observers pointed to a high burn
rate and the lack of a bridge to profitability.
Aquion’s technology was later acquired and
lives on in some form, but the original
company became a casualty of the second
valley, underscoring how even excellent
technology can die without the right
financial and market conditions.

Tesla (Succeeded): In contrast, Tesla’s
journey through the second valley shows the
impact of strategic support and tenacity.
Around 2008-2010, Tesla had proven it
could build a slick electric sports car (the
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Roadster) in small numbers. But skeptics
abounded on whether Tesla could become a
real car manufacturer with mass-market
models. The company was burning cash and
needed to build a factory for the Model S
sedan. The U.S. government’s $465 million
loan in 2010 came at a critical juncture,
effectively bridging the financing gap to
commercialization reuters.com. With that
backing, Tesla built its assembly plant and
launched the Model S in 2012 to great
acclaim.

Even then, it was not smooth sailing; Tesla
faced “production hell” in later years when
scaling production for the Model 3. But by
then, having proven market demand and
with some revenue flowing, it managed to
raise capital from the markets. Tesla repaid
the DOE loan early reuters.com and went on
to dominate the EV market, in turn
catalyzing the whole auto industry to invest
in electric vehicles. It’s a prime example of
how crossing the valley can unlock
tremendous societal benefits; a fledgling
startup became an anchor of the global EV
transition. Importantly, Tesla’s success was
not just due to the loan; it also had visionary
leadership and benefited from early
customers: enthusiasts and California
policymakers who created a market via zero-
emission vehicle mandates. But the public-
private partnership model in Tesla’s case is
often cited to justify similar support for other
CleanTech startups.

Fervo Energy (On the Path): Fervo Energy,
a geothermal startup founded in 2017, offers
a blueprint for navigating the second valley
by leveraging the ecosystem. Fervo’s
founders recognized that geothermal energy
(drilling for heat) is capital-intensive and
technically challenging (i.e., classic deep
tech). They smartly tapped into multiple
support programs. A university grant gave
them seed funding and credibility
siliconvalley.um.dk; a specialized incubator
(Cyclotron Road) provided two years of
salary, lab space, and an environment to
develop their prototype; and a climate-
focused VC (Breakthrough Energy Ventures)
supplied early capital with the
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understanding that Fervo’s timeline would
be longer than a typical app startup
siliconvalley.um.dk.

With this support, Fervo was able to drill test
wells and prove its enhanced geothermal
technology on a pilot scale. It also forged
partnerships with incumbents in the energy
sector, benefiting from their expertise while
keeping the startup agile. Fervo is now
scaling up to its first commercial projects,
and while it’s still in progress, the company
has avoided the common pitfalls so far. The
Fervo story underscores how an ecosystem
approach — combining grants, fellowships,
patient venture funding, and mentorship
- can de-risk the path to market for a
tough clean technology.

Others: Many other CleanTech companies’
trajectories could be included here. Some
biofuel startups in the 2000s, such as KiOR,
failed in their scale-up phase due to
technical and financial issues. (KiOR built a
refinery to turn biomass into fuel but never
achieved target yields and went bankrupt.)
On the other hand, companies such as First
Solar succeeded by mastering
manufacturing scale-up of thin-film solar
panels and securing early utility customers
(aided by state renewable mandates and
subsidies in the 2000s). Opus 12 (now
Twelve), a CO,-to-fuels startup, leveraged
government grants and corporate
partnerships to build its first commercial-
scale reactor units and recently started
deploying systems with industrial partners.
Each case is unique, but the pattern is clear:
bridging the second valley of death requires
a combination of sufficient capital, strategic
partnerships, market foresight, and often a
bit of luck with timing in the policy and
market environment.
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Conclusion: Building the
Bridge to a CleanTech
Future

CleanTech projects generally don’t fail because of a
lack of innovation. They fail in the in-between.
Whether it is the leap from lab to startup or the
climb from prototype to product, the valleys of death
expose the limitations of how we support climate
solutions today. These are not just funding gaps.
The gaps are in infrastructure, in alignment, in
patience, and in policy. We need investors to rethink
models and embrace patience, governments to act
as both funders and first customers, and
incumbents to partner with startups rather than
resist them. We also need the public to understand
that CleanTech breakthroughs don’t automatically
leap from lab to market; they need support in the
messy middle stages.

The good news is that a blueprint is emerging, and
these barriers are beginning to be addressed
through concerted effort. As we have seen, a new
support architecture is emerging. From early-stage
fellowships and university spinout programs to
milestone-based financing and catalytic capital, we
are building the bridges that CleanTech needs.
Innovation hubs, first-customer procurement, and
policy signals are helping more startups move from
theory to impact.

Global climate innovation ecosystems are being
built, and new bridges — from catalytic capital funds
to regional testbeds — are under construction. Just
as past generations built the infrastructure
(physical and financial) that carried inventions
including microchips and vaccines to the masses,
our generation is learning to build the infrastructure
for CleanTech commercialization. The stakes could
not be higher; if we fail to help CleanTech startups
through this valley, we risk stalling the deployment
of solutions we desperately need to combat climate

change and create a more sustainable energy future.
If we succeed, we unlock not only environmental
benefits but also economic growth in the industries
of the future.

Still, the journey will never be easy. By its nature, it
will always demand grit and ingenuity from
entrepreneurs. With the right structural supports,
that journey can be made survivable. It is in the first
valley of death that brilliant concepts are tested not
just for feasibility, but for resilience; “Can they
survive the transition to the real world?”

CleanTech’s second valley of death is deep, but it
need not be a graveyard for innovation. With
structural changes in how we finance and foster
deep technologies, we can turn this valley of death
into a valley of opportunity where breakthroughs
successfully mature into industries, and the
promise of clean technology becomes reality on a
global scale. As one energy investor put it, not every
investment will succeed - “cutting-edge clean energy
technologies” carry risk — but with smart support,
we can tilt the odds so that the big ideas that the
world truly needs have a fighting chance to reach
the finish line reuters.com. The climate challenge
demands no less.

Suggested Reading

Supporting facts and examples in this report are
drawn from a range of analyses and case studies,
including reports by ITIF and Third Way on energy
demonstration projects itif.org thirdway.org,
insights from climate innovation experts at Third
Derivative and Prime Coalition third-derivative.org
primecoalition.org, data on venture capital and
financing gaps from industry research
chicagopolicyreview.org, and real-world company

stories reported in both news outlets and
retrospective case studies sunsethqg.com
reuters.com. These illustrate the pervasive

challenges of the second valley of death and the
emerging strategies to overcome it.
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Chapter 3:
Addressing Energy Poverty and Scaling
Energy Efficiency in North America

Author: Winston Morton
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The Challenge: Energy
Poverty and Climate
Resilience

Energy poverty — a household's inability to secure
affordable and reliable energy to meet fundamental
needs — remains a persistent, multifaceted
challenge across North America. Importantly, this
challenge is no longer primarily an economic issue
but is increasingly intertwined with the escalating
impacts of climate change. Vulnerable populations
such as low-income households, renters,
Indigenous peoples, and historically marginalized
communities disproportionately bear the burden of
energy and climate injustice, facing layered risks
from rising energy costs, deteriorating housing
infrastructures, and climate-driven hazards.

Climate change compounds energy poverty by
intensifying housing vulnerabilities. Floods,

wildfires, and extreme heat increasingly damage
residential infrastructure, leading to higher energy
demands for cooling or heating, frequent
interrupted energy service, and spiraling insurance
premiums or mortgage costs. These factors
collectively threaten housing stability and deepen
affordability crises. Without integrated solutions
addressing affordability, reliability, and resilience,
energy-poor communities risk escalating hardship,
health consequences, and displacement.

This section explores the complex interplay between
energy poverty and climate risks, underlining the
urgent need for comprehensive interventions.

Climate-Driven Market Impacts

The intensification of climate-related hazards has
generated profound repercussions in housing
markets and financial sectors:
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Insurance Withdrawal and Premium Hikes:

In regions increasingly exposed to flooding or
wildfires, insurance providers often withdraw
coverage or impose prohibitive premium increases.
This situation economically isolates homeowners by
making their properties uninsurable, limiting
mortgage access, and ultimately threatening
housing security, especially for low-income families
unable to absorb these shocks.

Climate-Adjusted Mortgage Pricing:

Mortgage lenders are incorporating climate risk
assessments into their lending criteria, leading to
tightened credit availability, higher interest rates,
and outright denial of loans in high-risk areas. Such
changes disproportionately exclude vulnerable and
marginalized households, exacerbating spatial and
economic inequities.

Resilience and Efficiency in Property Valuations:

Appraisals increasingly consider energy efficiency
and resilience features, driving down property
values of homes lacking such characteristics. This
depreciation diminishes homeowners’ accumulated
wealth and restricts their financial mobility.

These market dynamics foster feedback loops that
aggravate energy poverty and undermine housing
stability, calling for proactive policy and
programmatic responses that cohesively address
these interrelated challenges.

The “Pay Now or Pay Later”
Imperative

Investment in energy-efficient and climate-resilient
homes reflects a critical financial calculus often
framed by the dichotomy: “pay now or pay later.”

Pay Now:

Proactive upfront investments in comprehensive
retrofits — such as high-performance insulation,
flood and fire defenses, energy-efficient HVAC
systems, and solar-plus-storage solutions — reduce
energy bills, mitigate climate risks, lower insurance
costs, and improve health and safety outcomes.

Early spending avoids the accumulation of deferred
costs and protects households from climate shocks.

Pay Later:

Avoiding or deferring such investments results in
escalating costs from property damage repairs,
higher insurance premiums, restricted access to
financing, adverse health impacts, and eventual
displacement. These deferred costs
disproportionately harm economically vulnerable
and marginalized populations, entrenching
systemic inequities.

Efficient, resilient homes sustain livable and safe
conditions through power outages and extreme
weather, reducing the vulnerability of occupants.

However, upfront capital access remains a
significant barrier for many households,
necessitating innovative, equitable financing

solutions to widen participation and benefits. (6)

Energy Demand and
System Vulnerabilities

North America’s energy system faces mounting
pressures from increasing demand driven by
extreme weather events and evolving economic
shifts. Heat waves, cold snaps, and other climate-
driven weather extremes dramatically increase
energy consumption as households and businesses
struggle to maintain safe indoor temperatures. This
surge stresses aging grid infrastructure, elevating
the risk of widespread outages: outcomes with
disproportionate impacts on energy-poor and
vulnerable populations residing in inefficient, poorly
maintained housing and facilities.

Moreover, new industrial and digital economic
developments intensify these pressures. The
repatriation of manufacturing and the rapid
expansion of data centers — both of which are
energy-intensive sectors — are introducing
unprecedented, localized load growth. This
confluence of factors threatens grid resilience and
intensifies energy vulnerability unless systemic
modernization and targeted efficiency interventions
are implemented.
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Recognizing these evolving demand patterns and
associated vulnerabilities is essential for designing
effective strategies to reduce energy poverty while
strengthening grid reliability and climate resilience.

New Energy Demand Pressures
from Repatriation of Manufacturing

Recent geopolitical and economic trends have driven
significant shifts as North American regions attract
the reshoring of manufacturing activities.
Companies seek to mitigate global supply chain
disruptions and capitalize on policy incentives
promoting domestic production.

While this industrial resurgence supports economic
growth and job creation, it simultaneously imposes
substantial new energy loads, often concentrated in
specific regions near urban or suburban hubs.
Manufacturing processes tend to be energy-
intensive, especially in sectors such as automotive,
electronics, and materials production.

Localized grid systems face increased stress as they
accommodate these higher loads, compounding the
challenges from aging infrastructure and pre-
existing climate vulnerabilities. Without proactive
grid planning and energy efficiency measures, these
new demands may:

e Trigger capacity constraints, requiring
costly infrastructure upgrades,

e Amplify peak load challenges during
extreme weather, increasing outage risks,
and

e Disproportionately harm low-income and
marginalized neighborhoods located near
industrial clusters due to environmental
and reliability burdens.

A coordinated approach integrating industrial
energy efficiency, demand response programs, and
grid modernization is necessary to balance
economic development with energy equity and
sustainability goals.

Rapid Growth and Energy
Requirements of Data Centers

Parallel to manufacturing growth, data centers have
seen exponential growth driven by the digital
economy’s expansion, cloud computing, artificial
intelligence (Al), Internet of Things (IoT), and big
data analytics. These facilities operate 24/7,
drawing significant and stable electricity primarily
for computing operations and maintaining critical
cooling systems.

Key characteristics of data center energy demand
include:

e High Power Density: Compared to typical
commercial or residential buildings, data
centers consume large amounts of power
per square foot.

e Continuous Operation: The need for
uninterrupted uptime requires redundant
systems and backup power supplies,
further increasing energy consumption.

¢ Cooling Systems: Effective cooling is
critical to maintain equipment reliability
and efficiency, often representing a
substantial fraction of total energy use.

To address these challenges, data center operators
are increasingly adopting cutting-edge innovations
such as:

e Advanced Cooling Technologies:
Including liquid cooling, economizers using
outside air, and waste heat recovery
systems

e Energy Star-Certified Servers and High-
Efficiency Uninterruptible Power Supply
(UPS): Improving baseline equipment energy
efficiency

e Renewable Energy Integration: Power
purchase agreements (PPAs) and on-site
solar installations to reduce carbon
footprint

e Al-Driven Load Optimization: Al systems
dynamically balance and shift workloads to
optimize energy use and reduce peak loads.

e Energy Disclosure and Benchmarking
Mandates: Regulatory requirements
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encourage transparency and incentivize
efficiency improvements.

The concentration of data centers into regional hubs
raises grid stress risks and requires multi-

stakeholder coordination among utilities,
regulators, tech providers, and communities to
proactively ensure equitable resilience and

sustainable growth.

Implications for Energy
Vulnerability

The interrelated pressures from climate-driven
demand shocks, manufacturing reshoring, and data
center proliferation collectively heighten energy
system vulnerabilities with pronounced social
equity implications.

Specific implications include:

¢ Increased Grid Fragility and Outage
Risks: Overburdened infrastructure is more
susceptible to failures during extreme
weather, outages that disproportionately
impact energy-poor households who have
fewer coping resources.

¢ Energy Burden Amplification: Rising
consumption translates into higher energy
bills, exacerbating affordability challenges
for low-income consumers.

e Unequal Access to Resilience Measures:
Vulnerable populations often reside in
aging, inefficient housing without access to
technologies such as backup power or
efficient HVAC systems.

e Urgent Need for Integrated Solutions:
Addressing these vulnerabilities requires
holistic approaches combining grid
modernization, broad-based building energy
upgrades, deployment of distributed energy
resources (DERs), and equity-focused policy
and program design.

An effective energy poverty eradication strategy
must therefore engage infrastructure investments,
demand-side efficiency, technology innovation, and
social equity imperatives simultaneously.

Financing and Incentive
Models for Resilience and
Equity

Financing is the pivotal mechanism that connects
ambitious energy efficiency and resilience goals to

practical, widespread implementation. Without
accessible, innovative, and equitable funding
models, energy-poor households —

disproportionately low-income and marginalized
groups — face formidable barriers to upgrading their
homes. Traditional financing often fails to
accommodate the wunique risk profiles, credit
histories, or upfront cost barriers faced by these
populations, preventing meaningful scale.

This section explores financing structures and
incentive designs explicitly crafted to prioritize
climate-resilient, energy-efficient retrofits while
carefully attending to equity and affordability.
Innovative approaches are necessary to catalyze
private capital, align incentives across stakeholders,
and ensure that no communities are left behind.

Prioritizing Resilient and Efficient
Retrofits

Public and private programs — such as green
banks, on-bill repayment schemes, loan loss
reserves, and Property Assessed Clean Energy
(PACE) initiatives — must evolve from traditional
energy efficiency-only models to explicitly
incentivize combined energy efficiency and climate
resilience upgrades.

Examples of resilience enhancements include:

e Flood-proofing (e.g., elevating mechanical
systems, installing water barriers)

e Fire retardant materials and design
adaptations suitable for wildfire-prone
areas

e Backup power solutions (solar photovoltaic
arrays paired with battery storage,
emergency-capable heat pumps)
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Prioritizing such multi-faceted retrofits mitigates
compounding risks, reduces long-term costs, and
amplifies health and safety benefits, thereby
providing a more compelling investment case.

Innovative Incentive Structures

To significantly increase adoption of energy
efficiency and climate resilience upgrades, incentive
frameworks must go beyond rewarding isolated
measures and instead promote comprehensive
retrofit packages that integrate multiple resilience
and efficiency improvements. Such holistic
incentives align financial benefits with the scale and
quality of interventions, accelerating progress
toward sustainable, equitable, and climate-adaptive
housing.

Lower Interest Rates and Credit
Enhancements

Financial institutions can provide reduced interest
rates or credit enhancements for retrofit projects
that include verified resilience components
alongside energy efficiency upgrades. By
acknowledging the decreased risk profile of homes
enhanced to better withstand climate hazards (e.g.,
flood proofing, fire-resistant materials), lenders
incentivize deeper retrofits while expanding
borrower capacity. Mechanisms such as loan
guarantees, interest rate buy-downs, and risk-
sharing funds lower financing costs and encourage
participation by homeowners and contractors. This
approach not only lowers upfront barriers but also
aligns financing terms with the long-term value and
reduced loss potential of resilient homes.

Insurance Premium Credits or Rebates

Collaboration between retrofit programs and
insurance providers offers an innovative pathway to
reinforce financial incentives through insurance
premium reductions or rebates. Homes that meet or
exceed defined resilience and energy efficiency
standards can qualify for lower premiums or partial
refunds, reflecting their reduced exposure to
damage and loss. For example, major Canadian
mortgage insurers (such as CMHC, Canada
Guaranty, and Sagen) offer up to a 25% partial
refund on mortgage insurance premiums for newly

constructed or retrofitted homes that demonstrate
at least 20% improved energy efficiency and meet
certified standards. This premium rebate reduces
ongoing housing costs, enhances affordability, and
provides a compelling financial rationale for
investing in comprehensive retrofits. Coordination
between retrofit verification systems and insurers is
essential to streamline eligibility and claims
processes.

Targeted Grants and Rebates

Public funding agencies should design layered
grants and rebate programs that prioritize
vulnerable households and communities, rewarding
full-package retrofits that address multiple climate
risk vectors and health co-benefits. Incentive
structures can escalate benefits based on measures
such as:

e The depth and breadth of retrofit
interventions (e.g., combined envelope,
HVAC, DERs, and resilience upgrades),

o The presence of multiple climate risks
addressed (e.g., flooding, wildfire, extreme
heat), and

e Socioeconomic vulnerability of occupants or
neighborhoods.

Such targeted financial support mitigates equity
gaps by making holistic retrofits financially
attainable for low-income and marginalized
populations. Bundling retrofit and resilience
incentives simplifies administrative processes and
encourages single-transaction, comprehensive
upgrades, maximizing cost-effectiveness and
program impact.

Performance-Based Incentives

Incentive mechanisms that can be tied to verified
energy savings, resilience performance metrics, or
health outcome improvements encourage
accountability and optimize use of public resources.
Rather than providing upfront rebates solely based
on installed  measures, performance-based
incentives reward measurable achievements, such
as reductions in energy consumption, demonstrated
resistance to climate hazards during events, or
improved indoor environmental quality. This
approach motivates quality installation, ongoing
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maintenance, and continuous improvement,
preventing low-performance outcomes common with
partial or superficial retrofits. Emerging verification
technologies, including smart sensors and Al-
enabled monitoring platforms, facilitate reliable
tracking of performance metrics necessary for such
incentive structures.

Payment Structures Aligned with
Energy Savings

One of the most significant barriers to retrofit
adoption among energy-poor households is the
upfront cost and risk of cash flow disruption.
Payment models aligned with expected energy bill
savings can neutralize this barrier by ensuring:

e Loan or repayment amounts do not exceed
anticipated monthly energy cost reductions,

e On-bill financing models collect repayments
directly via utility bills, simplifying
processes and fostering trust,

e Flexible terms accommodate diverse
household income volatility and credit
profiles, and

e Risk sharing mechanisms reduce lender
exposure and encourage financial
institutions to serve traditionally
underserved populations.

Such models promote cost neutrality or positive
cash flow from day one, improving retrofit uptake
and program sustainability.

Expanding Financial Access and
Equity

Achieving broad-scale adoption of energy efficiency
and resilience retrofits requires dismantling
systemic barriers that have historically excluded
marginalized and low-income households from
accessing retrofit financing. Persistent obstacles —
such as limited or no credit history, mistrust of
financial institutions, language and cultural
differences, and inadequate financial literacy —
contribute to deepening inequality in energy burden
and climate vulnerability. Expanding equitable
financial access involves a holistic approach that
leverages culturally competent outreach, innovative

underwriting, risk  mitigation tools, and
collaborative partnerships.

Key strategies include:

Targeted Outreach Campaigns

Leveraging community organizations to build

culturally competent, trust-based relationships with
hard-to-reach households can be an effective
strategy.

Effective outreach to historically underserved
communities must be grounded in trust and
cultural competence. Community-based
organizations that possess intimate knowledge of
local cultures, languages, and social networks can
be essential partners to overcome skepticism and
build rapport. These trusted intermediaries
facilitate two-way dialogue, address concerns
around financing terms, and disseminate clear,
culturally appropriate information on retrofit
benefits, available financial products, and
enrollment processes. Outreach campaigns should
rely on multiple communication channels —
including in-person workshops, multilingual
materials, social media, faith organizations, and
ethnic media — to ensure accessibility and
inclusivity. By situating outreach within community
contexts and histories, programs foster higher
engagement and participation rates among hard-to-
reach households.

Flexible Underwriting Criteria

Programs must employ alternative credit evaluation
methods, such as rental payment histories or utility
bill payments, to broaden eligibility.

Conventional credit evaluation frameworks often
exclude low-income or marginalized applicants who
lack established credit history or possess thin files.
Implementing alternative credit evaluation methods
broadens eligibility and democratizes financing
access. These methods may incorporate:

¢ Rental payment histories, demonstrating
financial responsibility through consistent
rent payments,

e Utility bill payment records (electricity, gas,
water) indicating reliable payment behavior,
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e Cash flow analyses or employment and
income verification supplemented by
nontraditional data sources, or

e Community-verified character references or
financial behavior aggregators.

By valuing proven patterns of financial reliability
beyond standard credit scores, lenders can
responsibly extend capital to a wider client base.
Incorporating such flexible underwriting aligns with
emerging trendlines in inclusive finance and
responsible lending.

Credit Enhancements and Guarantees

Public and philanthropic funds can backstop loans
to reduce perceived risk and mobilize private capital
into underserved markets.

Public and philanthropic capital can strategically
de-risk loans to underserved markets through credit
enhancements and loan guarantees. These
instruments reduce perceived financial risks for
lenders and investors, facilitating the mobilization of
private capital into communities traditionally
considered higher risk. Examples of these
mechanisms include:

o Loan loss reserves that absorb initial
borrower defaults,

e Partial credit guarantees shared between
funders and lenders,

o First-loss capital subordinated to other loan
tranches, and

e Interest subsidies or guarantee fees funded
by public grants or philanthropic
donations.

By lowering risk profiles, credit enhancements
enable lenders to offer better financing terms, lower
interest rates, and higher approval rates, making
retrofit loans more affordable and accessible for
marginalized households.

Collaborative Partnerships

Aligning financial institutions with community
groups and social services can provide holistic
support beyond financing alone.

Effective expansion of financial equity requires
integration of retrofit financing within broader,
holistic support ecosystems. Financial institutions
should develop formal partnerships with community
organizations, social service agencies, legal aid
providers, and workforce development programs to
provide wrap-around services beyond capital. This
collaboration addresses additional barriers such as:

¢ Financial literacy and budgeting skills
training,

e Assistance with documentation and
application processes,

e Language translation and interpretation
services,

e Legal support to navigate housing or utility
regulations, and

e Linkages to job training and employment
opportunities in retrofit trades.

Coordinated service delivery ensures that
households receive comprehensive assistance that
supports successful  retrofit adoption and

sustainable financial health, reducing loan default
risk and empowering equitable outcomes.

Ensuring Equity to Prevent Widening
Disparities

Without deliberate, equity-centered interventions,
retrofit financing risks entrenching existing social
and economic divides by disproportionately
benefiting wealthier and creditworthy populations.
Expanding financial access and equity is therefore
not only a matter of social justice but also enhances
program reach, effectiveness, and resilience. By
holistically addressing systemic barriers, programs
can underscore their commitment to inclusive green
transition pathways that enable historically
marginalized communities to fully participate in and
benefit from the multiple co-benefits of deep energy
retrofits, resilience upgrades, and healthier living
environments.
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Technology and Data
Enablement for Targeting
and Impact

Advancements in technology and data analytics
offer transformative opportunities to overcome
traditional barriers in targeting energy poverty and
delivering effective, equitable retrofit programs.
Leveraging Al, real-time climate risk data,
interoperable data frameworks, and transparent
impact tracking enables precision in prioritizing and
personalizing interventions, optimizes resource
allocation, and enhances accountability.

These tools are critical to scaling interventions
efficiently, ensuring that the right households
receive assistance tailored to their unique risk
profiles and needs, while enabling continuous
program  improvement through  measurable
outcomes.

Al-Enabled Prioritization and
Personalization

Al and machine learning (ML) technologies have
become transformative tools for enhancing the
effectiveness, efficiency, and equity of energy
efficiency and resilience retrofit programs. By
leveraging vast and diverse datasets — including
energy consumption, building characteristics,
socioeconomic factors, and local climate risks — Al
enables a level of precise, scalable analysis and
targeted intervention that traditional methods
cannot match. This section outlines the key
capabilities AI offers for prioritizing high-risk
homes, personalizing retrofit pathways, and
optimizing outreach efforts to maximize impact and
resource use.

Identification of High-Risk Homes

Programs can use automated large-scale energy
audits and risk scoring to pinpoint households at
the intersection of high energy burdens and climate
vulnerability. Al-powered models automate and
scale the traditionally labor-intensive process of
energy auditing and risk assessment by analyzing

extensive datasets drawn from utility records,
census information, geospatial climate vulnerability
maps, and housing stock databases. ML algorithms
can score and rank households based on multiple
intersecting risk factors such as:

e High energy burdens relative to income
(percentage of household income spent on
energy costs),

e Exposure to climate hazards including
flooding, wildfire risk, heatwaves, or
extreme storms,

e Structural vulnerabilities of the home (e.g.,
age, insulation levels, HVAC inefficiencies),
and

e Socioeconomic and demographic indicators
that reflect heightened vulnerability (e.g.,
income level, age distribution, health risk
profiles).

This automated prioritization enables program
managers to target investments where the need and
benefits are greatest, reducing waste and
accelerating the impact of retrofit funding.

Tailored Retrofit Recommendations

One key to success is generating customized retrofit
pathways that optimize cost-effectiveness and
resilience benefits based on individual home
conditions and resident needs. Al-driven decision-
support tools synthesize complex inputs about a
home’s physical condition, energy consumption
patterns, occupant needs, and local climate risks to
generate customized retrofit pathways optimized for
cost, effectiveness, and resilience. These
personalized recommendations may integrate
measures such as:

e High-performance insulation and air sealing
to reduce energy demand,

o Efficient heating, ventilation, and air
conditioning (HVAC) upgrades tailored to
climate zone and occupant health needs,

e Distributed energy resources (e.g., solar
photovoltaic plus battery storage) sized to
the home’s load profile and grid conditions,

e Resilience enhancements like flood-proofing
or fire-resistant building materials, or

e Indoor air quality improvements, including
ventilation upgrades and mold remediation.
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Advanced AI models can dynamically simulate
energy savings, health co-benefits, and resilience
improvements under various retrofit scenarios,
enabling stakeholders to select packages that
maximize multiple benefits within budget
constraints.

Enhanced Outreach Efficiency

Focusing engagement efforts on populations and
geographies with the greatest need can increase
program impact and uptake.

Al facilitates precision in program outreach by
identifying neighborhoods and households that will
derive the greatest benefit from  retrofit
interventions, thereby focusing limited resources on
areas with the highest impact potential. Combined
with demographic and behavioral data, Al models
enable segmentation of populations by factors such
as:

e Propensity to participate based on past
program engagement or similar behavioral
markers,

e Language preferences and communication
channel efficacy to tailor outreach methods,
and

e Social vulnerability indices to prioritize
inclusion of marginalized or hard-to-reach
groups.

This focused engagement boosts program uptake
rates and community trust while reducing costs
associated with broad, untargeted marketing
campaigns.

Advantages of Al-Enabled Prioritization
and Personalization

e Scalability and Speed: Automates complex
data processing, making it feasible to
assess thousands to millions of homes
quickly and continuously

e Precision Targeting: Helps allocate limited
retrofit funds to maximize energy,
resilience, economic, and social returns

e Dynamic Adaptability: Enables real-time
monitoring and updating of risk scores and
recommendations as new data — such as

weather events or energy usage patterns —
become available

e Supports Equity: Identifies and addresses
disparities in retrofit access and outcomes
by incorporating demographic and
vulnerability dimensions into prioritization

Challenges and Considerations

e Data Privacy and Security: Aggregation of
sensitive household and social data
requires strict privacy protections and
ethical governance.

e Data Integration and Quality: Successful
Al deployment depends on access to
comprehensive, accurate, and interoperable
datasets, which can be a barrier in some
jurisdictions.

e Transparency and Trust: Al decision-
making processes need to be explainable to
stakeholders and communities to build
confidence and avoid “black box”
skepticism.

o Digital Equity: Ensuring that all
community members benefit equitably
requires addressing disparities in digital
literacy and access to technology.

Dynamic Risk Layering

The integration of real-time and forecast climate
hazard data—such as floodplain maps, wildfire
exposure, extreme heat indices—layered over socio-
demographic and housing condition data creates a
dynamic risk landscape. This layering enables
several important benefits.

Responsive Targeting

Program managers can adjust retrofit urgency
based on evolving risk levels, emergent hazards, or
disaster events.

Dynamic risk layering integrates real-time and
forecast climate hazard data — such as floodplain
maps, wildfire exposure indices, extreme heat
metrics — with socio-demographic factors and
housing condition information to construct a
continuously evolving risk landscape. This multi-
dimensional, temporal layering approach recognizes
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that risk is not static but varies with climate trends,
emerging hazards, and shifts in community
vulnerability. Dynamic risk layering is essential for
responsive, equitable, and efficient retrofit targeting
and policymaking.

Monitoring Impact

Data makes it possible to track how mitigations
reduce household risk exposure and vulnerability
over time.

By layering longitudinal data on hazards,
population vulnerability, and retrofit status,
dynamic risk models track how mitigation efforts
reduce household and community risk exposure
over time. Retrospective analysis informs adaptive
management, showing which interventions most
effectively decrease risk parameters in different
contexts. This evidence base supports continuous
improvement in program design and resource
allocation, ensuring that investments lead to
measurable reductions in combined climate and
social vulnerabilities.

Informed Policy Making

Policymakers get granular data to inform decisions
about how to allocate resources strategically and
design adaptive programs.

Dynamic risk layering furnishes policymakers with
granular, up-to-date risk data, enhancing strategic
planning and adaptive program development.
Policymakers can use these insights to allocate
funds where emergent needs are greatest, integrate
equity considerations by overlaying social
vulnerability metrics, and design regulations that
evolve with changing climate realities. Additionally,
scenario-based stress tests and resilience
simulations derived from layered risk data
strengthen long-term climate adaptation strategies
at multiple scales: from local communities to
regional infrastructure systems.

Technical Implementation and
Challenges

Implementing dynamic risk layering requires
interoperable data platforms that integrate diverse
data sources, including:

e Geographic Information System (GIS) layers
of floodplains, wildfire risk zones, and heat
vulnerability indices updated with real-time
surveillance or seasonal forecasts,

e Socioeconomic data such as income, age
distribution, race/ethnicity, and housing
tenure to identify vulnerable populations,
and

e Building condition and retrofit status
databases to assess exposure reduction
trajectories.

Advanced analytics, including probabilistic models
and dynamic Bayesian networks, enable time-
dependent risk quantification and simulation of
cascading hazards. Data governance frameworks
ensure privacy, equity in data access, and
community trust.

Challenges include data quality and
interoperability, real-time data acquisition
constraints, technical capacity for complex
modeling, and ensuring that risk communication
effectively supports decision-making for diverse
stakeholders.

Benefits of Dynamic Risk Layering

e Timely, precise retrofit targeting prevents
disaster damage and reduces energy and
health burdens among vulnerable
households.

e Evidence-based monitoring adjusts
programs in response to shifting climate
and social conditions, maximizing impact.

o Adaptive policy frameworks grounded in
evolving risk realities enhance resilience
planning and equitable resource
distribution.

e Holistic understanding of compound and
cascading risks supports systemic
resilience building rather than fragmented
hazard response.
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Establishing Common Multi-Sector
Data Models

Effective coordination of energy efficiency and
resilience retrofits — particularly those addressing
complex, interrelated issues such as energy poverty,
public health, housing quality, and climate
adaptation — requires breaking down the
entrenched data silos that isolate key actors and
information flows. Utilities, financial institutions,
housing authorities, public health departments, and
community organizations each generate valuable
but often incompatible datasets. Without common,
interoperable data models and shared
infrastructures, coordination is inefficient,
opportunities for synergy are missed, and the
cumulative benefits of retrofits are difficult to
measure or optimize.

Seamless Data Sharing

The development of common data standards,
ontologies, and exchange protocols is foundational
for enabling seamless and meaningful data sharing
across sectors. Interoperable data platforms support
real-time or near-real-time exchange of information
such as:

e Utility energy consumption and grid status
data,

e Housing stock characteristics and retrofit
status updates,

e Financial product eligibility and loan
servicing information,

e Health outcome indicators like hospital
admissions related to heat stress or
respiratory conditions, and

e Social services engagement and
demographic profiles.

Standardized metadata schemas and APIs enable
automated data integration while preserving data
lineage and provenance. This reduces duplication of
effort, lowers administrative burdens, and fosters
collaboration by providing stakeholders with a
unified, consistent view of household and
community needs. Shared access to rich, cross-
sectoral data pools facilitates coordinated program
delivery, more accurate targeting, and adaptive
management tailored to evolving circumstances.

Integrated Impact Assessment

Common multi-sector data models unlock the
ability to combine energy, health, social equity, and
climate resilience metrics into unified, holistic
impact assessments. Data models can Integrate
quantitative indicators such as:

e Energy use reductions and affordability
improvements,

e Indoor environmental quality and health co-
benefits (e.g., reduced asthma incidence),

e Socioeconomic outcomes including job
creation and housing stability, or

e Climate hazard exposure mitigation and
resilience gains.

An integrated assessment framework enables
comprehensive evaluation of retrofit program
effectiveness. These integrated assessments support
evidence-based policymaking, guide funding
priorities toward interventions with the greatest

multi-dimensional  returns and  strengthen
accountability to communities and funders.
Moreover, aligned data frameworks enable

development of shared dashboards, equity
scorecards, and predictive analytics supporting
proactive interventions and ongoing program
optimization.

Privacy and Security

Sharing sensitive household and community data
across entities necessitates robust privacy
protections and security governance. Establishing
trust with program participants and partners
depends on transparent, equitable data stewardship
practices that:

e Adhere to applicable privacy laws and
regulations (e.g., GDPR, HIPAA, PIPEDA),

o Implement role-based access control and
encryption protocols to secure data in
transit and storage,

e Employ anonymization or
pseudonymization techniques when sharing
aggregated datasets for analytics or
reporting,
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e Create data use agreements specifying
permitted purposes, retention periods, and
third-party sharing conditions, and

e Engage affected communities in co-
developing data governance policies to
respect cultural sensitivities and foster
empowerment.

Balancing data accessibility with privacy safeguards
is critical to maximizing data utility while protecting
individual rights, avoiding discriminatory outcomes,
and building durable community trust.

Accelerating Holistic, Coordinated
Energy Poverty Solutions

Investment in unified, multi-sector data
infrastructures — including national or regional
interoperable data platforms, cloud-based data
lakes, and common data models — catalyzes holistic
retrofit initiatives that transcend traditional
program boundaries. These infrastructures reduce
fragmentation, enable more agile cross-sector
collaboration, and support scalable innovations
such as Al-enabled risk assessments and dynamic
risk layering.

By adopting shared data frameworks, the program
managers and their partners can:

e Drive integrative program design and
delivery that simultaneously address energy
affordability, health, housing quality, and
climate resilience,

e Enhance transparency and facilitate
outcome measurement across intersecting
domains,

e Enable targeted, adaptive interventions that
respond efficiently to emergent risks and
community needs, and

e Foster equitable participation through data-
driven identification of underserved
populations.

Ultimately, common multi-sector data models
represent foundational infrastructure for realizing
coordinated, impactful, and just energy transitions
that effectively alleviate energy poverty while
advancing broader social and environmental goals.

Transparent Impact Tracking

Transparent, trustworthy  measurement and
reporting of retrofit program outcomes are crucial
for maintaining funder confidence, improving
program design, and demonstrating social and
environmental impact.

e Technologies such as blockchain can enable
decentralized, verifiable records of energy
savings, resilience enhancements, and
equity outcomes.

e Digital dashboards and automated
reporting tools provide real-time feedback to
implementers and beneficiaries.

e Transparent tracking supports
accountability to stakeholders and
continuous learning.

e By embedding rigorous verification,
programs can demonstrate efficacy and
build sustainable funding pipelines.

Stakeholder Roles and
Collaborative Alignment

In order to successfully address energy poverty and
scale energy efficiency with resilience, program
managers must coordinate action across multiple
sectors and actors. The complexity and
interdependencies involved require clearly defined
roles and collaborative frameworks that leverage the
unique strengths of each stakeholder group, avoid

duplication of effort, and ensure equitable
outcomes.

This section outlines the critical roles and
responsibilities for key stakeholders —

policymakers, financial institutions, utilities and
technology providers, and community organizations
— and emphasizes the importance of alignment,
data sharing, and joint accountability.

Policymakers: Creating Enabling
Frameworks and Targets

Policymakers play a pivotal role in shaping the
conditions that enable scalable, equitable, and
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resilient energy efficiency and retrofit initiatives. By
establishing clear, consistent definitions,
measurable targets, supportive policies, and
fostering cross-sector collaboration, they create a
foundation for coherent action and sustainable
progress.

Set Clear Definitions and Targets

Establish nationally or regionally consistent
definitions of energy poverty and resilience, along
with measurable targets to unify efforts and
benchmark progress.

A foundational step is to establish nationally or
regionally consistent definitions of energy poverty
and resilience that reflect the local context and lived
realities of vulnerable populations. Clear definitions
unify stakeholders, facilitate benchmarking, and
ensure resource allocation aligns with prioritized
needs. For example, definitions may encompass
households’ inability to afford or access adequate
energy services critical for health, comfort, and
economic participation, consistent with approaches
seen in the U.K., France, Ireland, and New Zealand.

Setting measurable and time-bound targets — such
as reducing the percentage of homes below a
minimum energy efficiency rating or eliminating
energy poverty in marginalized communities by a
specific year — creates accountability and focuses
efforts. Binding statutory targets, like the U.K.'s
mandate for all fuel-poor homes to meet a Band C
energy rating by 2030, exemplify effective goal
setting. Targets encourage incremental progress,
incentivize innovation, and enable transparent
public monitoring of success and gaps.

Enact Supportive Policies and Codes

Develop and implement building codes, appliance
standards, and retrofit mandates that embed both
energy efficiency and climate resilience
requirements.

Integrating energy efficiency and climate resilience
within building codes, appliance standards, and
retrofit mandates ensures that new and existing
housing stock evolve to meet rising environmental
and social challenges. Policies should mandate
minimum performance criteria addressing energy

use, durability against climate hazards (e.g.,
flooding or wildfire), and indoor environmental
quality to improve occupant health. Codes and
standards must be regularly updated to reflect
technological advances and climate projections,

supported by enforcement mechanisms and
incentives for early adoption.
Complementary policies — such as tenant

protections during extreme heat events or subsidies
for clean heating fuels — enhance the effectiveness
of retrofit efforts and address intertwined social
inequities.

Provide Stable, Multi-Year Funding

Allocate sustained appropriations for retrofit,
resilience, and equity programs to enable long-term
planning and market development.

Sustained progress requires long-term, predictable
funding commitments that enable program design,
market development, and workforce capacity
building beyond short election cycles or budgetary
fluctuations. Multi-year appropriations empower
agencies and implementers to plan strategically, to
scale successful models, and to develop local supply
chains that foster economic resilience.

Funding should be flexible enough to support
integrated retrofit interventions combining energy

efficiency, resilience upgrades, and health
improvements. Leveraging federal, provincial or
state, and municipal resources in coordinated

investments and reduce

duplication.

can amplify impact

Facilitate Cross-Sector Coordination

Mandate or incentivize collaboration across
housing, health, environment, social services, and
energy sectors to maximize co-benefits and
streamline resource utilization.

Energy poverty intersects multiple policy domains —
housing, health, environment, social services, and
energy — and cross-sector collaboration maximizes
co-benefits and operational efficiencies.
Policymakers can mandate or incentivize inter-
agency coordination bodies or shared governance
structures to streamline delivery mechanisms, align
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incentives, and leverage diverse expertise. For
example, integrating energy retrofit efforts with
public health initiatives addressing respiratory
conditions or climate adaptation plans enhances
comprehensive well-being and climate resilience.

Coordinated data sharing and aligned evaluation
frameworks support adaptive management and
unified policy learning.

Financial Institutions: Investing in
Equitable and Resilient Capital
Deployment

Develop climate-adjusted financing products.

Innovative financial products should recognize the
risk reduction and value-enhancing benefits of
integrated retrofit measures, reflecting this in loan
terms and incentive designs. Examples include on-
bill repayment programs that allow utility
customers to repay retrofit investments through
their energy bills, and Property Assessed Clean
Energy (PACE) financing that enables repayment via
property tax assessments. Such mechanisms lower
upfront cost Dbarriers and align repayment
obligations with energy savings and property value
increases.

Risk models that incorporate climate resilience
criteria can justify preferential financing as retrofits
mitigate future losses from climate hazards.

Ensure Access and Equity

Expand credit criteria and outreach to include
historically marginalized communities, using
alternative underwriting and credit enhancement
tools.

Traditional credit criteria often exclude low-income
and marginalized households. Expanding access
requires adopting alternative underwriting
approaches that consider payment histories,
community ties, and public assistance to assess
creditworthiness more equitably. Credit
enhancement tools such as loan guarantees and
shared-risk funds further reduce barriers and build
lender confidence.

Proactive outreach and technical assistance support
equitable uptake of financing products by
underserved communities.

Collaborate on Incentive Alignment

Work with insurers and governments to translate
retrofit investments into lower insurance premiums
or other financial benefits.

Financial institutions should work with insurers
and policymakers to translate retrofit investments
into financial benefits, such as lower home
insurance premiums for properties with enhanced
resilience features or eligibility for climate risk
reduction grants. Aligning incentives across sectors
amplifies retrofit demand and embeds resilience as
a standard asset characteristic.

By setting clear, actionable frameworks and
facilitating innovative, inclusive financial
mechanisms, policymakers and financial

institutions together can accelerate the deployment
of equitable, resilient energy retrofit programs. This
integrated approach fosters social inclusion, climate
adaptation, and long-term economic vitality.

Leverage Data and Technology

Use Al-enabled risk assessments and program data
to better target investments and manage portfolio
risk.

The effective scaling of energy efficiency and
resilience retrofit programs requires harnessing
advanced data analytics and emerging technologies
to optimize investment targeting, manage portfolio
risk, enhance grid resilience, and maximize
community benefits. Leveraging these technologies
enables precise, efficient, and equitable allocation of
resources, while supporting the modernization and
decarbonization of the energy system, especially in
vulnerable and underserved communities.

Al-Enabled Risk Assessments and
Program Data Use

Al technology offers powerful capabilities to analyze
large, complex datasets encompassing building
characteristics, energy consumption patterns,

o®

Page 30

CoalitionforInnovation.com

CleanTech Blueprint

© 2025. This work is openly licensed via CC BY 4.0.


https://coalitionforinnovation.com/
https://creativecommons.org/licenses/by/4.0/

environmental conditions, and household
demographics. Al-enabled risk assessment tools can
rapidly and accurately identify high-priority
households and community clusters that present
the greatest opportunity for impactful energy
retrofits. These tools overcome the limitations of
traditional simulation methods which are often
labor-intensive, slow, and less capable of capturing
the heterogeneous effects of retrofits across diverse
building stocks.

By processing nationwide or regional databases
integrated with environmental and socioeconomic
data, AI models can classify building types and
identify the retrofit strategies most likely to yield
superior energy savings and resilience benefits for
each structure. This targeted approach enables
programs to efficiently prioritize investments,
reducing uncertainties and risks tied to retrofit
outcomes, and accelerating decision-making at both
individual and portfolio scales.

Real-time data monitoring further supports adaptive
management by tracking performance of retrofit
interventions, informing continuous improvements,
and ensuring investments align with evolving
climate risks and community needs.

Utilities & Technology Providers:
Delivering Tools, Data, and Grid
Services

Utilities and technology providers play a pivotal role
in delivering the technological infrastructure, data
platforms, and grid services that underpin Al-
enhanced retrofit strategies. Their contributions
include:

e Al and Data-Driven Targeting Tools:
Utilities can furnish interoperable data
systems aggregating energy use, customer
profiles, grid conditions, and weather data.
Advanced machine learning algorithms
leverage these datasets to optimize
household and community retrofit
targeting, enhancing energy savings while
mitigating operational and financial risks.

e Distributed Energy Resources (DERs)
Deployment: Scaling the deployment of
DERs such as solar photovoltaic systems,

battery energy storage, and microgrids in
targeted, vulnerable communities enhances
resilience against grid disruptions and
reduces energy burdens. Integrating DERs
with retrofit programs creates synergies
that maximize both decarbonization and
energy equity.

e Grid Modernization Investments:
Upgrading grid infrastructure — including
installation of smart meters, deployment of
automated control systems, and
implementation of grid hardening measures
— improves reliability and operational
efficiency. Prioritizing investments in low-
income and high-risk areas ensures that
grid benefits are equitably distributed and
supports the integration of renewable
energy and DER assets.

e Customer Education and Engagement:
Technology-based platforms paired with
community partnerships enhance customer
outreach, education, and trust-building.
Tailored, data-driven communications
inform households about retrofit benefits,
available incentives, and DER adoption,
fostering equitable program participation
and sustained energy-saving behaviors.

Advantages and Challenges

e Advantages: Al-powered data analytics
accelerate retrofit identification, personalize
recommendations at scale, reduce cost and
complexity of assessments, and support
dynamic portfolio risk management. When
combined with utility-led grid
modernization and DER integration, these
technologies enable holistic and equitable
energy system transformation.

e Challenges: Data privacy concerns,
ensuring equitable access to advanced
technologies, and bridging digital literacy
gaps require deliberate mitigation strategies
to avoid exacerbating inequalities.
Investment in interoperability standards,
transparent data governance frameworks,
and inclusive community engagement are
critical to unlocking the full potential of
data and technology solutions in energy
retrofits.

o®

Page 31

CoalitionforInnovation.com

CleanTech Blueprint

© 2025. This work is openly licensed via CC BY 4.0.


https://coalitionforinnovation.com/
https://creativecommons.org/licenses/by/4.0/

By strategically leveraging Al-enabled risk
assessments, data analytics, utilities’ technological
capabilities, and modernized grid infrastructure,
program managers can accelerate cost-effective,
equitable, and resilient energy retrofit investments.
This integrated technological approach amplifies
impact, improves portfolio management, and drives
a just transition to a decarbonized energy future.

Community Organizations: Building
Trust, Engagement, and Advocacy

Community organizations are indispensable
partners in scaling energy efficiency and resilience

retrofits, particularly within underserved and
marginalized populations. Their deep-rooted
connections, cultural competence, and local

insights enable programs to transcend barriers of
mistrust, awareness gaps, and logistical challenges.
Engaging these organizations as leaders and
collaborators fosters authentic community buy-in,
aligns interventions with lived experiences, and
enhances equity outcomes. This section outlines key
dimensions in which community organizations drive
trust-building, effective engagement, and sustained
advocacy for just energy transitions.

Lead Culturally Competent Outreach

Use deep community knowledge, multipronged
communication channels, and trusted relationships
to reach diverse populations effectively.

Effective community engagement requires
approaches grounded in cultural competence and
contextual understanding. Community
organizations possess intimate knowledge of local
histories, demographics, languages, and
communication preferences which underpin their
ability to reach diverse populations effectively. By
deploying multipronged outreach strategies —
including in-person events, social media, local
radio, faith institutions, and multilingual materials
— these groups overcome informational barriers
and skepticism often encountered by external
program managers. They adeptly navigate cultural
norms and social networks to personalize messaging
about energy retrofits, financing options, health
benefits, and resilience measures, thereby
increasing program accessibility and participation.

Moreover, their ongoing presence enables
continuous dialogue and trust maintenance rather
than sporadic, one-off contacts.

Facilitate Co-Design of Programs

Ensure that retrofit services, financing options, and
technology deployments reflect lived realities,
values, and preferences.

Community organizations play a vital role in
ensuring retrofit initiatives are responsive to the
authentic needs, preferences, and constraints of
residents. Through participatory processes such as
community forums, focus groups, and advisory
committees, they facilitate co-design of program
elements ranging from service delivery models and
financing structures to technology adoption. This
inclusive design approach not only improves the
relevance and acceptability of retrofit measures but
also uncovers practical challenges around timing,
cultural sensitivities, language access, and
household dynamics. Co-designed programs are
more likely to minimize unintended consequences,
increase retention rates, and foster community
ownership. Additionally, community input can
guide prioritization of health co-benefits, resilience
features, and job opportunities, ensuring programs
holistically address interconnected local challenges.

Advocate for Equity and Inclusion

Act as watchdogs and voices for vulnerable groups,
holding programs accountable for delivering
equitable benefits.

As trusted, independent voices within communities,
local organizations are well positioned to advocate
vigorously for social equity and inclusive program
implementation. They serve as watchdogs who hold
retrofit programs, utility providers, and policy
makers accountable for delivering on equity
commitments. This advocacy includes tracking the
distribution of benefits and burdens, ensuring
transparent reporting, challenging exclusionary
practices, and amplifying the concerns of vulnerable
populations often marginalized in decision-making.
Community advocates also mobilize collective action
to influence policy reforms, secure funding for
underserved areas, and elevate intersectional
justice issues such as disability access, language
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rights, and youth engagement. Their persistent
engagement strengthens democratic governance of
energy transitions and elevates social justice as a
core priority.

Support Workforce Development

Partner-in-training and apprenticeships targeted at
local residents, promoting jobs in the green
economy.

Community organizations are key catalysts for
localized workforce development strategies that
advance economic empowerment alongside
decarbonization. By partnering with training
institutions, apprenticeship  programs, and
employers, they facilitate recruitment, retention,
and advancement pathways for residents,
particularly for those from underrepresented and
economically disadvantaged groups. Community-
based workforce intermediaries provide culturally
competent mentorship, preparatory workshops
(e.g., soft skills, literacy), and wrap-around support
services addressing barriers such as childcare,
transportation, and criminal records. These efforts
not only improve employment outcomes but also
enhance career progression in retrofit trades and
green-collar jobs, fostering inclusive economic
growth. Strong community involvement in workforce
initiatives also contributes to social cohesion and
multi-generational benefits within neighborhoods.

Collaborative Alignment
Mechanisms

Data Sharing Agreements

Formalize protocols among housing, health, energy,
and finance stakeholders to share data securely and

effectively, enabling coordinated targeting and
impact measurement.

Joint Monitoring and Reporting

Create shared dashboards or platforms to track

Multi-Stakeholder Governance Bodies

Establish committees or coalitions that include all
stakeholder groups to guide strategy, resolve
conflicts, and ensure inclusiveness.

Funding Coordination

Align funding streams from public agencies,
utilities, financial institutions, and philanthropy to
create comprehensive packages reducing
administrative burden on households.

This comprehensive stakeholder role framework
ensures that energy poverty and resilience
challenges are addressed by leveraging the full
ecosystem of expertise, resources, and
relationships. Successful implementation depends
on sustained collaboration, mutual accountability,
and equity-centered governance.

Community Engagement
and Equity Strategies

Community  engagement and equity  are
foundational pillars for successfully addressing
energy poverty and achieving scalable, sustainable
energy efficiency and resilience improvements.
Because energy poverty disproportionately impacts
marginalized populations — including low-income
households, renters, Indigenous peoples, racial
minorities, seniors, and people with disabilities —
any effective program must place equitable
community participation at its core.

This section explores the importance of culturally
competent engagement, flexible delivery models,
and targeted accountability measures to ensure
inclusive participation and equitable outcomes.

Trusted Local Partnerships

Building Trust Through Local
Relationships

Implementing energy poverty interventions requires
trust and legitimacy within communities that have
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historically faced exclusion, neglect, or exploitative
practices. Trusted local partners — such as
community-based organizations (CBOs), faith
groups, advocacy nonprofits, tenant associations,
and frontline service providers — serve as vital
bridge-builders.

Leveraging Deep Community
Knowledge

Local partners possess nuanced understanding of
cultural, linguistic, socioeconomic, and geographic
factors shaping energy use, affordability challenges,
and barriers to retrofit adoption. This expertise
enables more tailored and effective outreach
strategies.

Co-Design and Co-Delivery of Programs

Engaging communities from program conception
through implementation and evaluation fosters
shared ownership and responsiveness. Co-designed
materials and services reflect community values,
reduce mistrust, and overcome adoption barriers.

Examples of Effective Partnerships

Successful retrofit programs have evidenced higher
participation and satisfaction when collaborating
closely with community leaders and organizations
who actively advocate for residents and facilitate
access.

Adaptive and Flexible Delivery
Hybrid Engagement Models:

To reach a broad diversity of households, programs
must mix in-person, virtual, and hybrid models of
outreach, education, and retrofit delivery. Virtual
methods expand reach and convenience, while in-
person interactions address digital divides and
foster rapport.

Flexible Scheduling and Service
Modalities:

Accommodations for work schedules, caregiving
responsibilities, mobility limitations, and other

constraints increase participation rates. Mobile
retrofit teams, weekend or evening appointments,
and drop-in informational sessions directly respond
to community needs.

Payment Flexibility

Financing options must consider irregular
household income patterns and credit constraints.
Offering flexible repayment plans, variable down-
payment options, and accessible application
processes eases barriers.

Tailoring for Diverse Housing Types

Many marginalized households reside in rental
housing, multi-family units, manufactured homes,
or informal dwellings. Programs designed for single-
family owner-occupied homes often fail these
segments. Tailored approaches including landlord
engagement, master metering solutions, and
regulatory support are essential.

Targeted Metrics and Accountability
Equity Measurement Frameworks

It is critical to establish clear, measurable equity
goals, such as the percentage of retrofits performed
in low-income or  historically marginalized
communities. Disaggregated data by income, race,
ethnicity, geography, and housing tenure inform
targeted improvements.

To meaningfully track progress toward equity goals,
it is essential to define clear, quantitative, and
disaggregated equity metrics. Core targets might
include the percentage of retrofits completed in low-
income, racialized, or historically marginalized
communities. Data should be broken down by
multiple dimensions such as income level, race and
ethnicity, geographic location (e.g., urban vs. rural,
high climate risk areas), and housing tenure status
(renters vs. homeowners). Such detailed data allows
programs to identify gaps and tailor outreach and
service delivery strategies accordingly.

A sophisticated equity measurement framework
embraces the complexity of systemic inequities,
recognizing three core justice tenets —
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distributional equity (fair allocation of benefits),
procedural equity (inclusive decision-making
processes), and recognition equity
(acknowledgement and respect of diverse identities
and histories). Metrics should be designed to reflect
these dimensions, ensuring that measurement
captures not only outputs (number of retrofits) but
also processes and outcomes related to
empowerment and systemic inclusion.

Transparent Reporting and Public
Accountability

Regular publication of equity impact metrics builds
trust among communities and funders, enabling
continuous monitoring and course-correction.

Regular, accessible publication of equity impact
data nurtures trust among community members,
funders, and policymakers. Transparency creates
an environment where program performance can be
monitored continuously, enabling timely course
corrections and policy adjustments. Reports should
use clear visualizations and plain language to
communicate progress and challenges. Public
dashboards, annual equity scorecards, or
interactive data portals facilitate community
oversight and enhance accountability.

Beyond reporting, establishing independent
evaluation and audit mechanisms further
strengthens accountability by providing unbiased
assessment of equity outcomes and program fidelity.

Inclusive Governance and Advisory
Bodies

Including community representatives in oversight
committees and program advisory boards helps
safeguard equity priorities and fosters
empowerment.

Embedding equity priorities requires that affected
communities have meaningful voice and influence in
program governance. Establishing advisory boards
and oversight committees with representation from
community leaders, advocacy groups, and
marginalized populations helps ensure that equity
goals remain central in strategic planning and
operational decisions. Inclusive  governance

promotes transparency, builds trust, and empowers
local stakeholders to shape program evolution to
reflect their lived experiences and needs

Feedback Mechanisms

Collecting ongoing participant feedback through
surveys, focus groups, and digital platforms ensures
programs remain responsive to evolving community
needs and barriers.

Ongoing collection of participant feedback through
surveys, focus groups, community forums, and
digital engagement platforms grounds programs in
real-time community perspectives. This qualitative
input complements quantitative metrics by
elucidating barriers, preferences, and unforeseen
impacts. Well-designed feedback loops foster a
culture of responsiveness and continuous learning,
enabling programs to adapt dynamically to evolving
community contexts, cultural differences, and
emerging challenges.

Addressing Language and Accessibility
Barriers

Translating materials and providing interpreters in
prevalent local languages, along with accessible

formats for people with disabilities, expands
inclusivity.
Equity measurement and accountability

frameworks must prioritize linguistic and physical
accessibility to be truly inclusive. Program materials
— including reports, surveys, outreach documents,
and digital interfaces — should be translated into all
prevalent local languages. Provision of interpreters,
as well as accessible formats for people with
disabilities (e.g., screen reader compatible
documents, braille, large print), ensures that all

community members can engage fully with
programs and governance processes, thereby
expanding reach and inclusiveness.

By integrating targeted equity metrics with

transparent reporting, inclusive governance, active
feedback, and accessibility measures, programs can
build a rigorous, culture-sensitive accountability
system. This system not only tracks whether retrofit
programs are reaching and benefiting those most in
need but also fosters genuine community
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empowerment, trust, and equitable environmental
and social outcomes.

Energy poverty interventions cannot succeed by top-
down approaches alone. Authentic engagement that
respects community autonomy and leverages local
networks enhances program relevance,
effectiveness, and sustainability. Such engagement
reduces risk of program rejection, improves
targeting accuracy, and fosters social acceptance of
energy efficiency and resilience measures.

Programs that invest in building long-term capacity
within communities — through training, technical
assistance, and support for community-led
initiatives — also contribute to broader social and
economic empowerment goals. Moreover,
embedding equity as a non-negotiable operational
principle requires institutional commitment,
dedicated resources, and rigorous evaluation.

Multi-Faceted Roadmayp for
Eradicating Energy Poverty
and Enhancing Resilience

The challenges of energy poverty interconnected,
climate risk, rising energy demand, financial
barriers, technological opportunities, and the
crucial role of inclusive community engagement. To
translate these insights into impactful action
requires a holistic, integrated roadmap. This
roadmap synthesizes technical, social, financial,
and policy dimensions into coordinated priority

areas designed for scalable, equitable
transformation.

The roadmap guides diverse stakeholders —
policymakers, financial institutions, utilities,

community organizations, technology providers,
and workforce developers — toward unified
strategies that systematically eradicate energy
poverty while enhancing climate resilience and
health outcomes. The following subsections
describe each strategic priority area with core
recommendations and implementation imperatives.

Holistic Retrofit Solutions:
Integrating Efficiency, Resilience,
and Health

Energy poverty interventions must transcend siloed
efficiency upgrades and embed climate resilience
and occupant health systematically.

Integrated Packages

Retrofit programs should deliver bundled upgrades
addressing both energy use reduction and climate
risk mitigation. This includes high-performance
insulation and air sealing complemented by flood-
proofing, fire-resistant building materials, backup
solar plus storage systems, and indoor air quality
enhancements (e.g., ventilation improvements, mold
remediation).

Effective retrofit programs deliver bundled and
coordinated upgrades that optimize energy savings
while embedding resilience to climate-related risks
and promoting healthy indoor environments. Core
measures include high-performance insulation and
meticulous air sealing to reduce energy demand and
improve thermal comfort. These are complemented
by climate-adaptive components tailored to hazard

profiles, such as flood-resistant barriers, fire-
retardant materials, and drought-tolerant
landscaping where applicable. Incorporating
distributed energy resources — like solar

photovoltaic systems paired with battery storage —
ensures backup power availability during grid
outages caused by extreme weather events.
Importantly, indoor air quality enhancements —
improved ventilation systems, filtration upgrades,
and mold remediation protocols — address chronic
health hazards linked to energy poverty, such as
respiratory illnesses and allergen exposure.
Delivering such bundled solutions requires
coordinated project planning, integrated financing
models, and multi-disciplinary expertise.

Regional and Housing-Type Adaptation

Retrofit designs must reflect local climate hazards,
housing stock, and occupant needs. Coastal flood
zones require different adaptations than wildfire-
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prone inland areas. Multi-family housing demands
strategies distinct from single-family homes.

Retrofit strategies must be context-sensitive,
adapting to the specific environmental, structural,
and demographic characteristics of targeted
communities. For instance, retrofit packages for
coastal areas exposed to flooding and hurricanes
emphasize water intrusion resistance, elevated
electrical systems, and rapid-drying materials.
Conversely, wildfire-prone inland zones prioritize
ember-resistant eaves, non-combustible siding, and
defensible space landscaping. Furthermore,
housing stock diversity necessitates tailored
approaches: multi-family residential buildings
require considerations of shared systems,
ventilation dynamics, and tenant engagement
strategies, whereas single-family homes can adopt
more individualized solutions. Regional climate
models, local hazard assessments, and occupant
vulnerability profiles should inform retrofit
specifications to maximize effectiveness and cost-
efficiency.

Quality Assurance and Performance
Verification

Rigorous contractor training, transparent
inspection protocols, and ongoing smart monitoring
verify that installations deliver anticipated energy
and resilience outcomes. This builds trust among
households and funders.

Ensuring that retrofits deliver on their promised
energy efficiency, resilience, and health objectives
depends on rigorous quality assurance protocols.
This includes comprehensive contractor training
that emphasizes integrated retrofit techniques,
adherence to updated building codes and
standards, and awareness of health and safety
considerations. Transparent inspection regimes —
conducted by third-party experts — validate
installation quality and compliance. Post-retrofit,
the deployment of smart monitoring technologies
enables real-time performance tracking of energy
use, indoor air quality indicators, and system
resilience = metrics. Data-driven  verification
facilitates early detection of deficiencies, informs
adaptive maintenance, and reinforces
accountability to both homeowners and funding

entities. Building stakeholder trust is essential for
securing long-term funding and community buy-in.

Health Co-Benefits Integration

Programs should explicitly incorporate health risk
reductions as key objectives, in partnership with
public health agencies, to support holistic well-
being and generate additional social value.

Explicitly integrating health risk reduction as a core
objective elevates retrofit programs from technical
energy projects to comprehensive well-being
initiatives. Partnerships with public health agencies
enrich program design with epidemiological
insights, target interventions toward populations
with high health disparities, and align metrics to
measure health improvements linked to retrofit
participation. Examples include reduced incidence
of asthma exacerbations following mold remediation
or better thermal regulation decreasing heat-related
illnesses among vulnerable seniors. Quantifying and
communicating these co-benefits enhance social
value propositions, attracts broad stakeholder
engagement, and supports advocacy for sustained
investment in equity-focused energy programs.

Recommendation: Develop standardized,
regionally tailored retrofit packages with
bundled financing and technical assistance to
enable one-stop solutions reducing complexity
for low-income households.

Cross-Sectoral Integration:
Breaking Silos for Multiplier Impact

Energy poverty intersects social services, housing,
environmental health, and climate adaptation
arenas. Integrated, cross-sector collaboration
unlocks resource efficiencies and amplifies benefits.

Policy and Program Alignment

Harmonize goals, incentives, and service delivery
across agencies addressing energy, housing, health,
and social equity. Alignment reduces duplication
and leverages complementary funding.

Effective cross-sectoral integration begins with
harmonizing objectives, incentives, and operational
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frameworks across multiple agencies and sectors.
This involves aligning the goals of energy programs
with those tackling affordable housing, public
health, social equity, and environmental
sustainability. For example, housing retrofit
initiatives aimed at improving energy efficiency can
be coordinated with health agencies to
simultaneously address indoor air quality and
respiratory  health  outcomes. Joint policy
frameworks help avoid redundancies, reduce
administrative burdens, and enable agencies to
leverage complementary funding streams and
authorities. Regular inter-agency coordination
bodies or task forces can facilitate ongoing
communication and alignment, ensuring programs
are coherent and mutually reinforcing.

Data Sharing and Common Metrics

Implement interoperable data platforms connecting
utilities, social services, public health, and
community organizations. Shared insights enable
coordinated targeting, holistic impact assessment,
and adaptive management.

The establishment of interoperable data platforms is
paramount to enabling integrated service delivery
and evaluation. By connecting data sets from
utilities, social service providers, public health
departments, housing authorities, and community
organizations, stakeholders gain holistic insights
into the conditions and needs of energy-vulnerable
populations. Shared data can improve targeting
precision — identifying households where energy
efficiency retrofits will generate the greatest health,
safety, and economic benefits alongside energy
savings. Moreover, common metrics and evaluation
frameworks provide a consistent basis for assessing
program impacts across sectors, informing adaptive
management and continuous improvement. Robust
data governance, including privacy safeguards and
equitable data access, is essential to maintaining
trust and ethical use of shared information.

Bundled Funding Opportunities

Create financial mechanisms to blend energy,
health, housing, and climate adaptation resources,
enabling comprehensive household-level
interventions in single transactions.

Cross-sector collaboration extends to financial
innovation, where bundled funding mechanisms
facilitate integrated, comprehensive interventions at
the household and community levels. Pooling
resources from energy efficiency grants, public
health funding, housing improvement loans, and
climate adaptation funds enables “one-stop-shop”
financing solutions. These bundled funds support
projects that simultaneously wupgrade building
envelopes, improve indoor environment quality,
install resilience measures (e.g., floodproofing), and
provide social support services. Integrated financing
reduces administrative complexity for beneficiaries,
improves program uptake, and maximizes leverage
of scarce public and private capital. Developing
flexible funding vehicles — such as blended capital
funds, social impact bonds, or multi-agency grant
pools — can catalyze these comprehensive
investments. (20)

Community Resilience Planning

Embed energy poverty elimination within broader
community resilience and climate adaptation
strategies to capture scale and systemic benefits.

Embedding energy poverty elimination within
broader community resilience frameworks ensures
that interventions contribute to systemic, long-term
benefits. Resilience planning incorporates climate
adaptation strategies (e.g., addressing extreme heat,
storms, or flooding) and social vulnerability
reduction alongside energy access improvements.
Mapping and assessment tools that integrate
climate risks, energy burdens, and social
determinants of health provide strategic guidance
for multimodal investments. Community-led
planning processes foster local ownership and
ensure that integrated solutions reflect lived
realities and priorities. Embedding retrofit initiatives
in these resilience strategies harnesses synergistic
benefits, enhancing overall community well-being,
reducing future recovery costs, and advancing
equity goals.

Recommendation: Establish formal cross-sector
frameworks, supported by interoperable data
architectures and integrated funding models, to
deliver seamless, holistic support to vulnerable
households.
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Tailored Approaches for Diverse
Communities: Equity in Practice

Equity is not a one-size-fits-all endeavor.
Communities vary widely in culture, housing
conditions, geographic isolation, and historical
context. Achieving true equity in energy retrofit
programs requires recognizing and addressing the
unique characteristics, needs, and challenges of
diverse communities. Equity is not a universal, one-
size-fits-all  solution; rather, it must be
operationalized through context-sensitive strategies
that honor cultural identities, acknowledge
historical inequities, and adapt to varying housing
typologies, geographic realities, and social
dynamics. Tailored approaches enhance program
accessibility, effectiveness, and long-term
sustainability by aligning interventions with the
lived experiences of residents.

Culturally Competent Engagement

Co-create outreach, education, and service delivery
with community leaders and trusted organizations
ensuring sensitivity to language, traditions, and
values.

Central to equitable retrofit delivery is co-creation

with community leaders and trusted local
organizations who possess intimate knowledge of
cultural norms, languages, communication

channels, and values. Meaningful involvement of
these stakeholders in designing outreach,
education, and service delivery fosters trust and
relevance. Key dimensions include:

e Developing multilingual materials and
using culturally resonant messaging that
respects local customs and traditions,

¢ Leveraging community networks — such as
faith-based groups, Indigenous councils,
elder committees, and cultural associations
— for trusted dissemination and
endorsement,

e Building ongoing relationships rather than
short-term contacts to maintain
engagement and responsiveness, and

e Sensitively addressing historical distrust or
past exclusion from institutional programs

by emphasizing transparency, consent, and
shared decision-making.

Such culturally competent engagement ensures
programs reach marginalized groups often missed
by standard outreach efforts and support informed,
empowered participation.

Geographic and Demographic Tailoring

Adapt program design to urban, rural, Indigenous,
remote, and multi-family residential contexts.
Address specific barriers such as Internet access,
tenancy models, and building typologies.

Community contexts vary significantly across
urban, rural, Indigenous, remote, and multi-family
housing environments. Program design must adapt

accordingly to address geographic isolation,
infrastructure  disparities, and demographic
specificities.

e Rural and remote areas may face challenges
such as limited broadband access, scarcity
of qualified retrofit contractors, higher
transportation costs, and distinct climate
hazards (e.g., wildfire or freeze-thaw cycles).
Programs should incorporate mobile service
units, satellite training hubs, and flexible
scheduling to accommodate these factors.

e Indigenous communities require
approaches respectful of self-determination,
land stewardship principles, and traditional
knowledge systems. Collaborative
governance and incorporation of local
environmental priorities safeguard cultural
integrity while advancing retrofit goals.

e Urban multi-family residential settings
often involve complex tenancy
arrangements, shared systems (e.g., boilers,
ventilation), and landlord-tenant dynamics
that necessitate tailored consent models,
incentives for building owners, and
coordination with housing authorities.

e Diverse demographic factors such as age,
disability, language proficiency, and
socioeconomic status shape communication
preferences, decision-making processes,
and barriers to participation. Customized
support — such as accessible materials and
assistance for non-English speakers or
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mobility-impaired residents — enhances
program inclusivity.

This geographic and demographic fine-tuning
maximizes reach and impact, ensuring that retrofit
interventions are both contextually appropriate and
practically implementable.

Flexible Delivery Models

Provide modular offerings accommodating renters,
mobile homes, multifamily units, and owner-
occupied single-family homes, with landlord
engagement as needed.

Flexibility in retrofit service offerings and financing
mechanisms accommodates heterogeneous housing
situations and ownership models, thereby
expanding inclusion.

e Modular retrofit packages enable
customization of measures to suit varying
housing types, from mobile homes and
accessory dwelling units to condominium
complexes and owner-occupied single-
family dwellings.

e Programs tailored to renters incorporate
landlord engagement strategies, split-
incentive mitigation (such as lease clauses
or shared savings agreements), and tenant
rights protections to encourage retrofit
uptake while minimizing displacement or
cost pass-through.

e Mobile and off-grid home adaptations
consider mobility constraints, alternative
energy source integration, and portable
resilience solutions.

e Structuring financing options with flexible
credit, co-pay, or grant arrangements
respects diverse economic capacities and
risk profiles.

By offering a portfolio of adaptable delivery models,
programs can meet residents “where they are,”
lowering barriers to participation and enabling
equitable access to retrofit benefits.

Continuous Feedback Loops

Integrate participatory evaluation and governance
processes allowing communities to voice evolving
needs and shape program improvement.

Sustaining equity in practice requires that programs
embed participatory evaluation and governance
processes ensuring communities have ongoing voice
and influence over program evolution. Mechanisms
include:

e Regular community forums, advisory
councils, and listening sessions to gather
input on barriers, successes, and emerging
needs,

e Digital and non-digital feedback channels
— surveys, focus groups, hotlines —
adapted to community preferences,

e Transparent reporting of program outcomes
and responsiveness to feedback, reinforcing
accountability and trust, and

e Mechanisms for rapid adaptation to policy
or delivery approaches in response to
community-identified challenges or
changing circumstances.

Such continuous feedback loops empower
communities as active partners rather than passive

recipients, fostering resilience, ownership, and
systemic equity in retrofit initiatives.
Recommendation: Institutionalize equity

metrics and feedback mechanisms to ensure
ongoing responsiveness and inclusivity across
diverse populations.

Workforce Development and Local
Economic Empowerment
Scaling energy efficiency and resilience retrofits

generates substantive local decarbonization and
economic opportunities.
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Inclusive Training and Apprenticeship
Programs

Build career pathways for marginalized groups into
retrofit trades and green jobs, incorporating soft
skills and sustainable practices.

Developing a skilled workforce equipped for the
demands of retrofit trades and green sector jobs is
foundational to sustained growth. It is critical to
design inclusive training pathways that engage
underrepresented groups — including women, low-
income individuals, racial minorities, and veterans
— thereby addressing systemic employment

inequities. Training curricula should integrate
technical competencies in energy-efficient
technologies, resilience-focused construction

methods, and sustainability principles alongside
essential soft skills such as communication,
teamwork, and problem-solving. Apprenticeships

should be structured to provide hands-on
experience, mentorship, and certification that
enhance employability and facilitate seamless

transition to stable employment within the sector.

Support for Small and Medium-Sized
Enterprises (SMES)

Simplify procurement and financing access for local
contractors, fostering entrepreneurship and
community retention of benefits.

Local contractors and SMEs are vital drivers of
economic development and community retention of
retrofit investments. Streamlining access to
procurement opportunities through transparent,
simplified bidding processes and targeted outreach
enables SMEs to participate competitively.
Moreover, enhancing financing mechanisms — such
as providing microloans, credit guarantees, or
public-private partnership funds — can alleviate
capital constraints that frequently impede small
businesses. Support services including business

development training, legal and regulatory
assistance, and technological innovation adoption
further empower SMEs to scale operations

sustainably while creating resilient local supply
chains.

Educational Partnerships

Collaborate with vocational institutions, community
colleges, and universities to align curricula with
emerging retrofit technologies and resilience skill
sets.

Collaboration between workforce stakeholders and
educational institutions fosters an adaptive talent
pipeline that anticipates evolving industry needs.
Vocational schools, community colleges, and
universities should co-develop curricula that reflect
cutting-edge retrofit technologies and resilience
competencies, including energy modeling, advanced
materials, climate risk assessment, and smart
building systems. Establishing internship
programs, guest lectures by industry experts, and
joint research initiatives strengthens the connection
between theory and practice. These partnerships
ensure that graduates are not only technically
proficient but also poised to contribute to innovation
and continuous improvement within retrofit
initiatives.

Job Retention and Advancement

Promote retention strategies through fair wages,
safe  working conditions, and progression
opportunities.

Sustainable empowerment hinges on creating work
environments that promote employee well-being and
career growth. Employers must adopt fair wage
policies aligned with living wage standards and
provide safe, healthy working conditions compliant
with occupational safety regulations.
Comprehensive retention strategies include offering

benefits such as healthcare, paid leave, and
professional development opportunities.
Establishing clear career ladders supports

advancement by enabling workers to acquire
additional certifications, leadership skills, and
specialized expertise. Such investments reduce
turnover, bolster workforce stability, and advance
social equity outcomes by enabling upward mobility
within the green economy.

Recommendation: Invest in inclusive workforce
development as a core pillar, linking retrofit
scale-up with broader socio-economic
revitalization.
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Grid Modernization and Distributed
Energy Resources (DERS):
Enabling Resilient Access

Modernizing the electric grid with advanced smart
technologies and integrating distributed energy
resources (DERs) are critical strategies to enhance
the reliability, affordability, and resilience of
electricity services for vulnerable communities.
These investments empower energy-poor
households with more stable energy access, reduced
costs, and protection against climate and
infrastructure-related disruptions.

DER Deployment Focused on
Vulnerable Communities

Prioritize solar, battery storage, microgrids, and
demand response programs that reduce outages
and energy costs for energy-poor households.

Strategically prioritizing DER installations — such
as rooftop solar photovoltaic systems, battery energy
storage, microgrids, and demand response
programs — in underserved and energy-burdened
areas delivers multiple benefits.

e Reliability and Resilience: DERs provide
localized backup power during grid outages
caused by extreme weather or equipment
failure, reducing downtime for critical
services and households. Microgrids can be
islanded from the main grid to maintain
electricity for emergency shelters,
healthcare facilities, and neighborhood
clusters.

e Lower Energy Costs: Solar plus storage
systems can reduce energy bills by
offsetting peak demand charges and
enabling time-shifting of energy use.
Demand response programs incentivize load
reduction during high-cost periods, further
lowering expenses for vulnerable
customers.

e Empowerment and Equity: Deploying
DERs in low-income neighborhoods
promotes energy equity by ensuring that
these communities benefit from clean,

reliable resources rather than being left
behind in grid modernization.

e Local Economic Opportunity: Projects
generate jobs in installation, maintenance,
and operations, supporting community
economic development and skills growth.

Advanced Metering Infrastructure and
Analytics

Implement smart meters and Al-based grid analytics
to monitor, forecast, and manage load dynamically,
incorporating energy poverty metrics.

Implementing smart meters and Al-driven grid
analytics enables granular monitoring and dynamic
management of electricity consumption, improving
operational efficiency and targeted support.

e Smart meters provide real-time or near-
real-time consumption data, giving
households actionable feedback for energy
savings and utilities fast detection of
outages or inefficiencies.

e Al analytics combine energy data with
socio-economic and weather information to
forecast load patterns, anticipate risks, and
optimize grid dispatch, ensuring stability
even under stress.

e Incorporating energy poverty metrics into
grid management systems allows utilities to
design demand-side programs sensitive to
affordability and prioritize service
restoration and assistance for high-need
customers.

o These digital tools support customized
pricing and incentive structures that reflect
usage patterns and vulnerability, fostering
both system efficiency and social equity.

Policy and Regulatory Reforms

Adjust tariff structures and incentives to value
DERs as grid assets, ensuring equitable
compensation and avoiding cost shifts onto
vulnerable customers. To fully realize DER benefits
for vulnerable populations, frameworks must evolve:

e Tariff structures and incentives should
recognize DERs as valuable grid assets
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rather than cost centers, compensating
owners fairly for energy supplied and
resilience provided.

e Avoidance of cost shifts to low-income
customers is paramount; equitable rate
design principles ensure DER deployment
does not disproportionately raise the bills of
non-participants.

e Regulatory support for community solar
projects, virtual net metering, and
aggregated DER participation enables wider
access for renters and low-income
households.

e Streamlining interconnection processes and
providing targeted financial assistance
lowers barriers to DER adoption.

Grid Hardening Investments

Improve physical infrastructure resilience in high-
risk areas, including undergrounding lines and
vegetation management.

Complementary to digital modernization, physical
infrastructure upgrades are needed in high-risk
areas prone to climate hazards or aging assets.

e Underground distribution lines reduce
exposure to storms, falling trees, and
wildfire ignition sources.

¢ Enhanced vegetation management around
overhead lines minimizes outages and fire
risks.

e Installing advanced sensors, and automated
switches enables faster fault detection and
isolation, reducing outage scope.

e Incorporating climate resilience criteria into
construction and maintenance standards
helps future-proof grid assets.

Recommendation: Develop targeted DER
programs and smart grid policies that empower
energy-poor communities and build grid
resilience.

Stable Funding and Robust Policy
Frameworks: Foundations for
Sustainable Scale

Long-term success requires sustained investment
and enabling policies. The transformative potential
of energy efficiency and resilience retrofit programs
hinges not only on technological and community
innovations but fundamentally on a stable and
supportive ecosystem of long-term funding and well-
crafted policy frameworks. Achieving sustained
scale, meaningful equity, and systemic impact
requires that investments and regulations be
predictable, coordinated, and comprehensive —
thus fostering market confidence, enabling strategic
planning, and ensuring coherent alignment across
sectors and jurisdictions.

Multi-Year Appropriations

Secure public funding for multiple years to underpin
retrofit programs, ensure market confidence, and
provide program stability. Multi-year public
funding...:

e Enables retrofit programs to design long-
term delivery models supporting workforce
development, supply chain maturation, and
community trust-building,

e Assures contractors, lenders, and service
providers of predictable demand,
incentivizing investment in capacity and
quality,

o Facilitates continuous improvement and
scaling by allowing for phased rollouts,
iterative evaluation, and adaptive
management, and

e Reduces transaction and administrative
costs associated with stop-start funding
cycles common in short-term grants or one-
off stimulus programs.

Governments at federal, state, and local levels must
collaborate to allocate synchronized multi-year
budgets supportive of bundled retrofit initiatives
encompassing energy efficiency, climate resilience,
and health co-benefits, addressing the complex
intersections of energy poverty.
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National Energy Poverty Definitions and
Targets

Establishing standardized definitions and metrics
for energy poverty across jurisdictions is
fundamental to unify efforts, enable benchmarking,
and foster accountability. Clear, national or regional
definitions grounded in socio-economic realities and
encompassing affordability, access, and adequacy
dimensions empower coordinated action. Alongside
definitions, setting measurable, enforceable targets
creates a shared roadmap, motivating stakeholders
and directing resources effectively. Such targets
might include:

e Percentage reduction of households
experiencing energy poverty by a specified
date,

e Minimum energy performance or health
resilience thresholds for vulnerable housing
stock, or

e Equity-focused goals ensuring
disproportionate benefits for historically
marginalized groups.

Examples of effective frameworks can be drawn from
international best practices — such as the U.K.’s
statutory fuel poverty targets — which integrate
legal mandates with strategic policy coordination.

Building Codes and Appliance
Standards

Robust building codes and appliance standards
form the backbone of sustainable market
transformation by embedding energy efficiency and
climate resilience as Dbaseline requirements.
Mandatory codes:

e Drive the construction and retrofit sectors
to adopt higher-performance envelopes,
resilient materials, and cleaner heating and
cooling technologies,

e Reduce reliance on incentive-driven,
voluntary programs by setting minimum
compliance thresholds reflecting evolving
climate and health imperatives,

¢ Ensure that new and renovated buildings
contribute to decarbonization and occupant

well-being systematically and predictably,
and

e Support equity outcomes by elevating the
quality and safety of housing accessible to
low-income and vulnerable populations,
closing performance gaps.

Regular updates to codes and standards are
necessary to incorporate advances in technology,
climate science, and equity considerations, with
enforcement mechanisms and technical assistance
programs to facilitate compliance.

Cross-Program Coordination

Fragmented funding and siloed program delivery
hamper beneficiary access and reduce overall
effectiveness. An integrated approach that
coordinates energy efficiency, health, housing, and
climate adaptation funding streams streamlines
administrative processes and enhances the
comprehensiveness of interventions. Key features
include:

e Pooled or blended funding mechanisms that
allow for single-application processes and
holistic retrofit offerings, addressing energy
efficiency alongside health hazards (e.g.,
mold, structural repairs) and resilience
enhancements,

e Inter-agency collaboration and joint
governance structures that align eligibility
criteria, data systems, and outreach efforts,

e Strategic alignment of goals and outcomes,
maximizing co-benefits such as improved
indoor air quality, reduced healthcare costs,
and climate risk mitigation, and

e Coordinated reporting and evaluation
protocols that capture multi-dimensional
impacts to inform continuous policy
refinement.

Such cross-program integration reduces beneficiary
burden, unlocks greater impacts per dollar invested,
and supports community-centered,
multidimensional approaches to energy poverty
alleviation.
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Health and Safety Funding

Addressing health and safety barriers is critical to
the success and equity of retrofit programs. Energy
poverty is often intertwined with substandard
housing conditions — such as mold infestation,
inadequate ventilation, pest infestations, or
structural deficiencies — that undermine
occupants’ health and the effectiveness of energy
upgrades. Dedicated funding to remediate these
non-energy barriers ensures:

e Safe, healthy living environments that
enhance the durability and performance of
retrofit measures,

e Greater resident willingness to participate
in retrofit programs when holistic needs are
met,

e Reduction of health disparities and
associated social costs through preventive
housing interventions, and

e Alignment with broader public health
objectives, facilitating partnerships with
health agencies and unlocking
complementary resources.

Incorporating health and safety improvements
within retrofit financing and program design
underscores a commitment to comprehensive well-
being and justice in energy transitions.

Recommendation: Implement binding policy
mandates coupled with transparent funding
mechanisms fostering accountability,
consistency, and scale.

Summary and a Path
Forward

This multi-dimensional roadmap underscores the
imperative of an integrated, equity-first approach to
eradicate energy poverty and bolster climate
resilience. By deploying holistic retrofit packages,
forging  cross-sector  collaboration, tailoring
programs to diverse communities, investing in
inclusive workforce development, modernizing grids
inclusive of DERs, and securing stable funding and
policy frameworks, stakeholders can co-create

energy systems that are affordable, resilient, and
just.

Implementing this roadmap demands concerted
effort and leadership across all sectors to transform
the structural drivers of energy poverty into
opportunities for sustainable prosperity,
environmental stewardship, and social justice.

Reference List:

Bouzarovski, S., & Petrova, S. (2015). A global
perspective on domestic energy deprivation:
Overcoming the energy poverty—fuel poverty binary.
Energy Research & Social Science, 10, 31-40.
https://doi.org/10.1016/j.erss.2015.06.007

Canadian Mortgage and Housing Corporation.
(2023). Climate risk and mortgage market impacts.
https://www.cmhc-
schl.gc.ca/en/professionals/homeowners-and-
tenants/energy-efficiency

Canadian Mortgage and Housing Corporation.
(2023). Energy efficiency and climate resilience in
housing finance. https://www.cmhc-
schl.gc.ca/en/professionals/homeowners-and-
tenants/energy-efficiency

Canadian Mortgage and Housing Corporation.
(2023). Property Assessed Clean Energy (PACE)
and resilient finance. https://www.cmhc-
schl.gc.ca/en/professionals/homeowners-and-
tenants/energy-efficiency

Clean Energy Finance Corporation. (2020).
Innovative financing for energy efficiency and
resilience.
https://www.cefc.com.au/media/innovative-

finance.pdf

Coalition for Green Capital. (2019). Flexible
underwriting and inclusive credit models.
https:/ /coalitionforgreencapital.com/green-banks/

Coalition for Green Capital. (2019). Green banks:
Scaling finance for clean energy.
https:/ /coalitionforgreencapital.com/green-banks/

o®

Page 45

CoalitionforInnovation.com

CleanTech Blueprint

© 2025. This work is openly licensed via CC BY 4.0.


https://coalitionforinnovation.com/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.erss.2015.06.007
https://www.cmhc-schl.gc.ca/en/professionals/homeowners-and-tenants/energy-efficiency
https://www.cmhc-schl.gc.ca/en/professionals/homeowners-and-tenants/energy-efficiency
https://www.cmhc-schl.gc.ca/en/professionals/homeowners-and-tenants/energy-efficiency
https://www.cmhc-schl.gc.ca/en/professionals/homeowners-and-tenants/energy-efficiency
https://www.cmhc-schl.gc.ca/en/professionals/homeowners-and-tenants/energy-efficiency
https://www.cmhc-schl.gc.ca/en/professionals/homeowners-and-tenants/energy-efficiency
https://www.cmhc-schl.gc.ca/en/professionals/homeowners-and-tenants/energy-efficiency
https://www.cmhc-schl.gc.ca/en/professionals/homeowners-and-tenants/energy-efficiency
https://www.cmhc-schl.gc.ca/en/professionals/homeowners-and-tenants/energy-efficiency
https://www.cefc.com.au/media/innovative-finance.pdf
https://www.cefc.com.au/media/innovative-finance.pdf
https://coalitionforgreencapital.com/green-banks/
https://coalitionforgreencapital.com/green-banks/

Energy Futures Initiative. (2020). Equity and
inclusion in energy efficiency.
https:/ /energyfuturesinitiative.org/resources

International Energy Agency. (2021). Net zero by
2050: A roadmap for the global energy sector.
https://www.iea.org/reports /net-zero-by-2050

International Renewable Energy Agency. (2020). Al
and digitalization in the energy sector.
https://www.irena.org/publications/2020/Nov/AI-

in-energy-transition

Lawrence Berkeley National Laboratory. (2020).
On-bill financing for energy-efficiency upgrades.
https:/ /eta.lbl.gov/publications/on-bill-financing-
energy-efficiency

Lawrence Berkeley National Laboratory. (2022).
Data center energy efficiency and electrification
strategies. https://datacenters.lbl.gov/

National Renewable Energy Laboratory. (2022).
Grid modernization and resilience in the face of
climate change. https://www.nrel.gov/docs

Rocky Mountain Institute. (2020). Collaborative
frameworks for energy efficiency programs.
https://rmi.org/insights/collaborative-frameworks

The Brattle Group. (2021). Impacts of
manufacturing reshoring on energy demand and
grid. https://www.brattle.com/publications/report

U.S. Department of Energy. (2021) Big Data
Analytics: Recommendations for the U.S.
Department of Energy

https:/ /www.energy.gov/oe/articles/eac-big-data-
analvtics-work-product-final

U.S. Department of Energy. (2023). Building energy
codes and appliance standards: Policy roadmap.
https:/ /www.energycodes.gov/resources

U.S. Department of Energy, Office of Electricity.
(2021). Grid edge technologies for energy equity
and resilience. https://www.energy.gov/oe/grid-
edge-technologies

U.S. Energy Information Administration. (2023).
Annual energy outlook 2023.
https://www.eia.gov/outlooks/aeo/

U.S. Environmental Protection Agency. (2021).
Environmental justice and energy programs.
https:/ /www.epa.gov/environmentaljustice

United Nations Development Programme. (2021).
Energy and climate change: A pathway to resilient,
low carbon development.
https://www.undp.org/publications/energy-and-
climate-change

World Bank. (2025). Power More With Less: Scaling
up energy efficiency for growth and energy security:
https:/ /openknowledge.worldbank.org/bitstreams
/3200c46c-55d3-44f6-bd4f-

The Brattle Group. (2021). Manufacturing
repatriation and grid impacts.
https:/ /www.brattle.com/publications/report

U.S. Department of Energy. (2021). Advanced data
analytics and energy programs.
https://www.energy.gov/eere/slsc/advanced-data-
analytics-energy-efficiency

Author (In order of contribution)

Winston Morton, CEO, Climative

8f8710191dcc/download

World Economic Forum. (2020). Toward common
data models for smart cities and energy.
https://www.weforum.org/reports/common-data-
models-smart-cities

Winston Morton is the CEO of Climative, a Canadian cleantech company delivering Al-powered carbon
and energy insights at scale. With over 25 years of experience in energy, SaaS, and digital

o®

Page 46

CoalitionforInnovation.com

CleanTech Blueprint

© 2025. This work is openly licensed via CC BY 4.0.


https://coalitionforinnovation.com/
https://creativecommons.org/licenses/by/4.0/
https://energyfuturesinitiative.org/resources
https://www.iea.org/reports/net-zero-by-2050
https://www.irena.org/publications/2020/Nov/AI-in-energy-transition
https://www.irena.org/publications/2020/Nov/AI-in-energy-transition
https://eta.lbl.gov/publications/on-bill-financing-energy-efficiency
https://eta.lbl.gov/publications/on-bill-financing-energy-efficiency
https://datacenters.lbl.gov/
https://www.nrel.gov/docs
https://rmi.org/insights/collaborative-frameworks
https://www.brattle.com/publications/report
https://www.brattle.com/publications/report
https://www.energy.gov/eere/slsc/advanced-data-analytics-energy-efficiency
https://www.energy.gov/eere/slsc/advanced-data-analytics-energy-efficiency
https://www.energy.gov/oe/articles/eac-big-data-analytics-work-product-final
https://www.energy.gov/oe/articles/eac-big-data-analytics-work-product-final
https://www.energycodes.gov/resources
https://www.energy.gov/oe/grid-edge-technologies
https://www.energy.gov/oe/grid-edge-technologies
https://www.eia.gov/outlooks/aeo/
https://www.epa.gov/environmentaljustice
https://www.undp.org/publications/energy-and-climate-change
https://www.undp.org/publications/energy-and-climate-change
https://openknowledge.worldbank.org/bitstreams/3200c46c-55d3-44f6-bd4f-8f8710191dcc/download
https://openknowledge.worldbank.org/bitstreams/3200c46c-55d3-44f6-bd4f-8f8710191dcc/download
https://openknowledge.worldbank.org/bitstreams/3200c46c-55d3-44f6-bd4f-8f8710191dcc/download
https://www.weforum.org/reports/common-data-models-smart-cities
https://www.weforum.org/reports/common-data-models-smart-cities
https://www.linkedin.com/in/winstonmorton/

transformation, Winston is a serial entrepreneur and strategic leader in climate tech. He is driving
innovation to accelerate building decarbonization and clean energy adoption across North America.

Page 47 CoalitionforInnovation.com CleanTech Blueprint

© 2025. This work is openly licensed via CC BY 4.0.


https://coalitionforinnovation.com/
https://creativecommons.org/licenses/by/4.0/

Chapter 4.
Building the Path to a Decarbonized Future

Author: Ram Krishnan

Executive Summary

CleanTech has moved from the fringes of the energy
sector to the center of global strategy. Just as
automobiles swiftly replaced horse-drawn carriages
in the early 20th Century, renewable energy,
electrification, and smart power systems are now
displacing fossil fuels in the 21st. This transition is
poised to drive an industrial transformation as
profound as the advent of the automobile or the
internet, reshaping economies, markets and
competitive landscapes.

Today, solar and wind power have achieved
unprecedented cost competitiveness; solar
generation costs are roughly 30% lower than even
the least expensive fossil fuel sources. Meanwhile,
global electricity demand is surging, fueled by data
centers, artificial intelligence (Al), electric vehicles
(EVs), and electrification of industries once deemed
“too hard to decarbonize.” For example, according to
Goldman Sachs, AI already accounts for an
estimated 14% of data center power use today,
projected to reach 27% by 2027, and computing

overall could hit 3% of global energy demand.
According to IEA, EVs consumed about 0.7% of
world electricity consumption in 2024, which is
projected to grow to 2.5% by 2030. At the same time,
new technologies are tackling heavy industries
including steel, cement, chemicals, and heating:
sectors that are beginning to shed their fossil fuel
dependency. Energy systems are also becoming
more distributed and democratized with modular
renewables and storage solutions bringing power to
remote areas. Users are now able to both produce
and consume energy locally.

The next frontier of this transition is achieving 24 /7
Carbon-Free Energy (CFE): delivering carbon-free
electricity every hour of every day, everywhere.
Leading corporations and governments have
embraced this 24 /7 CFE vision as the ultimate goal
for decarbonization. Achieving it requires an
integrated strategy that combines:

e Diverse Clean Generation: A balanced
portfolio of renewables (solar, wind, hydro,
geothermal, sustainable biomass) and
emerging clean resources (advanced
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nuclear, green hydrogen) to ensure energy
availability in all geographies and seasons

e Long-Duration Energy Storage: A new
class of affordable storage solutions to
bridge multi-hour, multi-day, or even
seasonal gaps between variable supply and
demand

o Intelligent Grids and Software
Orchestration: Al-driven energy
management, smart grids, and real-time
controls to integrate assets, manage
variability, and optimize supply-demand
balance across the entire system

Significant challenges remain - from the
intermittency of solar and wind to misaligned
market incentives — but the opportunity is historic.
No single technology or company can deliver 24/7
clean power alone; it will require multi-technology
hybrid solutions and unprecedented collaboration.
This chapter outlines the key trends that drive clean
energy innovation, examines the challenges and
barriers on the road to 24 /7 carbon-free power, and
highlights the emerging technologies, market
opportunities, and case studies that illuminate a
path forward. Finally, it proposes a strategic
roadmap and next steps for industry leaders and
investors to capitalize on this transformation. The
message is clear; a fully decarbonized, 24/7 clean
energy future is within reach, and those who lead in
building it will capture immense economic and
competitive rewards.

Relevant Audience

This chapter is designed for a wide spectrum of
stakeholders united by a common purpose: building
a sustainable, decarbonized energy future. It is
written for entrepreneurs and innovators building
the next generation of clean technologies,
policymakers shaping the energy transition,
investors fueling the growth of green infrastructure
and citizens who want to understand how these
trends will shape their communities. This target
audience includes:

e Entrepreneurs and innovators creating
breakthrough clean energy solutions

e Investors and financiers allocating capital
toward transformative climate technologies

e Corporate leaders integrating
sustainability into their business models

e Policy makers and regulators shaping the
rules of the energy transition

¢ Researchers and advocacy groups
advancing science, policy, and public
awareness

e Engaged citizens who want to understand
how today’s innovations will reshape their
communities

The clean energy future will not be built by any
single group. It will require collaboration across
industries, geographies, and disciplines. The
audience spans clean energy startups, large
corporations transitioning to net-zero, research
institutions, and advocacy groups, because the
clean energy future will be built by all of us,
together.

Key Trends and Innovation
Drivers

1. Renewables Winning on Cost
and Scale

Cost Competitiveness: Renewable energy has
become a cost leader. Solar photovoltaics and
onshore wind have seen dramatic cost declines over
the past decade, making them the cheapest sources
of new electricity in many regions. In fact, utility-
scale solar power is now about 30% cheaper per
MWh than even the lowest-cost fossil fuel
generation, flipping the economics of power supply.
This cost trend is bolstered by economies of scale,
technological improvements, and lower financing
costs as renewables become mainstream. Large
corporations are seizing on these economics -
signing massive power purchase agreements (PPAs)
for wind and solar — not just for sustainability goals
but to lock in low long-term energy prices. As
renewable costs continue to fall and carbon pricing
looms in many markets, the business case for clean
energy investments grows stronger.

Global Demand Growth: At the same time, demand
for electricity is accelerating worldwide, creating a
huge market opportunity for clean power. Rapid
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digitalization and electrification are key drivers.
Data-heavy industries are ballooning: artificial
intelligence and cloud computing are power-hungry,
with Al alone projected to account for 27% of data
center electricity use by 2027 (up from 14% in
2025). The electrification of transport is another
major factor; tens of millions of EVs will plug into
grids, with EV charging expected to rise from a
negligible share of electricity demand today to as
much as 2.5% by 2030 and 6 to 8% of global
electricity consumption by 2035. Today, 55% of the
world's population live in urban areas and this
number is projected to increase to 68% by 2050. The
resulting rise in higher standard of living implies
greater electricity and energy consumption across
the world. Additionally, home heating, cooling, and
industrial processes are increasingly shifting from
combustion fuels to electric (e.g., heat pumps
replacing gas boilers, electric arc furnaces in
steelmaking). Other factors include increased
demand for air conditioning due to climate change.
This surging demand presents a growth market for
clean energy providers and innovators. The
challenge for energy leaders is ensuring this new
demand is met by carbon-free sources and managed
intelligently.

2. Electrification of Hard-to-Abate
Sectors

Industrial Decarbonization: Sectors  once
considered intractable for clean energy are now on
the cusp of transformation. Heavy industries — steel,
cement, chemicals, mining — as well as long-haul
transport and aviation, are beginning to adopt low-
carbon technologies. For example, electric arc
furnaces and green hydrogen are emerging to cut
coal out of steel production, and electric or fuel-cell
trucks aim to decarbonize freight transport. We are
at the early stages of this industrial evolution, akin
to the dawn of the information age for these sectors.
Clean electricity and electrification (directly or via
hydrogen and electrofuels) will be the backbone of
decarbonizing processes that traditionally relied on
burning coal, oil, or gas. This opens new markets for
clean power providers that supply 24/7 renewable
electricity, hydrogen, and sustainable fuels to
factories and heavy transport. It also creates
investment opportunities in technologies enabling
this shift (e.g., electrolyzers, high-temperature heat
pumps, and next-gen batteries that can power

industrial machinery). As policy pressure mounts
through mechanisms such as carbon tariffs or
corporate net-zero commitments, hard-to-abate
sectors represent a vast frontier for innovation and
growth in CleanTech.

Energy Democracy and Decentralization: The
structure of the energy system is also evolving. What
was once a one-way, centralized flow of power from
big power plants to passive consumers is becoming
a dynamic network of distributed energy resources.
Energy is increasingly democratized. Anyone with a
rooftop or land can deploy solar panels;
communities can build microgrids; and enterprises
can install batteries or generators on-site. Scalable,
modular solutions enable access to clean power “to
anyone, anywhere,” from rural villages deploying
solar home systems to businesses installing their
own renewable generation. This democratization is
empowering consumers (and “prosumers”) to take
control of their energy, which improves resilience
and creates new business models (such as
community solar or peer-to-peer energy trading).
For utilities, grid operators and electricity users,
this trend means the future grid will be far more
distributed and complex which will require smart
management, but also will present opportunities for
nimble players to serve customers with innovative
solutions beyond the old utility paradigm.

3. Digitalization, Al, and Grid
Intelligence

Al and Predictive Optimization: The convergence
of digital technology with energy is accelerating the
transition. Advances in data analytics using Al are
enabling smarter grids and energy systems. Al is
now being used to forecast renewable generation
with greater accuracy, optimize the dispatch of
energy assets, and even anticipate maintenance
needs which can reduce downtime. Grid operators
are increasingly deploying smart controls such as
Al-driven wildfire detection systems (e.g., FireSat’s
satellite Al for early wildfire detection) to protect
assets and maintain reliability. For energy
executives, these digital tools are innovation drivers
that can increase the reliability and efficiency of
renewable-heavy systems. Google provides a case in
point; it has developed “carbon-aware computing”
that shifts data center workloads to times or
locations where clean energy is plentiful, effectively
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using software to align demand with renewable
supply. Such innovations in software, forecasting,
and automation will be critical to orchestrate a 24 /7
carbon-free energy mix. They also represent a
growing market for energy management software
and Al-driven optimization services that is
attracting startups and investment as essential
pieces of the clean energy puzzle.

Sector Coupling and Integration: Another
transformative trend is sector coupling: the deep
integration of energy supply and demand across
traditionally separate sectors (electricity,
transportation, heating, industry). By linking these
sectors, we unlock new efficiencies and flexibility.
For instance, the batteries in electric vehicles can
serve as distributed storage for the grid (vehicle-to-
grid services), feeding power back during peak times
or absorbing surplus solar energy. Industrial
facilities can adjust production timing to absorb
renewable oversupply or reduce load when power is
scarce (an approach increasingly enabled by IoT and
automation in factories). Buildings with smart
HVAC systems can pre-cool or pre-heat when
renewable energy is abundant, reducing strain at
other times. This kind of cross-sector orchestration
creates a more resilient and efficient overall energy
system. Many forward-looking companies are
already exploring these synergies, such as using
excess renewable power to produce hydrogen at
times of oversupply (storing energy in chemical form
for later use in industry or transport). For energy
leaders, sector coupling means viewing power,
transport, heating, and industrial energy not as
silos but as interconnected pieces of a holistic clean
energy ecosystem. It requires collaboration across
industries but offers the payoff of unlocking 24 /7
clean energy solutions that would be impossible in
isolated systems.

4. New Players and Business
Models

24/7 CFE Commitments: A growing cohort of
influential energy buyers and suppliers is
committing to round-the-clock clean energy,
spurring innovation. The 24/7 Carbon-Free Energy
Compact, a global initiative under the United
Nations and others, now counts over 170 signatories
working to make 24/7 CFE a reality. These include
corporate giants (including Google, Microsoft,

Amazon, Meta, and SAP), utilities (AES, EDP),
industrials (Nucor, Rivian), governments, investors,
and NGOs. Their collective mission is to meet every
kilowatt-hour of electricity demand with carbon-free
sources, every hour of the day, everywhere. This
coalition reflects a broader megatrend;
sustainability leaders are no longer satisfied with
offsetting annual emissions or buying renewable
energy credits. Instead, they are driving toward true
zero-carbon operations in real time. In practice, this
has catalyzed new business models and
partnerships. Energy suppliers are now offering
24/7 clean energy bundles (such as AES’s 24/7
renewable supply deal with Microsoft’s Virginia data
centers). Tech companies are investing in energy
startups and projects (e.g., Google in geothermal
energy PPAs, or Amazon investing in novel small
modular reactors). We also see the rise of Energy
Fintech and innovative contracting. For instance,
hourly energy attribute certificates, blockchain-
based energy tracking, and software platforms
match clean energy generation with consumption on
an hourly basis. These new models not only help
achieve sustainability goals but can create arbitrage
opportunities and new value streams in energy
markets (e.g., monetizing flexibility or time-shifting
of clean power).

Infrastructure and Grid Transformation: The
electric grid itself is undergoing a major overhaul to
accommodate these trends. Investment in grid
modernization is a key enabler and opportunity.
Upgrades include high-voltage transmission lines
(to connect distant renewables and balance regional
resources), HVDC interconnectors that efficiently
move direct current power across long distances,
and advanced grid controls like smart inverters and
grid-forming battery systems that maintain stability
with high renewable penetration. There is also a
push toward microgrids and localized grids for
critical facilities — e.g., data centers, hospitals, and
corporate campuses - which can operate
independently with 24 /7 clean power and provide
resilience against outages. For investors, this
transformation opens avenues in grid tech, energy
storage integration, and services to support
reliability and resilience (from synchronous
condensers to Al-based grid monitoring tools).
Moreover, policy and regulatory shifts are starting to
recognize and reward these new value streams, such
as capacity payments for battery storage, or
incentives for demand response and resilience. The
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energy market is at a tipping point, where
technological disruption is meeting supportive
policy, creating fertile ground for strategic
investment and innovation. In summary, the
confluence of cost-effective renewables,
electrification, digital intelligence, and visionary
commitments from leading organizations forms a
powerful engine driving the clean energy revolution
forward.

Challenges and Barriers on
the Path to 24/7 Clean
Power

Transitioning to a fully decarbonized, around-the-
clock clean energy system is not a simple matter of
scaling up renewables. Energy executives know that
integrating high levels of wind, solar, and other
clean resources into a reliable 24 /7 supply brings a
unique set of challenges. Below we outline the key
barriers and pain points that must be addressed:

1. Intermittency of Renewable Supply: By
nature, solar and wind output fluctuates with
sunshine and weather, and they often produce
energy out-of-sync with demand. This
intermittency leads to periods of surplus
generation (e.g., sunny afternoons, windy
nights) and periods of deficit (e.g., calm
evenings, nighttime when solar is off). Mismatch
in timing and location of generation versus
consumption requires significant balancing
efforts. Even geographically dispersed
renewables cannot perfectly meet load at all
times. For instance, both daily and seasonal
variations are pronounced, solar over-produces
at midday and in summer, but under-produces
at night and winter. The result is a need for
extensive energy storage and load flexibility to
manage these swings.

2. The “Last 10%” Cost Problem: Achieving the
first 80 to 90% decarbonization of electricity is
economically feasible with today’s technologies
but eliminating the final fraction of carbon
emissions (to reach 99-100% clean power every
hour) is disproportionately expensive. As clean
energy penetration increases, each incremental
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percent of reliability requires more overbuilding
and backup. For example, studies indicate that
reaching about 85% carbon-free power with a
combination of solar, wind, and batteries can
drive costs above $100 per MWh, whereas
achieving about 25% CFE (via daytime solar)
costs roughly $20/MWh. In other words, the last
portion of carbon-free energy comes with steep
marginal costs under current solutions. This
cost asymmetry is a major barrier to true 24/7
CFE, as businesses and utilities must justify the
economics of high-reliability clean power. It calls
for innovation to bring down costs of firming the
last slice of demand, whether through new
storage technologies or creative market
mechanisms.

Lack of Long-Duration Energy Storage:
Today’s battery technologies (primarily lithium-
ion) are well-suited for short duration demand
smoothing (minutes to a few hours). However,
there are no commercially proven, cost-effective
solutions for multi-day or seasonal energy
storage at scale. We cannot yet store excess solar
from a sunny week to cover a cloudy week, or
shift summer’s surplus to winter’s needs, at
reasonable cost. For instance, to achieve greater
than 95% renewable supply in a place such as
Arizona using only solar PV, analysis suggests it
would require over 21 days of storage capacity to
buffer through periods of low sun; this is an
impractical proposition with current technology.
The absence of affordable long-duration storage
means we rely on fossil backup or oversizing
generation by huge factors to handle extended
lulls, which is inefficient. This is a critical
technology gap on the path to 24/7 CFE.
Addressing it will require breakthroughs in
technologies such as flow batteries, hydrogen
storage, electrofuels, compressed air, thermal
storage, and others that can economically hold
energy for many hours, days, or even months.

Grid Reliability and Resiliency Concerns: The
electric grid must maintain stability and
reliability even as it shifts to predominantly
inverter-based, renewable resources. Extreme
weather events (such as deep winter freezes or
heat waves), sudden demand spikes, or
unplanned outages of generation can all
threaten system stability. With conventional
power plants, grid operators have certain tools
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(such as inertia from spinning turbines, or fuel
on demand) to manage these events. In a
renewables-based system, maintaining resource
adequacy (enough reliable capacity at peak
times) and operational resilience (ability to
withstand and quickly recover from disruptions)
is a challenge. Events such as multi-day wind
lulls or widespread drought (affecting hydro
output) can stress the system. Additionally,
current grid infrastructure in many regions is
aging and not designed for two-way flows or
distributed injections of power. This raises the
urgency of modernizing grid control systems and
ensuring new solutions (e.g., battery storage,
grid-forming inverters, small modular reactors)
are held to rigorous reliability standards.
Regulators and grid operators are just beginning
to update rules (such as grid codes and
performance requirements) to incorporate these
new technologies as reliable grid assets. Until
those mature and prove themselves, some
stakeholders will remain cautious about leaning
too heavily on novel resources for critical power
needs.

S. Permitting, Siting, and Public Acceptance:
Building the infrastructure for a decarbonized
grid — whether it’s new transmission lines, large
renewable projects, energy storage facilities, or
advanced nuclear reactors — often faces lengthy
permitting processes and local opposition. Large
solar and wind farms require significant land or
offshore area; transmission lines frequently
encounter “not-in-my-backyard” resistance and
can take a decade to approve. Next-generation
solutions including small modular nuclear
reactors (SMRs) or hydrogen production sites
may face public concern around safety or
environmental impact. Regulatory hurdles and
community opposition can significantly delay
deployment of the very technologies needed for
24/7 CFE. For businesses looking to invest,
these delays add risk and wuncertainty.
Streamlining permitting and engaging
communities with the benefits (jobs, economic
development, environmental gains) will be
crucial to overcome this barrier.

6. Market and Policy Misalignment: Today’s
electricity markets and policies were not
designed with 24/7 carbon-free goals in mind.
Many markets reward energy delivered (MWh)

but not the cleanliness of each hour of
generation or the capacity to supply during
critical hours. There is no standardized incentive
for supplying carbon-free energy on an hourly
24/7 basis, as opposed to annual averages.
Ancillary services and capacity markets only
indirectly value attributes such as flexibility or
resilience. In addition, environmental
accounting (e.g., renewable energy credits)
typically works on annual netting, masking the
hourly variability issue. This misalignment
means there is little market pull for solutions
like long-duration storage or for over-generation
to cover the last few percent of demand. Policy is
starting to shift - for instance, some
jurisdictions are exploring clean peak standards
or hourly renewable certificate tracking — but
progress is uneven. Investors and developers
face uncertain revenue streams for some of the
key components (like seasonal storage or grid
support services) that would enable 24 /7 CFE.
Clearer price signals or incentives for delivering
carbon-free energy during the toughest hours
(e.g., a premium for midnight power that is
green) will likely be needed to complement
technology innovation.

These challenges, while daunting, also illuminate
where innovation and investment must focus. In the
next section, we explore the technology and market
opportunities emerging to address these barriers
and enable a reliable, affordable 24 /7 clean energy
system.

Technology and Market
Opportunities

Despite the hurdles outlined, the drive toward a fully
decarbonized grid is unleashing a wave of
innovation. Both established companies and
startups are developing solutions to fill the gaps,
from advanced technologies to creative market
mechanisms. For C-level leaders and investors,
these represent high-impact opportunities: areas
where breakthroughs can unlock significant value
and competitive advantage in the new energy
landscape. Here are four areas of key opportunities.
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Diverse and Hybrid Generation
Portfolios

No single energy source can single-handedly power
a 24/7 carbon-free grid; the solution requires a
diverse portfolio of clean generation, optimized to
each region’s resources. Successful strategies are
combining complementary renewables and clean
energy sources to balance each other’s weaknesses.
For example, hybrid renewable plants that co-locate
solar, and wind can leverage the fact that winds
often blow at different times than the sun shines,
yielding a smoother combined output. Adding a
dispatchable clean resource — such as sustainable
biomass, geothermal, or hydro — further strengthens
reliability. Even emerging carbon-free firm power
such as advanced nuclear reactors (small modular
reactors) or natural gas with carbon capture can
play a role in certain markets for that always-
Storage Class Discharge Duration

Sprinters Seconds to minutes (very short)

ion batteries

Marathoners Hours to ~1 day (medium)

Table 1. Energy Storage Classes and Examples

Compressed air energy storage

available backbone. Corporate energy buyers are
already pursuing this approach; Google and other
24/7 CFE leaders have signed PPAs for offshore
wind in one location, solar-plus-battery in another,
and even pilot projects in geothermal, recognizing
that each resource contributes differently to meeting
around-the-clock demand. For investors,
opportunities lie not only in individual generation
projects but in platforms that can bundle and
optimize multiple resources to sell as a single 24/7
product. Utilities, too, will need new planning tools
and services to assemble balanced clean portfolios.
In short, the future grid will be a mosaic of
resources; assembling the right mosaic for each
region is a critical capability (and business
opportunity) to develop.

Example Technologies

Supercapacitors, Flywheels, High-Crate Li-

Flow batteries (vanadium, etc.), Metal-air
batteries (iron-air, zinc-air), Advanced Li-ion

Advanced Energy Storage
Solutions

To truly decouple supply from demand and solve
intermittency, energy storage is the linchpin. The
market for energy storage is booming and
diversifying. Annual deployments of grid batteries
are breaking records, and costs for lithium-ion
systems have fallen about 20% in the last year,
making short-duration storage (up to a few hours)
widely economic. But as discussed, new forms of
storage are needed for longer durations. This has
prompted a surge of innovation in what we can think
of as three classes of storage technologies (a “hybrid
storage taxonomy”):

“Sprinters” — High-Power, Short Burst Storage:
These provide rapid response for short intervals.
They typically have high power but lower energy

Use Cases

Grid stabilization, frequency regulation, UPS
bridging power

Daily solar shifting, peak shaving, renewables
firming overnight

periods

capacity. Examples include supercapacitors and
flywheels, as well as high-power lithium-ion
batteries. Sprinters excel at grid stability tasks:
frequency regulation, smoothing second-by-second
fluctuations, or providing a quick bridge for a few
minutes. They are analogous to a sprinter in a race:
very fast, but only for a short distance. In business
terms, sprinter storage technologies are seeing
demand in ancillary services markets and
uninterruptible power supply (UPS) applications,
ensuring power quality and bridging gaps until
other resources kick in.

“Marathoners” - Medium Duration Storage:
These are the workhorses that can discharge for
multiple hours (typically 4-24 hours or more) to
cover the evening peak or an overnight lull, or
occasional increase in power/capacity needs.
Technologies include flow batteries (e.g., vanadium
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redox or emerging organic flow batteries), metal-air
batteries (such as iron-air or zinc-air systems),
advanced long-cycle lithium-ion, and some thermal
or mechanical storage solutions. Marathoners have
moderate power and energy; think of them as able
to run a steady race for the long haul. Companies
like Form Energy (with iron-air batteries) are
targeting this space, aiming to provide 24- to 48-
hour storage at low cost. These systems could
replace or reduce reliance on peaker plants and are
also well-suited for daily shifting of solar energy:
store excess solar at midday and release it
overnight. For investors, successful marathoner
storage technologies will tap into a massive market
need (utilities procuring multi-hour storage for
renewable integration) and could claim a significant
share of future capacity additions. Some
technologies such as Li-ion batteries are well suited
for daily shifting due to high energy efficiency, while
other technologies such as flow or metal-air
batteries may be suited for infrequent use and to
replace gas peakers with low annual utilization due
to lower capital cost per KWh, albeit with low energy
efficiency.

“Ultramarathoners” Seasonal or Multi-Day
Storage: This category covers storage solutions
capable of discharging for days, weeks, or even
seasons. They are crucial for overcoming the longest
renewable droughts (e.g., extended cloudy weeks or
dry spells affecting hydro). Examples include green
hydrogen (produced by electrolysis during surplus
periods and stored for later use in fuel cells or
turbines), synthetic fuels or ammonia (which can be
created from clean power and stockpiled), pumped
hydro storage in reservoirs, and emerging concepts
like underground thermal energy storage or
compressed air energy storage (CAES) in caverns.
These are akin to an ultramarathon runner; slow
but able to go the distance. Today, pumped hydro is
one of the few proven large-scale long-duration
options, but its expansion is limited by geography
and environmental constraints. Hydrogen,
meanwhile, is gaining significant traction; several
projects are underway to use excess renewable
power to produce hydrogen as a long-term storage
medium (and as industrial feedstock). While no
ultramarathon technology is yet cost-competitive at
scale, the opportunity is vast; the company or
technology that cracks cost-effective seasonal
storage will revolutionize clean energy. This is an
area drawing major R&D investments and

government support (for instance, DOE grants for
long-duration storage demos). Savvy investors are
watching startups in this space closely, as even
incremental improvements could be game changers
for 24 /7 CFE.

By combining these classes in hybrid storage
systems, an energy provider can optimize for both
power and duration, much as an athlete might
cross-train. For example, a system might use
batteries to handle intraday fluctuations and
hydrogen to store energy over weeks. This hybrid
approach is a significant opportunity for innovation;
sophisticated controls are needed to coordinate
multiple storage types, and financing models must
account for their different value streams.
Companies that master hybrid storage integration
will have a competitive edge in delivering 24/7
reliability at lowest cost.

Smart Grid Management and
Demand Flexibility

On the demand side, enormous opportunity lies in
flexible load management and digital grid solutions.
If generation alone cannot always meet demand, we
can also move and shape demand to meet
generation. This is the essence of demand-side
management, and new technologies and market
mechanisms are making it more accessible than
ever.

Demand Response & Load Shifting: Many
industries and consumers are now able to adjust
their consumption in response to price signals or
grid needs. Large industrial facilities (steel mills,
chemical plants, data centers) are partnering with
utilities or grid operators to temporarily reduce load
during peak demand or ramp upload when there is
excess renewable energy. These demand response
programs are increasingly automated and
incentivized. For instance, some factories are
equipped with smart controls that can modulate
processes (such as pausing certain production lines
for an hour) to help balance the grid. These controls
have minimal impact on output but meaningful
impact on energy costs, and the factory operators
get paid for this flexibility. Smart EV charging is
another area: electric vehicles can be programmed
(or utility-controlled, with user consent) to charge
when renewable power is abundant and electricity
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prices are low — say, a windy night or mid-day solar
peak — rather than all EVs plugging in right at 6 pm
when people get home. This not only prevents EVs
from adding to peak strain but effectively turns
them into a distributed storage resource, soaking up
surplus green energy and potentially giving some
back to the grid later (vehicle-to-grid technology is
emerging here). As millions of EVs hit the roads, this
smart charging approach is a huge opportunity for
energy savings and grid support.

Carbon-Aware Computing and IoT: Perhaps one of
the most technologically advanced forms of demand
flexibility is what Google has pioneered with carbon-
aware computing. This involves shifting flexible
computing tasks (such as data batch processing or
Al model training jobs) across time and even
geography to run when and where clean energy is
available. In essence, Google’s data centers in
different regions can coordinate such that more
workloads run in places (or hours) of abundant
wind/solar, and less in regions (or hours) where
fossil-fueled electricity is on the margin. This
concept can extend beyond computing; imagine if
refrigeration systems in cold storage warehouses
pre-cooled products during renewable peaks, or if
water utilities scheduled energy-intensive pumping
when green power is plentiful. The Internet of Things
(IoT) and Al can orchestrate thousands of devices
and processes to respond to grid signals
automatically. Entrepreneurs are developing “smart
home” and “smart building” platforms that optimize
HVAC, water heating, and appliance use based on
not just electricity price but the carbon intensity of
the grid in real time. For businesses, adopting such
solutions can cut energy costs and meet
sustainability targets (e.g., using more renewable
energy hour by hour). For utilities and grid
managers, aggregated demand flexibility becomes a
powerful tool to maintain balance without always
firing up standby generators.

From a market perspective, enabling and
aggregating demand flexibility is a service ripe for
growth. Startups offering virtual power plant (VPP)
platforms bundle together thousands of flexible
loads — from residential thermostats to commercial
HVAC to EV chargers — and bid their combined
capacity into energy markets. In 2024, we saw
record participation of demand response in capacity
auctions, signaling its emergence as a reliable
resource. Investors are keen on this space because

it often relies more on software and analytics than
heavy assets, meaning potentially high margins and
scalability. Moreover, tapping demand flexibility can
reduce the need for new generation or storage build-
out, making it a cost-effective decarbonization lever
that policy is beginning to support. In sum, smart
demand management turns energy consumers into
active participants in the clean energy transition,
and the companies that facilitate this interaction
will play a key role (and reap the rewards).

Sector Integration and Multi-Value
Infrastructure

Another major opportunity area is multi-sector
integration: designing energy systems that serve
multiple needs at once and create value streams
across traditionally separate sectors. We touched on
sector coupling in trends; here we emphasize the
concrete opportunities it presents.

Electric Mobility + Grid Synergy: The convergence
of the transport and power sectors through EVs is
spawning new ventures in charging infrastructure,
vehicle-to-grid  services, and fleet energy
management. For example, utilities are partnering
with transit agencies to use bus batteries as grid
support when buses are parked. Businesses that
operate large fleets (delivery vans, corporate cars)
are investing in software to optimize charging
schedules and even potentially sell energy back to
the grid. Automakers and tech firms see the chance
to differentiate by making their EVs “grid aware” and
capable of such services. For energy investors, EV
infrastructure — especially smart charging networks
and V2G technology providers — is a high-growth
field backed by both climate policy and consumer
EV adoption trends.

Power-to-X and Industrial Linking: When
renewable power exceeds immediate grid demand,
instead of curtailing it, that electricity can be
converted (Power-to-X) to other forms such as
hydrogen (power-to-gas), ammonia or synthetic
fuels, or even used for direct heat in industrial
processes (power-to-heat). These pathways link the
power sector with industrial, chemical, and heating
sectors. Projects are emerging where surplus wind
power feeds an electrolyzer to produce hydrogen
used in refining or fertilizer production. Some island
nations and oil companies are exploring using
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excess renewables to produce green ammonia for
export as fuel. This kind of integration means a
renewable energy project can have multiple revenue
streams: selling electricity when prices are high and
producing commodities (such as hydrogen) when
power prices would otherwise be low. It’s a hedging
strategy that improves project economics and also
broadens decarbonization beyond the grid. Investors
are looking at “power-to-X” startups and integrated
project developers who can navigate both the power
market and the downstream industrial market for
green fuels or feedstocks.

Thermal Networks and Building Integration: In
urban areas, another form of sector integration is
connecting electricity with building heating/cooling.
Excess renewable electricity can be used by heat
pumps or resistive heaters to supply district heating
systems, or to chill water/ice for district cooling,
effectively storing energy in thermal form.
Conversely, buildings with thermal storage (e.g.,
large hot water tanks or chilled water storage) can
act as energy sinks that absorb power when needed.
Companies are innovating with community
microgrids that incorporate electric and thermal
energy flows together: for example, capturing waste
heat from data centers to warm nearby buildings.
Such projects often involve creative partnerships
between utilities, tech firms, and municipalities (for
example, using the constant waste heat from
industrial processes to balance the intermittent
nature of renewables). They demonstrate how
thinking beyond silos can unlock local 24/7 clean
energy solutions.

Multi-Value Grid Infrastructure: Building a 24/7
clean energy system also invites reimagining
infrastructure to provide multiple services. One
example is hydrogen-ready gas turbines or
pipelines. These can serve as insurance: running on
natural gas today for reliability, but ready to switch
to green hydrogen in the future, thus protecting the
value of the asset. Another example is transmission
lines planned as “highways” for renewables; new
interregional transmission can pay off by enabling
trading of clean energy across time zones or weather
regions (as we’ll see in a case study with
Denmark/Norway). Grid expansion in this sense is
an opportunity to reduce the cost of 24/7 CFE by
leveraging  geographic  diversity. Companies
investing in transmission or interconnectors (often
in partnership with governments) stand to unlock

gigawatts of stranded renewable potential and earn
steady regulated returns.

Finally, financial innovation and policy support are
important enablers that create opportunities on
their own. There is momentum in developing new
financing models like energy-as-a-service, where a
provider installs and manages a microgrid or fleet of
batteries for a client and the client just pays for
clean energy delivered and resilience as a service.
Green bonds and sustainability-linked loans are
channeling institutional capital into clean
infrastructure at record scales. On the policy side,
governments are starting to implement mechanisms
to value resilience and flexibility (e.g., incentives for
batteries that provide backup during emergencies,
or tax credits for long-duration storage as seen in
the U.S. Inflation Reduction Act). Businesses that
align with these emerging incentives can gain
significant cost advantages. For instance, time-
stamped Renewable Energy Certificates (RECs) and
carbon accounting standards are being developed to
formally recognize 24/7 CFE achievement, which
will reward those who invested early in robust clean
energy solutions. All these trends point to a future
where innovative technology, integrated systems,
and forward-thinking policy converge to create a
rich landscape of opportunities for those ready to
lead in CleanTech.

Case Studies and 24/7 CFE
Project Examples

Real-world projects are already demonstrating
elements of the 24/7 carbon-free vision, providing
valuable lessons and inspiration. Below, we
highlight several case studies from tech giants
pursuing 24/7 clean power for data centers to
communities and regions that have achieved near-
round-the-clock renewables in practice. These
examples show that while challenges exist,
solutions are emerging at different scales.

Corporate Leaders: Big Tech’s 24/7
Clean Energy Pursuits

Google: Google was among the first companies to
commit to 24/7 carbon-free energy for its
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operations. Having already achieved 100%
renewable energy on an annual basis since 2017,
Google is now pushing further to ensure every hour
of electricity for its data centers is matched with
local carbon-free supply by 2030. By 2020, they had
reached 67% carbon-free energy on an hourly basis
across their data centers. How are they doing it?
Google has signed a range of new power deals,
including massive new wind and solar projects
coupled with storage, and even investments in
geothermal energy to cover baseload needs.
Moreover, as noted, Google developed carbon-aware
load shifting — moving compute tasks to times or
places with cleaner energy - effectively using
flexibility as a resource alongside generation. This
holistic approach (supply + demand solutions) is a
template other large power users are studying.
Google’s efforts also spawned the broader 24/7 CFE
Compact in partnership with the UN, demonstrating
thought leadership that influences policymakers
and markets globally.

Microsoft: Microsoft’s ambitious goal, phrased as
“100/100/0”, means procuring 100% of its
electricity 100% of the time from zero-carbon
sources by 2030. In practice, this is another
articulation of 24/7 CFE. Microsoft has actively
pursued innovative projects to get there. Notably, in
2021 it signed a landmark 24 /7 PPA with AES for
its Virginia data centers, where AES will supply a
round-the-clock matched renewable portfolio
(drawing on solar, wind, hydro, and battery storage)
to meet Microsoft’s load every hour. This was one of
the first contracts of its kind, essentially
guaranteeing clean energy delivery in real time
rather than net annual volumes. Microsoft is also
tackling the backup power challenge; traditionally,
data centers rely on diesel generators for backup.
Microsoft is piloting large batteries on-site which
can provide backup power while also participating
in the grid for efficiency and exploring hydrogen fuel
cells as a cleaner generator replacement. If
successful, these batteries and fuel cells could
eliminate fossil fuels from their operations entirely
(the “0” in 100/100/0 stands for zero carbon
emissions, even during emergencies). Importantly,
Microsoft’s  strategy = emphasizes  technology
development (they have invested in early-stage
companies working on long-duration storage and
other breakthrough tech) and policy advocacy for
markets that enable 24 /7 procurement. This signals
to executives that achieving such goals may require

going beyond off-the-shelf solutions to actively
shaping the ecosystem.

Amazon: Amazon, the world’s largest corporate
renewable energy buyer, plans to power its
operations with 100% renewable energy by 2025, a
goal it is on track to meet through a huge portfolio
of solar and wind farms. Now Amazon is looking
ahead to ensure that renewable supply is also firm
and available at all times. Recognizing that wind and
solar alone have limits, Amazon has made headlines
by investing in next-generation nuclear. It
committed over $500 million to X-energy, a
company developing small modular reactors (SMRs),
with the aim of having about 5 GW of advanced
nuclear capacity by 2035 that could provide
constant clean power. Amazon is also piloting the
concept of co-locating data centers at clean power
plants: for instance, situating data center facilities
directly at a nuclear plant site in Pennsylvania to
secure a 24/7 supply. These moves show a bold
approach to firming up renewable supply by
incorporating new clean firm resources. In addition,
Amazon continues to invest in energy storage and
recently in hydrogen as well, to support its massive
logistics fleet and warehouses with clean energy.
The takeaway for investors is that even the largest
companies see value in backing diverse technologies
(including those still in development) to solve the
24 /7 puzzle: a signal of confidence that the demand
will be there for these solutions.

Meta (Facebook): Meta has taken a slightly different
angle by co-founding an “Emissions First” coalition
of companies. This initiative advocates focusing on
maximizing real-world CO, emissions reduction
rather than a strict hour-by-hour matching in
locations where it’s infeasible. In practice, this
means Meta still aims for 24 /7 CFE in the long term
but is also supporting projects that deliver the
greatest carbon bang for the buck (e.g., driving
renewables into coal-heavy grids even if those
renewables are not directly tied to Meta’s own
consumption). The coalition is pushing for better
carbon accounting methods that reward such
impactful clean energy investments. This case
highlights that different strategic approaches exist —
some companies prioritize absolute hourly matching
while others prioritize overall climate impact — and
the two concepts will likely converge as data and
transparency improve. For decision-makers, the key
is that Meta and peers are going beyond the easy
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wins (annual RE100 targets) and wrestling with the
tougher question of how to decarbonize each unit of
electricity, using their influence to shape market
standards.

Climate Neutral Data Centre Pact (Europe): It’s
worth also noting industry-wide efforts like the
Climate Neutral Data Centre Pact in Europe, where
major data center operators collectively pledged to
reach 100% carbon-free power (among other
sustainability measures) by 2030. This self-
regulatory pact covers dozens of companies
(including cloud providers and colocation firms) and
is driving investment in renewable energy,
efficiency, and flexibility across the sector. Such
collaborative initiatives indicate that the push for
24 /7 CFE is not isolated to a few U.S. tech giants,
but instead it is becoming an expected norm in the
digital infrastructure industry. For investors in
data-centric businesses or real estate (such as data
center REITs), alignment with these pacts will be
crucial to remain competitive and avoid stranded
assets in the future.

Grid and Community Case Studies:
24/7 in Action on the Ground

Island Microgrid - El Hierro (Canary Islands,
Spain): One of the world’s most notable examples of
near-24/7 renewable energy at a community scale
is the island of El Hierro. With a small population
(about 11,000) and isolated grid, E1 Hierro set out to
become the first energy-independent island powered
only by renewables. In 2014 they inaugurated the
Gorona del Viento hybrid power station: a
combination of a wind farm and pumped hydro
storage system. Five large wind turbines (11.5 MW
total) generate electricity when winds are strong,
and excess power pumps water from a lower
reservoir to a higher crater-lake reservoir. When the
wind calms, the stored water is released back down
through hydro turbines (11.3 MW) to produce
electricity, effectively acting like a giant battery. This
wind + water setup has allowed El Hierro to run on
100% renewable power for days at a time, entirely
shutting off its diesel generators during those
periods. On average, the island now supplies
roughly 50% to 70% of its yearly electricity from
renewables, cutting diesel consumption by more
than 70% and avoiding thousands of tons of CO,
emissions annually. Impressively, there have been

stretches where the island ran continuously on
clean power for weeks; in 2019, El Hierro was 100%
powered by renewables for nearly 25 days straight.
This case demonstrates that with clever use of
storage and resource mix, even a small grid can
achieve very high renewable penetration. The project
wasn’t without challenges (it required significant
capital investment and careful operational tuning),
but it now serves as a model. The system’s success
is often cited in energy circles to show that “the key
is hybridization”; in the words of El Hierro’s project
leaders, it’s the mix of wind plus hydro storage (and
soon solar will be added) that makes it work. For C-
level leaders, El1 Hierro offers a microcosm of what a
future larger grid could do: integrate renewables and
storage to approach 24/7 reliability. It also
highlights an investment angle — island grids and
remote communities worldwide are prime targets for
similar renewable microgrid solutions, often with
support from governments eager to reduce fuel
import costs.

Regional Integration - Denmark & Norway: On a
national-regional scale, an excellent case study is
the integration between Denmark and Norway’s
electricity systems. Denmark has become a world
leader in wind energy; wind power now supplies over
40% of Denmark’s annual electricity. However,
Denmark alone could not use such a high share of
wind without either massive storage or occasionally
wasting excess power. The solution has been strong
interconnection with Norway (and other neighbors).
Norway, by contrast, has a vast amount of flexible
hydropower and large hydro reservoirs. The two
countries have effectively created a virtual combined
system; when Denmark’s wind farms generate more
than its demand, the surplus electricity is sent via
undersea cables to Norway where it is used to pump
water uphill and refill the hydro reservoirs (or simply
allows Norway to dial back its hydro generation and
save water). Then, when the wind dies down in
Denmark, Norway can increase hydroelectric output
and send power back to Denmark. In essence,
Norway’s hydro acts as a giant “battery” for
Denmark’s wind. The result is that Denmark can
achieve near-24/7 renewable supply by leveraging a
regional resource mix, exporting, and importing as
needed. This cooperative model has been so
successful that Denmark rarely needs to curtail
wind production — they export significant wind
power during storms — and in turn, Norway profits
by selling electricity and balancing services, all while
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both reduce reliance on fossil fuels. It’s a prime
example of how grid interconnectivity and resource
diversity across regions can overcome variability.
For power companies and policymakers, it
underlines the value of investing in inter-regional
transmission and cross-border energy trade as a
cost-effective alternative (or complement) to local
storage. It also demonstrates a market opportunity;
companies that can develop and operate these
interconnections — or trade energy across them — can
capitalize on price differences and renewable
intermittency in a mutually beneficial way.

Flexible Demand - Google’s Data Centers and
Smart Labs: We return briefly to demand-side
innovation with a Google example not on generation
but on load flexibility in action. In one pilot, Google
worked with power grid operators to shift data
center workloads based on the availability of
renewable energy (i.e., when the sun shines or wind
blows). Data from that pilot illustrated that
significant load shifting is possible without harming
service, essentially flattening the data center’s
demand curve to align with green power availability.
This pilot is now being expanded and emulated by
others. For an executive or investor, the takeaway is
that demand flexibility is not just theory; it’s already
delivering results. When scaled up (think thousands
of data centers or millions of smart appliances), it
can be as impactful as a new power plant.

These case studies each highlight part of the
solution set for 24/7 clean energy: hybrid
generation + storage, regional coordination, cutting-
edge corporate procurement, and demand-side
innovation. Together, they reinforce the notion that
the path to a decarbonized future will be paved by a
portfolio of solutions working in concert. Companies
and regions that have begun experimenting and
investing early are already reaping benefits (cost
savings, energy security, reputational leadership)
and provide roadmaps for others to follow.

Strategic Roadmap and
Next Steps

Building a 24/7 decarbonized energy future is both
a technical challenge and a strategic one. For
leaders and energy stakeholders plotting their clean

energy strategy, it’s essential to have a roadmap that

addresses near-term actions and long-term
developments in parallel. Below, we outline a
strategic framework - encompassing guiding

principles, immediate next steps, and longer-term
milestones — to navigate the journey to 24 /7 carbon-
free energy. This roadmap can help organizations
prioritize investments, partnerships, and policy
engagements over the coming decade.

Guiding Principles for a 24/7 CFE
Strategy

Any roadmap should be grounded in a clear vision
of the desired future state. For 24/7 CFE, the
following principles serve as guideposts in strategic
planning and decision-making:

Every Hour, Everywhere: Embrace the principle
that carbon-free power should be delivered every
hour of the day, not just as an annual average.
Solutions and contracts should be evaluated based
on their contribution to this granular reliability.
Geographical diversity is key; sourcing clean energy
“everywhere” ensures that even localized operations
can be decarbonized (e.g., data centers or factories
in less sunny or windy areas need tailored
solutions). This principle pushes organizations to go
beyond easy wins and drive innovation for the
difficult hours and places.

Reliability and Resilience by Design: Make
resilience a core design criterion of clean energy
systems. This means planning for shocks - from
extreme weather to cyberattacks — and ensuring the
clean energy solution can withstand and recover
from them. Incorporate backup systems (such as
microgrids or on-site storage), diversity of supply,
and robust grid infrastructure upgrades in your
roadmap. For example, if deploying renewables, also
plan for how critical loads would stay powered
during a multi-day renewable shortfall or a grid
outage. By treating reliability as equally important
as sustainability, companies can avoid trading one
risk for another.

Flexible and Interoperable Infrastructure:
Prioritize flexibility in both physical infrastructure
and software. The future grid will be highly dynamic,
so assets that can serve multiple roles (generation,
storage, and demand response) provide more value.

o®

Page 60

CoalitionforInnovation.com

CleanTech Blueprint

© 2025. This work is openly licensed via CC BY 4.0.


https://coalitionforinnovation.com/
https://creativecommons.org/licenses/by/4.0/
https://blog.google/inside-google/infrastructure/data-centers-work-harder-sun-shines-wind-blows/
https://blog.google/inside-google/infrastructure/data-centers-work-harder-sun-shines-wind-blows/
https://blog.google/inside-google/infrastructure/data-centers-work-harder-sun-shines-wind-blows/

Ensure that systems use open standards and can
integrate across platforms and partners, whether
it’s data sharing for grid coordination or hardware
that can plug-and-play in different applications.
Interoperability also means working across
organizational boundaries; corporate energy buyers
should collaborate with utilities, grid operators, and
regulators to ensure their efforts align with broader
grid needs. For example, a company’s battery
project could also provide community resiliency
services if set up cooperatively.

Equity and Universal Access: A decarbonized
future should benefit all, not just the largest players.
When crafting a strategy, consider impacts on and
opportunities for local communities. This could
involve investing in community solar or storage
projects, workforce development for clean energy
jobs, or ensuring that cost savings from renewables
translate into lower energy bills for consumers.
There is growing investor attention on
Environmental, Social, and Governance (ESG)
criteria; demonstrating that your clean energy
initiatives also advance social good (such as energy
access in underserved areas) can enhance brand

value and meet ESG investment standards.
Moreover, widespread public support will smooth
the path  for  projects (addressing  the
siting/acceptance challenge), so engaging

communities as stakeholders is a smart long-term
strategy.

Lifecycle Sustainability: Finally, adopt a holistic
view of sustainability. Ensure the chosen solutions
are truly clean when considering their full lifecycle:
from mining of raw materials to manufacturing, and
the eventual disposal or recycling. For instance,
batteries, wind turbine blades, and solar panels
have manufacturing footprints and end-of-life
issues; planning for recycling or reuse can mitigate
future regulatory or cost issues. Companies and
their partners should push for transparency from
suppliers and invest in circular economy practices
for clean tech. This not only is the right thing to do,
it also preempts future supply chain disruptions or
liabilities and appeals to increasingly -climate-
conscious investors and customers.

With these guiding principles in mind, we turn to
concrete next steps and strategic initiatives for the
short and medium term.

Near-Term Actions (1-3 Years)

1. Scale Proven Solutions Aggressively: Begin
with the low-hanging fruit. Expand deployment
of cost-competitive clean energy assets that are
already mature — such as utility-scale solar,
onshore wind, and short-duration battery
storage — especially in portfolios or regions where
they will have immediate impact. These
solutions can often meet 70% to 90% of energy
needs cleanly at lower cost than fossil
alternatives today. Signing PPAs for renewables
or investing in your own projects can also hedge
against fossil fuel price volatility. In tandem,
implement energy efficiency measures across
operations to reduce overall demand (the
cleanest MWh is the one not used). Efficiency
improvements in buildings, industrial
processes, and vehicle fleets provide quick
returns and ease the burden on achieving 24/7

supply.

2. Invest in Grid Modernization and Flexibility:
Advocate for and invest in upgrades to the grid
infrastructure that improve flexibility. This
includes advanced metering and control
systems, automation of distribution networks,
and bidirectional power flow capabilities (to
accommodate distributed generation and EVs).
Consider participating in utility pilots for smart
grids or offering your facilities as testbeds for
technologies such as dynamic line rating (which
can increase transmission capacity when
conditions allow) or microgrid islanding
capabilities. Upgraded grid infrastructure not
only enables more renewables, it can also
improve reliability and create new business
opportunities (such as providing ancillary
services to support grid voltage/frequency
through your assets).

3. Forge Cross-Sector Partnerships: Recognize
that achieving 24/7 CFE will require
collaboration beyond your organization. Partner
with startups and innovative firms for access to
cutting-edge technology (for example, working
with a promising long-duration storage startup
on a pilot installation at one of your facilities).
Establish agreements with utilities or energy
suppliers who are aligned with 24/7 goals,
possibly co-developing bespoke clean energy
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supply contracts. Collaborate with peers in your
industry to form buying coalitions or knowledge-
sharing groups (much like the data center pact
or the Emissions First coalition). Public-private
partnerships are also valuable; engaging with
government-funded programs or research
(national labs, etc.) can give early insight into
emerging solutions. By fostering an ecosystem
approach, you can accelerate learning and
deployment while sharing risks and resources.

Advocate for Policy and Market Reform: Use
your influence as a stakeholder to push for the
market changes needed. This could mean
supporting policies that incentivize 24/7 CFE:
for example, advocating for an hourly renewable
energy credit system or clean peak standard in
the regions you operate. Work with regulators to
value resilience and flexibility (perhaps
suggesting new tariff structures or capacity
market rules that reward resources like storage
or demand response). Companies might also
lobby for streamlined permitting for clean
infrastructure, as delays hurt everyone. A
notable example is the push for “green dispatch”
or carbon-based grid dispatch rules, which some
24 /7 advocates are proposing to prioritize clean
energy delivery. Aligning your internal strategy
with a policy advocacy plan ensures that over
time, external conditions become more favorable
to your goals.

Pilot and Demonstrate Long-Duration
Solutions: In the near term, set aside budget
and resources for pilot projects of the crucial
unproven technologies; don’t wait for them to be
fully commercial. Whether it’s installing a 1 MW
flow battery at a facility, running a trial of a
hydrogen  generator, or deploying an
experimental software for hourly energy
tracking, these pilots provide valuable data and
signal commitment. They also position you at
the front of the line if and when the technology
takes off. Some companies allocate a percentage
of their energy procurement to innovative
projects (for instance, dedicating 5% to 10% of
new procurement funds to nascent tech such as
geothermal, tidal, or advanced storage).
Governments and research agencies often offer
grants or cost-share for such demonstrations,
reducing the risk. The knowledge gained will
inform your scaling strategy in later years, and

successful pilots can be scaled up to full
production systems.

Engage Stakeholders and Build Buy-In:
Internally, ensure top management and boards
are educated on the 24/7 CFE vision and its
long-term benefits: not just in sustainability
terms but in competitive positioning and risk
management as well. Externally, communicate
your plans to customers, investors, and the
public to build goodwill and perhaps attract
impact-oriented capital. Employee engagement
is another facet; many companies find that
involving employees in sustainability efforts
(through internal campaigns, idea challenges,
etc.) boosts morale and can surface grassroots
innovation. Fundamentally, broad support will
help maintain momentum, especially as projects
get complex. It’s easier to justify a multi-million-
dollar investment in a novel storage system if
stakeholders understand the why and see the
leadership position it confers.

Medium- to Long-Term Priorities (4-10+ Years)

1.

2.

Integrate Multi-Tech Solutions at Scale: As
technologies mature, they move from pilots to
portfolio-wide integration. The mid- to late-
2020s should see scaling of long-duration
storage (if current R&D yields results), as well as
more availability of advanced reactors, green
hydrogen infrastructure, and mature VPP
platforms for demand flexibility. Be prepared to
invest capital in these at scale. For example, by
2030, a company might operate a hybrid
renewable plant combining 200 MW solar, 100
MW wind, 50 MW of 8-hour storage, and
contracts for seasonal storage, all orchestrated
by Al to deliver reliable output. Or a city might
integrate thousands of EVs and smart
appliances as a “flexibility resource” equivalent
to a single power plant. Those who have done the
groundwork in advance will have a competitive
advantage to bring these projects online faster.

Continuous Innovation and Reassessment:
The energy transition landscape is fast-moving.
A strategic roadmap must include periodic
reassessment — say, every 2 to 3 years — to
incorporate new technologies or adjust to
market changes. Keep scanning  for
breakthroughs (e.g., a new battery chemistry
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with double the energy density, or a fusion
energy pilot showing promise for the 2030s) and
be ready to adapt. Allocating funds for ongoing
R&D or venturing (perhaps through a corporate
venture arm investing in CleanTech startups)
can provide early access to innovations.
Remember that today’s “moonshot” can become
2030’s mainstream; ten years ago, few would
have predicted the current viability of offshore
wind or the plunging cost of batteries.
Maintaining an innovative culture and not being
locked into one technology path will safeguard
your strategy against disruption.

3. Scale up Workforce and Supply Chain: As you
deploy more clean technologies, ensure that
your organization and partners have the
necessary skilled workforce and robust supply
chains. This might mean retraining employees
(e.g., upskilling oil and gas engineers to work on
geothermal or hydrogen projects) and developing
relationships with new suppliers (for solar
panels, electrolyzers, battery materials, etc.).
Educational institutions including community
colleges can be an excellent partner for
retraining existing workforces to add highly
specific skills. On the supply chain side, it could
involve strategic moves like vertically integrating
certain supply aspects if shortages loom. The
recent global supply chain challenges for solar
modules and battery minerals underscore the
importance of planning ahead to secure supplies
in a sustainable and ethical manner. Investors
are increasingly cognizant of supply chain risks,
so a transparent strategy here is part of overall
risk management.

4. Measure, Verify, and Communicate Progress:
Develop sophisticated measurement and
verification systems for your 24/7 CFE
performance. This might leverage blockchain or
advanced energy tracking software to certify how
much of your energy was carbon-free each hour.
Transparent reporting (possibly third-party
audited) of these metrics will validate your
efforts and help identify remaining gaps. As you
hit milestones (e.g., 90% CFE on an hourly
basis, or first year of fully diesel-free backup),
celebrate and publicize them; this not only
enhances brand value but also contributes to
industry knowledge by sharing best practices. In
these longer-term horizons, companies leading

on 24 /7 CFE could influence industry standards
and customer expectations; for instance, data
center clients might start asking for proof of
hourly CFE as a procurement criterion, or
investors might reward those who can
demonstrate true “carbon-free operations”
versus those who rely on offsets.

S. Plan for End-of-Life and Next Horizon: Finally,
even as we focus on 2030, keep an eye on
beyond. The assets being built now (solar farms,
wind turbines, batteries) will eventually need
repowering or recycling by the 2040s. It’s wise to
plan for that circularity: perhaps investing in
recycling technology or designing contracts that
include end-of-life take-back. Additionally,
consider the next horizon of innovation; could
technologies such as nuclear fusion, space-
based solar power, or entirely new energy
carriers change the game by mid-century? While
speculative today, a truly forward-looking
strategy at least monitors these areas. Scenario
planning for various futures (including ones
where climate impacts are more severe than
currently expected) will ensure resilience of your
strategy. The companies and investors who
navigate the first wave of CleanTech
transformation successfully will be best
positioned to tackle whatever comes next, be it
climate adaptation needs or leveraging new
energy frontiers.

In summary, the strategic roadmap to 24/7 clean
energy involves immediate pragmatic steps
combined with visionary long-term planning. It
requires investing in today’s solutions while
incubating tomorrow’s, all guided by a commitment
to reliability, sustainability, and innovation.
Organizations that execute on such a roadmap will
not only meet regulatory and societal expectations
for climate action; they will also build competitive
advantage in a decarbonized economy.

Conclusion

The clean energy transition is no longer a distant
aspiration; it is wunfolding in real time and
accelerating. History has shown that disruptive
shifts often progress gradually at first, then
suddenly become rapid and irreversible. We appear
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to be nearing that inflection point in the energy
sector. What starts as bold ambition to achieve 24 /7
carbon-free power will quickly become the new
baseline expectation. Like the leap from horses to
automobiles in the 20th Century, the transition to
24/7 clean power will redefine economies and
societies in the 21st.

For energy leaders, investors and other key
stakeholders in the CleanTech market, the message
is clear; significant value is at stake. The
innovations and business models emerging around
24 /7 clean energy will create winners and losers on
a grand scale. Companies that lead in adopting and
enabling these trends stand to capture new markets
and enjoy reputational benefits that attract
customers, talent, and capital. Those that lag risk
stranded assets, higher energy costs, and
competitive disadvantage as the world moves on
from fossil-dependent models. Clean energy
leadership is becoming synonymous with industry
leadership.

Crucially, this transition is not a zero-sum game.
Collaboration is as important as competition. The
complexity and scope of the challenge mean that no
single company, no single technology, and no single
government can do it alone. Cross-industry
partnerships and consortiums like the 24/7

Author (In order of contribution)

Compact and Public-Private Partnerships will be the
scaffolding on which this new energy future is built.
The work we do today will determine how quickly
and smoothly that future arrives: through the real-
world pilots we run, the policies we advocate, the
investments we make, and the collaborations we
form. Each project or innovation is a building block
towards a carbon-free energy ecosystem that is more
resilient, equitable, and prosperous.

In closing, building the path to a decarbonized
future is more than a technical endeavor; it is a
chance to reimagine and improve how we power our
world. It is about sparking a modern industrial
revolution that marries economic growth with
environmental stewardship. It is about ensuring
energy security and sustainability for generations to
come. And for business leaders and investors, it is
about positioning their organizations at the forefront
of one of the greatest opportunities of our time. The
canvas is vast — from transforming global power
grids down to empowering local communities — and
the tools are in our hands. By learning from current
trends, tackling the remaining challenges head-on,
and boldly investing in innovation, we can turn the
vision of 24 /7 clean energy into reality. The race is
on and the time to act is now. Together, let us build
a brighter, decarbonized tomorrow.

Ram Krishnan, Head of CleanTech Incubation, LG NOVA

Ram Krishnan is a cleantech executive, entrepreneur, and technologist with more than two decades of
experience turning breakthrough research and engineering into global ventures. He currently leads
cleantech incubation at LG NOVA, where he helps launch new businesses in areas including energy
management, Al-driven software, electric vehicles, and grid modernization. Previously, he served as CTO
of BrightNight, a global renewable energy company, and of NantEnergy, an Arizona State University
spinout that pioneered the world’s first rechargeable metal-air battery. Ram is also an inventor with 50+
patents and has worked closely with universities as a lecturer, mentor, and entrepreneur-in-residence to

bring research to market.
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Chapter 5:
Beyond Emissions: Balancing People,
Planet, and Profit at Scale in Al
Infrastructure

Authors: John Barton

Facts and Figures:

U.S. data centers consumed 176 TWh of
electricity in 2023, contributing ~60 MtCOe. Al
workloads (e.g., GPT-3) are primary drivers of
this growth, with one training run using 1,287
MWh.

Water use is significant: direct cooling used ~66
billion liters in 2023, and indirect power
generation consumed another ~800 billion liters.

Google, Microsoft, and Meta collectively
withdrew ~2.2 billion m® in 2022, comparable to
the annual use of two Denmarks.

Community-level impacts include generator
emissions (~100 tons NOx/year in Wisconsin;
~14 tons formaldehyde/year in Memphis), noise
pollution, and increased infrastructure costs.

Environmental justice concerns are acute, with
facilities often sited in underserved or vulnerable
regions with minimal local benefit and high
health /environmental burdens.

Public opposition has delayed or blocked ~$64
billion in data center projects across 24 U.S.
states as of 2025.

Overview

Artificial intelligence (Al) infrastructure demands
enormous physical resources — energy, water,
land — and produces wide-ranging ecological and
civic consequences. While emissions are often the
primary metric of concern, the full picture includes
upstream and downstream effects on water
systems, air quality, public infrastructure, and
community well-being. These impacts are not only
accelerating but disproportionately concentrated
in regions with limited oversight or leverage, such
as Appalachia, the Southwest, and other under-
resourced areas.

Local communities face additional external
influences including thermal pollution, diesel
exhaust from backup generators, and grid strain,
particularly in water-stressed and low-regulation
regions. These externalized costs, compounded by
tax exemptions and minimal job creation, highlight
the urgent need to rethink sustainability beyond
emissions-only metrics.

List of Stakeholders
(Audience/Readers)

Public Sector & Governance

This group includes entities responsible for policy,
regulation, and public resource management at all
levels of government.
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Local & Regional Authorities:

e Municipal and county governments (city
councils, zoning boards, public works)

e Water authorities and regional water
boards

e School boards and local educational
institutions

e Economic development agencies

State & Federal Regulators:

e Environmental protection agencies (e.g.,
EPA, state-level environmental quality
boards)

e Public utility commissions and energy
departments (DOE)

e State oversight offices (auditors general)

e Federal agencies (e.g., USDA, NTIA)

Cross-Jurisdictional Bodies:

¢ Regional funding commissions
(Appalachian Regional Commission)

e Tribal nations and Indigenous land
authorities

Private Sector & Infrastructure

This category covers the corporations and financial
entities that design, build, and operate the
infrastructure, along with their investors.

Technology & Infrastructure Providers:

e Al companies and cloud service providers
(e.g., Google, Microsoft, AWS)

e Hyperscale data center developers

e Utility companies and grid operators

e Construction, logistics, and engineering
firms

Investors & Financial Services:

¢ Real estate investment trusts (REITs) and
infrastructure asset managers

e Private equity firms

e Insurance providers and ESG risk
analysts

Civil Society & Community

This section includes groups and individuals
directly affected by Al infrastructure, along with
non-governmental organizations advocating on
their behalf.

Affected Communities:

e Local residents and neighborhood
associations

o Utility ratepayers

e Communities in tax-exempt or PILOT
(Payments in Lieu of Taxes) zones

Advocacy & Public Interest Groups:

e Environmental justice coalitions and
grassroots organizers

e Labor unions and tech equity coalitions

e Public health departments and local
planning boards

e National civil rights and legal aid
organizations

Global & Research Entities

This final group includes international bodies,
academic institutions, and media that shape the
global context and public understanding of Al
infrastructure's impacts.

Global Governance & Oversight:

e Multilateral climate and infrastructure
funders (e.g., World Bank, IMF)

e International sustainability standards
bodies (ISO)

¢ Global watchdog organizations (e.g.,
Amnesty International, Global Witness)

e Supply chain and critical minerals
governance coalitions

Knowledge & Media:

e Academic researchers

e Investigative journalists and specialized
media

e Think tanks and public policy labs

e Independent ESG auditors
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e Al industry governance bodies (e.g.,
Partnership on Al)

The Problem:

Al infrastructure is no longer a niche domain; it is
central to how knowledge is produced, how
decisions are made, how surveillance systems
operate, and how global computation scales. The
physical systems powering it — supporting models
like GPT, national defense, and enterprise Al — are
intensely resource-dependent, placing accelerating
demands on electricity, water, land, and labor.
These burdens fall disproportionately on
communities with the least power to resist them.

These burdens are often hidden—by design. Not
just physically, but through decision-making
structures that obscure who decides, who pays,
and who is accountable. Costs are externalized.
Public engagement is bypassed. Communities are
left with the consequences. With the rise of
generative Al and continuous inference workloads,
these demands are compounding exponentially,
straining people, ecosystems, and economies.

Across the country, siting decisions frequently
exploit disenfranchised regions—Appalachia, the
Southwest, and other areas with cheap land, weak
regulation, and under-resourced governments.
Projects are often approved before public notice,
and communities may only learn of them after
rezoning or construction is already underway.
Civic exclusion and externalized costs fall hardest
on marginalized groups with the least leverage. In
West Virginia, grid upgrades for proposed data
centers could cost ratepayers over $440 million,
underscoring how local communities may be
forced to subsidize infrastructure for global
platforms.

Narrow reporting metrics compound these harms.
Environmental assessments often focus only on
emissions, omitting water, land, and heat impacts.
Mid-sized Al data centers can draw up to 300,000
gallons of water per day—comparable to the daily
use of 1,000 households—yet such withdrawals
rarely appear in sustainability reports. This
selective accounting creates blind spots that mask
the full scope of ecological damage.

In 2023, U.S. data centers used an estimated 66
billion liters of water for cooling and another 800
billion liters indirectly through power generation.
Phoenix facilities collectively draw more than 177
million gallons per day, while in The Dalles,
Oregon, Google’s campus now consumes nearly
25% of the city’s water supply. Aquifers and
watersheds are stressed, wastewater discharges
raise ecological risks, and noise and air pollution
add chronic health burdens.

e Microsoft’s Wisconsin site is projected to
emit nearly 100 tons of nitrogen oxides
annually.

e XAl turbines in Memphis emit nearly 10
tons of formaldehyde into a community
already facing quadruple the national
cancer risk.

These facilities are structured around subsidy and
speculation. Governments provide hundreds of
millions in public incentives while corporations
minimize tax obligations.

e In Oldham County, Kentucky, a $6B
project attempted to classify as a private
utility to bypass zoning laws, abandoning
the effort only after community pushback.

e Nationwide, over $64 billion in data center
projects have been blocked or delayed due
to public resistance in 24 states.

Despite promises of growth, the permanent jobs
created are few — often fewer than 100 positions
for billion-dollar facilities —  while the
infrastructure burdens of water withdrawals, grid
stress, and road wear are borne locally.
Universities and localities justify these projects on
speculative ROI and prestige, even as they hollow
out public budgets.

Greenwashed environmental, social, and
governance (ESG) claims often deflect attention
from these ongoing harms. Facilities sited on
carbon-intensive grids may still claim carbon
neutrality via offsets or purchase agreements,
while omitting lifecycle emissions from chip
manufacturing, mining, and global shipping. This
selective framing disguises the true scale of
extraction.
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At scale, these pressures are accelerating. In 2023,
U.S. data centers consumed 176 terawatt-hours of
electricity (about 4.4% of national usage) and
withdrew over 66 billion liters of water for direct
cooling. By 2030, Al demand could require as
much as 298 gigawatts—roughly a quarter of
national electrical usage—and nearly 400 billion
liters of water annually.

These burdens are not distributed evenly.
Infrastructure is concentrated in regions with
fragmented civic resistance and limited oversight,
ensuring global users and cloud providers remain
shielded from the physical, civic, and ecological
costs. Communities are excluded from meaningful
participation, often left to protest as their only form
of engagement.

The result is a systemic asymmetry: benefits flow
outward to platforms, investors, and end users,
while under-resourced communities absorb
degraded infrastructure, displaced public services,
environmental harm, and long-term liabilities.
These regions are not accidental victims but
strategic targets, selected precisely because their
land, water, political capacity, and people are
treated as expendable.

The system is designed to scale computation, not
community resilience. To correct this imbalance,
Al infrastructure must be restructured around
equity, accountability, and long-term viability.
Sustainability, not exploitation, is the way forward.

Our New Vision: People,
Planet, Profit Framework

Al infrastructure is already expanding at an
unprecedented pace with new facilities reshaping
local economies and ecosystems across the
country. Yet the costs of this expansion—
environmental, social, and economic—are too
often shifted disproportionately onto vulnerable
communities. Current siting and permitting
practices externalize risks and conceal true costs,
leaving local populations to bear the burdens of
pollution, resource strain, and inequitable
economic trade-offs.

To counter these systemic failures, we propose the
People, Planet, Profit framework, built on lifecycle
accountability and civic equity. This is not
aspirational—it sets the minimum operational
standard for sustainability. The framework
restructures Al infrastructure around resilience,
legitimacy, and long-term viability. Each pillar is
framed by a clear Goal, followed by actionable
measures that embed sustainability into decision-
making.

The framework calls for planning that embeds
sustainability into the operational design of Al
infrastructure. Rather than treating
environmental harm as a compensable side effect,
the priority must be to proactively prevent harm,
internalize resource costs, and align infrastructure
planning with durable systems that protect
communities and ecosystems. Sustainability must
be treated as a binding requirement—an
operational baseline that guides every siting,
permitting, and investment decision.

People
Goal: Integrate human-centered metrics into
infrastructure planning—job quality, health

exposure, and civic cost distribution—so that
communities gain tangible benefits from hosting Al
infrastructure.

e Establish binding community benefits
agreements and tax equity frameworks.

e Ensure job quality, worker protections,
public health safeguards, procedural
inclusion, and localized economic return
in planning decisions.

e Mitigate pollution burdens such as diesel
generator emissions, HVAC-related noise,
and thermal output that
disproportionately affect working-class
and marginalized communities.

¢ Embed public trust as a design constraint,
not a PR strategy.

Planet

Goal: Quantify and reduce environmental loads at
every lifecycle stage: energy use, water draw,
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pollution, and waste. Prioritize local ecological
integrity, not just emissions offsets.

e Replace carbon neutrality claims with real
environmental accounting across the full
lifecycle, including upstream emissions
(chips, transport) and local degradation
(cooling discharge, groundwater stress).

e Reject offset schemes that disguise fossil
dependency.

e Optimize water-use effectiveness, enforce
thermal discharge limits, and select sites
that protect ecosystems.

e Conduct grid impact studies and disclose
resource demands before approval.

Profit

Goal: Treat resilience, transparency, and long-
term viability as cost drivers, not externalities.
Align siting, financing, and risk management with
lifecycle realities and civic accountability.

e Measure profitability through durability,
transparency, and infrastructure
resilience.

o Integrate legal exposure, water volatility,
public resistance, and decommissioning
costs into ROI models.

e Disclose public funding, tax exemptions,
and civic cost burdens.

e Account for hidden subsidies and
externalized harms as financial liabilities,
reinforcing sustainability as a binding
operational requirement.

Projections indicate the U.S. could see over 10,000
Al-optimized data centers by 2030. This buildout
is not just a question of scale—it generates
compounding ecological, economic, and political
risks when combined with today’s extractive siting
patterns, rising water demands, diesel emissions,
and the shifting of costs onto local communities.

If left unchecked, these practices will deepen long-
term vulnerabilities for both infrastructure
providers and the communities that host them.
Policymakers, civic planners, and infrastructure
investors must therefore move beyond short-term
throughput and prioritize long-term resilience.
That requires embedding lifecycle costs, water

system capacity, and public trust into every siting
and design decision, and treating sustainability
not as an optional add-on but as the minimum
operational standard.

People, Planet, and Profit are not abstract concepts
or ideals; they are the practical foundation of
financially responsible and sustainable Al
infrastructure development. This triadic
framework anchors long-term viability in human,
environmental, and financial outcomes—the
benchmark of whether Al infrastructure will truly
endure.

Case Studies by
Sustainability Domain

While the risks of unchecked development have
been widely documented, examples of directional
progress remain fragmented, underreported, or
excluded from industry strategy documents and
permitting frameworks. This document curates
emerging models, partial successes, and
boundary-testing prototypes that illustrate how
the principles of People, Planet, and Profit can
work together in practice.

Each case study was selected based on evidentiary
grounding, relevance to infrastructure decision-
makers, and potential for policy translation. All
were chosen for their ability to operationalize at
least one facet of the Vision: civic equity, ecological
alignment, or lifecycle financial accountability.
These are not hypothetical designs, but live
experiments—some state-driven, some corporate-
led, and some Indigenous or community-initiated.

Each marks a shift away from extractive norms
and toward infrastructure that internalizes long-
term impacts, invites public trust, and models
system-wide accountability. They are not
blueprints. They are prototypes of possibility—
signals that transformation is already underway.
Initiatives such as community air monitoring or
localized heat reuse often fly under the radar, yet
they are among the most politically feasible and
economically efficient levers for reform. These
accessible interventions deliver outsized impact
when codified and repeated. These small civic or
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environmental shifts recalibrate entire

projects.

can

When design constraints are treated as ethical
guardrails rather than barriers, sustainable
infrastructure becomes not just feasible but the
only model that can scale without system failure.
Many involve tradeoffs, yet all are operationally
relevant. These case studies are valuable not
because they offer complete solutions, but because
they show meaningful deviation from the status
quo. Each example reveals how infrastructure can
evolve toward sustainability when civic priorities,
ecological limits, and long-term investment logic
are treated as design constraints, not
afterthoughts.

When viewed collectively, these case studies form
a strategic knowledge base that deserves active
preservation and policy translation. No single
example solves for all three dimensions of
sustainability. However, even narrow wins such as
improved permitting or integrated water
management create precedents that shift
institutional expectations. Directional progress
builds the scaffolding for future norms.

PEOPLE: Civic Equity, Public
Health, and Procedural Inclusion

Infrastructure decisions that Dbegin with
community needs tend to yield more durable
outcomes. Procedural inclusion — through public
comment, health screening, or Indigenous
governance — helps prevent backlash, streamline
implementation, and protect legitimacy. These
cases show how civic participation is not a
courtesy, but a structural advantage in high-
impact infrastructure. From FOIA-driven oversight
in Tucker County to CBA-backed benefits in New
York’s South Fork Wind, procedural inclusion is
emerging as a risk-mitigation strategy.

See also: CalEnviroScreen (CaliforniaBrookings
— Civic Participation and Infrastructure ¢ NEPA —
Public Participation Guide

Public Comment and Permitting
Participation

Public comment processes give communities direct
influence over infrastructure decisions. When
paired with legal enforcement mechanisms, they
can materially reshape projects and embed
accountability. These cases demonstrate how
structured civic engagement, combined with
regulatory action, can significantly alter
infrastructure design and implementation.

Prince William County, VA - Digital Gateway
Project: AP News — Virginia county approves data
center project after 27-hour hearing See also:
InsideNova — Digital Gateway debate

In this case, sustained, organized public
engagement materially shaped high-impact
development. The Prince William County Board of
Supervisors held a 27-hour public hearing before
approving the Digital Gateway project. Hundreds
of residents raised concerns about visual blight,
environmental degradation, and cultural site
encroachment, forcing developers to negotiate
concessions.

Key Highlights:

e 27-hour public hearing with hundreds of
participants

e Concerns raised: visual blight,
environmental harm, cultural
encroachment

e Concessions: 800+ acres preserved,
1,500-foot buffers, historic site protection,
trails and parks

e Legally binding zoning conditions enforced

Context: A proposed data center campus faced
unprecedented community opposition tied to
environmental and cultural concerns.

Outcome: Developers were required to integrate
community demands through binding zoning
conditions.

Impact: Public comment materially reshaped the
project’s footprint, demonstrating that community
engagement can redirect scale and secure
enforceable benefits.
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Becker, MN - Amazon Data Center Generators:
Data Center Frontier — Minnesota PUC says no to
Amazon’s bid to fast-track 250 diesel generators
See also: Star Tribune — Minnesota PUC rejects
Amazon diesel plan

In 2024-25, Amazon attempted to fast-track the
installation of 250 backup diesel generators at a
proposed Minnesota data center by requesting
exemption from the state's certificate-of-need
process. Community members, environmental
advocates, and the Minnesota Attorney General’s
office challenged the request, citing serious air
quality concerns and the precedent it would set for
future projects. The case highlighted how state-
level review processes can serve as crucial checks
against speculative or environmentally risky
development.

Key Highlights:

e Amazon sought exemption for 250 diesel
generators

e Opposition from Minnesota AG,
environmental groups, and local
community

¢ Risks: air quality impacts and precedent
for bypassing review

e Regulatory outcome: PUC unanimously
denied exemption

Context: Amazon sought to exempt 250 diesel
generators from certificate-of-need review in
Minnesota.

Outcome: State regulators, supported by civic and
institutional opposition, unanimously rejected
Amazon’s exemption request.

Impact: Amazon’s plans were delayed and
subjected to full emissions review, proving the
effectiveness of procedural safeguards as a
financial and environmental check.

Community Benefit Agreements
(CBASs)

Community Benefit Agreements provide legally
binding structures for channeling development
gains back into local communities. They ensure
benefits such as jobs, training, and reinvestment

are guaranteed rather than promised. Unlike
Community Benefit Plans (CBPs), CBAs are
enforceable contracts that bind developers to
commitments, making them a tool of both
accountability and equity.

Sunrise Wind (Long Island, NY): Sunrise Wind —
Local Benefits Agreements to Advance Sunrise
Wind Project See also: NYSERDA — Sunrise Wind

project details

The Sunrise Wind project is a landmark example
of a high-value CBA, signed in 2023 with a total
package worth $169.9 million. The agreement
earmarks funds for workforce development, health
services, and infrastructure upgrades, linking
renewable energy expansion to tangible
community benefits. Its scale demonstrates the
potential of CBAs to transform local economies
while building trust.

Key Highlights:

e Total value: $169.9 million

e $1M for workforce training, $2M for public
health

e Infrastructure upgrades and local hiring
pipelines

e Legally binding contract with local and
regional authorities

Context: One of the largest negotiated CBAs in
U.S. clean energy.

Outcome: Secured unprecedented levels of
community reinvestment, including jobs, training,
and public health funding.

Impact: Demonstrated the potential of CBAs to
scale public benefit in high-value infrastructure
projects.

Columbia Law CBA Database - Solar Energy
Projects: Columbia Climate School — Community
Benefits Agreements Database See also: Energy
News Network — CBA examples in renewable
projects The Columbia Climate School’s CBA
database catalogs dozens of community benefit
contracts across the renewable energy sector.
Examples from Ripley, Byron, and Maui County
provide clear models of recurring financial
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https://climate.law.columbia.edu/content/community-benefits-agreements-database
https://energynews.us/2023/05/17/community-benefits-agreements-bring-value-to-renewable-projects/
https://energynews.us/2023/05/17/community-benefits-agreements-bring-value-to-renewable-projects/
https://energynews.us/2023/05/17/community-benefits-agreements-bring-value-to-renewable-projects/

investment in local communities, including
structured annual payments, infrastructure
improvements, and reinvestment funds.

Key Highlights:

e Ripley Solar: 270 MW, $472,500 annual
payments with escalators

e Byron Solar: 280 MW, ~$24M total
lifecycle payments

e Maui County Solar: 20 MW, $55,000/year
for 25 years

e Common provisions: road upgrades,
emergency services, community impact
funds

Context: Solar projects across multiple states
provide tested CBA models.

Outcome: Delivered recurring financial and
infrastructure investments to host communities.

Impact: Established replicable models for binding
community benefits, now supported by permitting
norms and legal precedents.

Relmagine Appalachia / Clean Air Task Force:
Relmagine Appalachia — Community Benefits e
Clean Air Task Force — Community Benefits
Resource Inventory See also: Just Transition Fund
—  Community  benefits resources These
organizations develop frameworks for equity-
centered development, creating toolkits that
include wage provisions, local hiring standards,
and reinvestment strategies. Their work shows
how advocacy groups can equip communities with
negotiation tools that rival corporate legal
resources, leveling the playing field in
infrastructure decision-making.

Key Highlights:

e Living wage provisions

o Local hire benchmarks

e Profit reinvestment into transition or
resilience

e Policy and permitting toolkits for rural and
post-industrial regions

Context: Advocacy-driven frameworks designed
for post-industrial and rural regions.

tools and
into project

Outcome: Produced customizable
language for embedding equity
negotiations.

Impact: Enhanced coalition capacity to secure fair
wages, jobs, and reinvestment in communities
vulnerable to energy transition shocks.

Health Screening Tools & Procedural
Equity Frameworks

Health screening tools and procedural equity
frameworks expand the definition of feasibility to
include cumulative health and environmental
burdens. By integrating these tools into planning,
infrastructure siting decisions can avoid
reinforcing inequities and direct resources to
resilience in overburdened communities.

CalEnviroScreen (California): OEHHA —
CalEnviroScreen See also: EPA EJScreen —
Federal screening tool CalEnviroScreen is a state-
developed tool that ranks communities based on
cumulative environmental risk and vulnerability,
guiding permitting, policy targeting, and funding
allocation. Its use demonstrates how structured
screening mechanisms can shift state-level
resource distribution toward equity.

Key Highlights:

e Function: Ranks communities by
cumulative environmental risk and
vulnerability

e Use Case: Guides permitting, policy
targeting, and resource allocation

e Potential: Could influence Al/data
infrastructure siting decisions

Context: Built to address longstanding
environmental justice concerns in California.
Outcome: Enabled targeted state resource
allocation to vulnerable communities.

Impact: Provides a replicable model for guiding
infrastructure siting and reducing
disproportionate burdens.
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Civic-Led Planning & Governance
Innovations

Civic-led innovations show how communities use
transparency, organization, and advocacy to
influence — or slow — data infrastructure projects
that threaten health or environmental equity.
These examples reveal the growing power of
grassroots coalitions to leverage procedural levers
against powerful corporate actors.

Tucker County, WV - Community Resistance to
Data Center: WV DEP — Response to Public
Comment (PDF) ¢ Tucker United — Community
Coalition See also: WV _Public Broadcasting —
Tucker County resistance coverage Residents of
rural Tucker County mobilized under the coalition
“Tucker United” to contest a Ridgeline data center
powered by methane gas. The coalition combined
traditional advocacy tactics — town halls, FOIA
requests — with technical measures such as
independent air quality monitoring. Although the
project has not been formally halted, civic action
slowed its momentum significantly.

Key Highlights:

o Formation of Tucker United coalition

o FOIA requests and independent
monitoring

e Organized town halls and community
education

e Slowed project momentum despite lacking
veto authority

Context: Grassroots coalition mobilized against
gas-powered data center development.

Outcome: Raised awareness, generated scrutiny,
and slowed project momentum.

Impact: Showed how civic pressure can disrupt or
delay projects even without formal veto power.

Memphis, TN - xAI Turbine Controversy: AP
News — NAACP, environmental group notify XAl of
intent to sue over pollution See also: Commercial
Appeal — xAIl turbine fight In South Memphis, a
predominantly Black community already facing

proposed to power Elon Musk’s XAl data center.
Local organizers combined grassroots mobilization
with scientific studies showing elevated health
risks, including asthma and cancer. Their
advocacy delayed air permit approvals and drew
national attention to the environmental justice
dimensions of the project.

Key Highlights:

e Two methane turbines proposed for xAl
facility

e Community concerns: asthma, cancer,
and air quality

e Mobilization by NAACP and environmental
justice groups

e Air permits delayed due to community and
scientific pushback

Context: Proposed turbines in an environmentally
overburdened Black community.

Outcome: Public backlash, supported by health
data, forced the state to delay air permits.

Impact: Highlighted the power of frontline
communities to assert environmental justice and
health equity in siting decisions.

PLANET: Environmental and
Ecological Safeguards

Environmental performance is no longer a
secondary concern; it is an operational necessity.
Data centers and digital infrastructure that reuse
heat, minimize water draw, or integrate into
district energy loops are proving more scalable
and less volatile. Ecological foresight strengthens
both system resilience and public alignment.
Projects that pair heat reuse with municipal
coordination — such as in Stockholm and
Mantsidla — demonstrate that environmental
alignment can also reduce grid volatility.

Water Usage

Water is an increasingly contested resource for
communities near large data centers. Monitoring
and transparency on Water Usage Effectiveness
(WUE) remain limited across U.S. facilities,
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highlighting the need for lifecycle water audits.
These examples show how water demand from
data centers can place stress on local resources
and ecosystems, making transparent reporting
essential.

Amazon - Hermiston, OR: Oregon Live — Amazon
data center water use in Hermiston See also:
Columbia Insight — Amazon’s Hermiston water
use scrutiny Amazon’s Hermiston facility reported
using 66.8 million gallons of water in 2023. This
scale of consumption raised concerns over long-
term local water availability and the absence of
transparent lifecycle accounting.

Key Highlights:

e Usage: 66.8 million gallons in 2023

e Concern: High draw on local supply
without full transparency

e Risk: Potential strain on municipal and
agricultural resources

Context: Amazon’s case underscores how data
center water withdrawals can directly affect
regional water security in smaller communities
with limited reserves.

Outcome: Sparked public debate and highlighted
the need for mandatory disclosure of lifecycle
water use.

Impact: Pressured operators to provide greater
transparency and plan for long-term water
resilience.

Loudoun County, VA: Loudoun Times-Mirror —
Data centers used 1.85 billion gallons of water in
2023 See also: Data Center Frontier — Loudoun’s
data center water usage Loudoun County, the
largest concentration of data centers in the U.S.,
consumed over 1.85 billion gallons of water in
2023. The concentration of withdrawals creates
compounding pressure on regional water
infrastructure.

Key Highlights:

e Usage: Over 1.85 billion gallons in 2023
e Concern: Large-scale, concentrated
withdrawals intensify resource stress

¢ Risk: Regional ecosystem and community
water needs placed in competition with
data center operations

Context: Loudoun’s water use illustrates how
cumulative withdrawals across clustered facilities
can amplify ecological and civic impacts at a
metropolitan scale.

Outcome: Triggered state-level scrutiny and calls
for lifecycle water audits.

Impact: Reinforced water as a critical constraint
on data center expansion in high-density hubs.

WUE Benchmarks: AKCP — WUE Guide See also:
Nature — Masanet et al. (2021) on data center
sustainability Industry benchmarks such as Water
Usage Effectiveness (WUE) provide a comparative
metric for measuring efficiency across data
centers. By offering standardized ratios, they
highlight leaders, laggards, and industry averages.

Key Highlights:

e Best-in-class: 0.2 L/kWh
e Industry average: 1.8 L/kWh

Context: Current water usage far exceeds best-
practice benchmarks, underscoring the
importance of transparent reporting and lifecycle
audits.

Outcome: Elevated the role of WUE as a key
sustainability metric.

Impact: Provided measurable targets for both
regulators and operators.

Heat Reuse Projects

Heat reuse is emerging as a strategy to reduce
waste, improve efficiency, and provide co-benefits
to communities. Instead of discarding heat,
infrastructure partnerships can transform it into a
resource for district heating and energy transition.
The following cases highlight municipal and
corporate partnerships that repurpose digital
waste heat into public benefit.
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Stockholm Data Parks (Sweden): Stockholm
Data Parks — Turning data center heat into city
heating See also: Energy Digital — Stockholm heat
reuse impact Stockholm Exergi’s district heating
system integrates colocated data centers to
capture and redistribute waste heat. By linking IT
facilities to an extensive 2,800 km heating
network, Stockholm turns what would be waste
into a source of clean urban energy.

Key Highlights:

e Integration: 2,800 km heating network
e Impact: ~100 GWh/year of heat reused,
warming ~30,000 homes

Context: Demonstrates how district heating
infrastructure can transform digital waste into a
citywide resource.

Outcome: Institutionalized partnerships between
utilities and data centers for co-benefit design.

Impact: Provided a replicable model of circular
infrastructure in major metropolitan areas.

Mantsald, Finland (Nebius): World Economic
Forum — Mantsiala waste heat recovery See also:
Sitra — District heating from data center waste
heat Nebius’s data center converts its waste heat
into municipal district heating, directly reducing
reliance on fossil fuels. In a small Finnish town,
this collaboration provides a meaningful
contribution to municipal energy needs while
reducing emissions.

Key Highlights:

e Function: Converts waste heat into
municipal energy

e Impact: ~20,000 MWh/year of heat
recovered

Context: Highlights how smaller municipalities
can partner with digital infrastructure to achieve
energy resilience.

Outcome: Strengthened municipal
independence and reduced carbon reliance.

energy

Impact: Demonstrated adaptability of heat reuse
even in smaller urban centers.

Odense, Denmark (Meta): Meta — Odense Data
Center and district heating See also: Wired —
Meta’s Odense heat recovery Meta’s hyperscale
facility connects to Odense’s district heating
system, wusing high-efficiency heat pumps to
displace fossil fuel heating. As one of the first
corporate-backed projects of its scale, it
demonstrates the feasibility of coupling hyperscale
infrastructure to municipal sustainability goals.

Key Highlights:

e Facility: Linked to district heating grid
e Method: High-efficiency heat pumps

Context: Shows how corporate investment in
energy-efficient systems can align hyperscale data
centers with community energy goals.

Outcome: Delivered carbon
displacing fossil fuels.

reduction by

Impact: Established a precedent for corporate—
municipal partnerships in sustainable energy
systems.

Policy and Regulatory Mandates

Policy frameworks are shifting heat reuse from
voluntary best practice to binding requirement.
Regulations ensure that sustainability goals are
not optional, but structural obligations for
infrastructure operators. This case demonstrates
how forward-looking ©policy can establish
enforceable sustainability standards.

EU Energy Efficiency Directive — Heat Reuse
Mandate: European Commission — Energy
Efficiency Directive See also: Covington — EU
Energy Efficiency Directive overview The EU is
implementing new heat reuse requirements to
embed sustainability in digital infrastructure. By
mandating minimum levels of waste heat recovery,
the directive reframes heat as a resource with
economic and ecological value.

Key Highlights:
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e Requirement: New data centers >500 kW
must reuse at least 10% of waste heat by
July 2026

e Expansion: Requirement increases to 20%
by 2030

e Significance: Treats waste heat as a co-
product to be managed and monetized

Context: Regulatory foresight reduces compliance
costs and accelerates sustainable design
integration.

Outcome: Provided a clear framework for aligning
infrastructure with EU decarbonization goals.

Impact: Established a policy model that could be
replicated globally.

Emerging Sustainable Facilities

Emerging facilities showcase innovative claims
about sustainability, but credibility depends on
transparency and verifiable results. Projects often
highlight renewable sourcing and efficiency gains
but may lack lifecycle reporting to substantiate
their claims. This case highlights how credibility
and verification remain central to public trust.

SATO Qritical.AI - Joliette, Québec: Newsfile —
SATO  Oritical. Al announcement See also:
GuruFocus — SATO Oritical.AI announcement
coverage SATO promotes its Al facility as powered
by renewable energy and cooled with low-emission
systems leveraging Québec’s hydro grid. This
project positions itself as a model for “next-
generation” green infrastructure, but critics
highlight the absence of robust third-party
verification.

Key Highlights:

e Claim: Renewable energy sourcing + low-
emission cooling

e Gap: Insufficient transparency on lifecycle
impacts

Context: Highlights the need for independent
verification of sustainability claims to maintain
public trust.

Outcome: Drew investor and regulatory attention
to gaps in reporting.

Impact: Raised standards for disclosure in self-
claimed “green” data projects.

Industry Heat Reuse Initiatives & Tools

Industry-wide initiatives are developing
frameworks to measure and scale heat reuse
practices across infrastructure types. These
programs are designed to build transparency,
consistency, and comparability across projects
worldwide. This case shows how collaborative
benchmarking can accelerate industry-wide
change.

Uptime Institute & Net Zero Innovation Hub
Links: Uptime Institute — Heat Reuse Primer e
Energy Digital — Heat reuse and Stockholm Exergi
See also: Uptime Institute — Sustainability reports
Uptime Institute and the Net Zero Innovation Hub
are collaborating to create simulation and
benchmarking tools that allow regulators and
operators to measure and compare heat reuse
across facilities. Their work aims to close the gap
between aspirational sustainability commitments
and measurable outcomes.

Key Highlights:

¢ Function: Build simulation and
benchmarking tools for heat reuse

e Applications: Inform permitting, carbon
offset frameworks, and infrastructure
design

Context: Industry-wide tools can help standardize
reporting and accelerate adoption of heat reuse
practices at scale.

Outcome: Created reference benchmarks for
regulators and operators.

Impact: Advanced global readiness for scaling
sustainable digital infrastructure.
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PROFIT: Resilience, Lifecycle
Economics, and Equitable
Investment

Sustainability is now a financial strategy. Projects
aligned with lifecycle economics — where long-
term costs are modeled, internalized, and made
transparent — demonstrate more consistent ROI
and fewer regulatory shocks. Whether through
grid-aware design or ESG-led investment
models, these cases show that ecological and civic
alignment increasingly protects the bottom line.
Capital markets are rewarding sustainability-
forward Al infrastructure: Equinix and STACK
Infrastructure have issued green bonds and
secured sustainable financing, while Moody’s
reports ESG-aligned projects often receive 15-25
basis point interest reductions.

Lifecycle Economics and Internalized
Cost Models

Financial foresight ensures data center growth is
not driven by short-term gains alone but by
anticipating future energy demand and cost
structures. By integrating long-term forecasts into
planning, utilities and developers can avoid
volatility and improve resilience. This example
demonstrates how proactive utility planning can
stabilize infrastructure investment and reduce
risks.

Hydro-Québec: Canada Energy Regulator -
Market Snapshot See also: Utility Dive — Hydro-
Québec forecasts digital demand Hydro-Québec
forecasts significant digital infrastructure demand
growth and has integrated this into its long-term
transmission planning. This forward-looking
approach demonstrates how utilities can build
resilience into infrastructure planning.

Key Highlights:

e Forecast: Additional 4.1 TWh of demand
by 2032

e Integration: Incorporated into
transmission planning

e Impact: Supports cost predictability and
reduces exposure to volatility

Context: Planning for long-term grid demand
minimizes risk and stabilizes financial returns for
both utilities and developers.

Outcome: Enabled proactive transmission
upgrades to accommodate projected demand.

Impact: Reduced likelihood of future cost shocks
or supply shortfalls.

Regulatory Foresight and Stability

Regulations set the rules of the game for
infrastructure expansion, and early alignment
with these requirements can prevent costly delays.
Strong, clear mandates not only protect the
environment but also provide investors and
operators with confidence. This example illustrates
how binding regulatory foresight can reduce
financial and operational risks.

EU Energy Efficiency Directive: European
Commission — Energy Efficiency Directive See
also: Covington — EU Directive impact on data

centers The EU has enacted binding requirements
for waste heat reuse in new data centers,
embedding sustainability into the regulatory
fabric. @ This binding approach reframes
sustainability from a voluntary goal to a legal
obligation for operators.

Key Highlights:

¢ Requirement: New facilities >500 kW must
reuse at least 10% of waste heat by 2026

e Expansion: Requirement increases to 20%
by 2030

e Impact: Early adoption reduces
compliance costs and accelerates
permitting

Context: Binding EU mandates demonstrate how
policy foresight stabilizes investment and
operational planning.

Outcome: Provided developers with certainty in
design requirements and reduced regulatory risk.

Impact: Established global precedent for
enforceable sustainability standards in digital
infrastructure.
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Grid-Aware and Utility-Aligned Design

The ability to integrate data center growth with
energy system readiness is a critical determinant
of long-term stability. By forecasting energy
demand with advanced tools, utilities can align
new infrastructure with existing grid capacity,
avoiding sudden price swings and reliability crises.
This example shows how predictive analytics can
de-risk large-scale infrastructure expansion.

Hydro-Québec: Hydro-Québec Strategic Plan
2022-2026 See also: Montreal Gazette — Hydro-
Québec Al forecasting tools Hydro-Québec deploys
advanced Al forecasting tools to align energy
demand with grid capacity. By integrating
forecasting models like LSTM and CNN neural
networks, it demonstrates how predictive analytics
can de-risk infrastructure expansion.

Key Highlights:

e Tools: Al-based forecasting using LSTM
and CNN neural networks

e Function: Matches data center
development to grid readiness

o Benefit: Avoids congestion charges and
energy pricing volatility

Context: Grid-aware design reduces financial
volatility while ensuring infrastructure resilience.

Outcome: Enabled more predictable integration of
large-scale digital infrastructure into provincial
energy systems.

and

Impact: Prevented cost overruns

strengthened grid reliability.

ESG-Led Investment and Capital
Structures

Financial markets are not only observing but
actively shaping infrastructure sustainability.
Green bonds, sustainability-linked loans, and ESG
ratings have become important drivers of capital
allocation, directly rewarding companies that
embed sustainability into their operations. These
examples show how ESG finance mechanisms are

being applied across different and

operators.

regions

Equinix: ESG Today — Equinix Green Bond See
also: Equinix Investor Relations — Green Bond
Report Equinix issued €1.15 billion in green
bonds to finance low-carbon data center retrofits.

Key Highlights:

e €1.15B bond issuance

e Purpose: finance retrofits for low-carbon
operations

e Investors rewarded sustainability-linked
capital structures

Context: Demonstrates how major data center
operators can leverage green bond markets to fund
decarbonization.

Outcome: Successfully  raised
financing for infrastructure retrofits.

large-scale

Impact: Reinforced the role of bond markets in
accelerating low-carbon transitions.

STACK Infrastructure: Data Center Frontier —
STACK Infrastructure Green Investment See also:
Bloomberg — STACK Infrastructure financing
STACK secured $6 billion in green investment,
including $1.4 billion in sustainability-linked debt.

Key Highlights:

e $6B in financing

e $1.4B specifically tied to sustainability-
linked debt

e Major scale of ESG-driven financing in
data infrastructure

Context: Illustrates how private equity-backed
operators can tap large-scale ESG capital
structures.

Outcome: Expanded STACK’s investment capacity
with sustainability obligations.

Impact: Positioned ESG financing as a
mainstream model for hyperscale infrastructure.
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SingTel: Reuters — SingTel Green Loan See also:
The Straits Times — SingTel green financing
SingTel obtained a S$643 million green loan to
build a high-efficiency data center in Singapore.

Key Highlights:

e Loan amount: S$643M

e Purpose: construct energy-efficient data
center

e Demonstrates expansion of green financing
into Asia-Pacific

Context: Shows how telecom operators are
adopting ESG finance for digital infrastructure.

Outcome: Secured cost-effective financing for
high-efficiency facility construction.

Impact: Extended ESG-driven investment models
into Asia-Pacific digital markets.

Moody’s: Moody’s — ESG Ratings and Financing
Costs See also: Moody's -- Sustainable Finance
and credit Moody’s reported that ESG-aligned
projects receive lower financing costs,
strengthening  the investment case for
sustainability.

Key Highlights:

e ESG-linked projects yield 15-25 basis
point financing reductions

e Broadens access to capital for sustainable
operators

e Reinforces financial incentives for
sustainability alignment

Context: Validates financial advantages of
sustainability integration across capital markets.

Outcome: Enhanced investor preference for ESG-
rated infrastructure.

Civic Risk and Trust as Financial
Factor

Public opposition is not just a political issue — it
has direct financial consequences. Companies that
ignore or bypass civic engagement risk costly
delays, reputational damage, and increased
regulatory scrutiny. This example highlights how
civic pressure can directly influence financial
viability and project timelines.

Becker, MN — Amazon Data Center Generators:
Business Insider — Amazon Generators See also:
Star Tribune — Minnesota PUC rejects Amazon
generator exemption Amazon attempted to bypass
emissions permitting for 250 diesel generators,
sparking opposition. This case underscores the
material impact civic and regulatory engagement
can have on high-value digital infrastructure
projects.

Key Highlights:

e Request: Sought exemption from
permitting process

e Opposition: Faced resistance from
community groups and Minnesota
Attorney General’s office

e Result: Denial by the Minnesota Public
Utilities Commission

Context: Civic resistance introduces material
financial risks that can rival or exceed technical
barriers.

Outcome: Project was delayed and subjected to a
full emissions review.

Impact: Demonstrated the power of civic
engagement in shaping financial and operational
outcomes for developers.

Missed Opportunities and Volatility
Events

Data center growth without lifecycle planning risks
creating stranded assets, overloaded grids, and
sudden financial volatility. The accelerating pace
of digital demand in the U.S. highlights the cost of
failing to integrate energy planning with

o®

Impact: Strengthened the financial case for
embedding sustainability into infrastructure
strategy.
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infrastructure development. This example shows
how neglecting foresight can escalate risks and
constrain growth.

U.S. Data Center Demand: Lawrence Berkeley
National Laboratory — Data Center Energy Forecast
See also: Business Insider — Data center energy
surge projections Electricity demand for U.S. data
centers is projected to more than double between
2023 and 2028. Without proactive planning, this
surge could overwhelm regional grids and drive
regulatory or civic pushback.

Key Highlights:

e Forecast: 176 TWh in 2023 — 325-580
TWh projected by 2028

e Risk: Without grid planning, growth may
be constrained by legal action, community
resistance, or infrastructure bottlenecks

Context: Missed planning opportunities elevate
financial risks, constraining growth and investor
confidence.

Outcome: Highlighted the wurgent need for
integrated grid planning and lifecycle investment
strategies.

Impact: Raised the likelihood of constrained
capacity, stranded assets, or abrupt policy
interventions.

Conclusion

Imagine an Al infrastructure project that begins
not with a permit filing, but with a public water
audit, a grid impact assessment, and a binding
community benefits agreement. A system where
every megawatt of projected use is tied to resilience
metrics, and public trust is treated as a core design
constraint. This is not naive or utopian. These
practices already exist in other domains: climate
finance, public health, & social impact
infrastructure. What’s missing here is the will to
make designing for sustainability the default.

Even from a purely profit-driven perspective,
sustainability is the only path forward for Al
infrastructure. For all major stakeholders, the
benefits are clear:

e For developers, sustainability ensures
smoother permitting, reduces construction
risk, and lowers long-term project
volatility.

e For operators and cloud providers,
sustainability delivers operational
stability, ESG legitimacy, and reduced
regulatory friction.

e For investors, sustainability strengthens
due diligence, reduces asset exposure,
and improves long-term return.
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e For policymakers, sustainability
transforms reactive moratoriums into
proactive strategy, aligning infrastructure
with long-term public goals.

e For communities, sustainability reduces
health and environmental burdens,
secures local benefits, and builds trust in
infrastructure decisions.

The risks in continuing to ignore sustainable
design are not hypothetical: grid strain is
measurable, water depletion is already here, and
community resistance is growing. Infrastructure
built to bypass scrutiny cannot be retrofitted into
legitimacy, but infrastructure designed for
resilience, equity, and transparency can not only
survive—it can lead. Resilience isn’t charity. It’s
strategic infrastructure planning. It’s the highest-

Author (In order of contribution)

yield investment we can make. However, the
window of opportunity is closing. With every siting
decision, procurement contract, or regulatory
update, we choose between embedded resilience or
deepening risk. The case studies show responsible,
sustainable infrastructure is achievable at scale,
but it will become unattainable if we continue to
externalize costs and delay reform. The shift
toward sustainable infrastructure is already
happening in policy mandates, civic-led permitting
reforms, district energy networks, and low-carbon
site planning. These efforts demonstrate that
aligning for People, Planet, and Profit is not a
burden on innovation; it is how innovation
endures.

John Barton, Founder/Executive Director; Al Strategist & Architect

John Barton, Founder & Executive Director of the Spectrum Gaming Project, is an Al strategist and
governance architect focused on building ethical systems for underserved markets. With a Master’s in
Counseling and decades in community education, he has delivered over 10,000 trainings in
neurodiversity, education, and innovation. Based in Appalachia, his work has been recognized and
adopted by the American Bar Association, the ACLU of West Virginia, Americorps VISTA Leaders, and the

WV Community Development Hub.
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Chapter 6:
EV Battery Swap Stations vs. Fast On-
Demand Charging

Author: Tin Hang Liu

4
| i

The transition to electric mobility is accelerating,
driven by global fleet operators including Amazon
and Uber who have committed to electrify their
fleets. To support this shift, two prominent charging
solutions —EV Battery Swap and Fast Charging — are
often compared. Each has its strengths, but EV
Battery Swap offers unique advantages in cost
efficiency, battery longevity, safety, and
environmental impact.

Total Cost of Ownership
(TCO) for Fleet Operators

EV Battery Swap technology significantly reduces
total cost of ownership (TCO) for fleet operators. By
enabling quick, under-three-minute battery
replacements, downtime is minimized, allowing
fleets to operate continuously. For large-scale fleets
such as Amazon and Uber, this translates to higher
vehicle utilization and operational efficiency

compared to the longer waiting times associated
with Fast Charging.

Battery Swap technology also supports modular
upgrades, delaying obsolescence and further
reducing vehicle lifecycle costs. This aligns with the
financial goals of fleet operators, offering a more
cost-effective approach to electrification.

A New Business Model for
Battery Manufacturers

Battery manufacturers including LG Energy
Solution can adopt a Battery-as-a-Service (BaaS)
model. This model allows them to retain ownership
of batteries, offering them as a subscription service.
Chinese competitor CATL has already demonstrated
the viability of this approach through its partnership
with NIO, forming a joint venture called NIO Power.
By embracing BaaS, manufacturers can diversify
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revenue streams while ensuring a steady supply of
up-to-date batteries for EV users.

Mitigating Battery
Degradation

Fast Charging stresses batteries by charging at high
temperatures and speeds, especially when the
battery is nearly depleted. This accelerates
degradation, reducing the battery’s lifespan. In
contrast, EV Battery Swap eliminates the need for
immediate charging. Swapped batteries can be
charged under controlled conditions, optimizing
temperature, and charging rates to extend battery
life.

Research from Battery University demonstrates the
significant impact of charging voltage on battery
longevity: standard charging at 4.20V delivers 300-
500 cycles, while reduced voltage charging at 4.00V
can achieve 850-1,500 cycles, and conservative
charging at 3.92V can reach 1,200-2,000+ cycles.
This represents a conservative 3x improvement
(from 300 to 850+ cycles) and potentially up to 6x
improvement (from 300 to 2,000+ cycles) depending
on the charging protocol employed.

Battery swap systems can implement these
optimized charging strategies in controlled depot
environments, where temperature management and
reduced charging stress are feasible without
impacting vehicle availability. This approach can
significantly extend battery lifespan compared to
frequent high-voltage fast charging, substantially
reducing costs and resource consumption while
supporting the circular-economy principles of longer
first-life battery utilization.

Source: Battery University BU-808:
https:/ /batteryuniversity.com/article /bu-808-
how-to-prolong-lithium-based-batteries

Emerging battery technologies such as sodium-ion,
magnesium-ion, and solid-state batteries offer
promising improvements for electric vehicles (EVs).

e Sodium-ion batteries use plentiful sodium
resources, which can reduce the need for
scarce materials such as lithium and

cobalt. They also provide better thermal
stability, enhancing safety in EVs.

e Magnesium-ion batteries are being studied
for their potential to deliver higher energy
densities and safer chemistries compared to
current lithium-ion batteries. Research into
quasi-solid-state magnesium-ion batteries
has shown promise in achieving these
goals.

e Solid-state batteries replace flammable
liquid electrolytes with solid materials,
aiming to improve safety and energy
density. Recent advancements include the
development of anode-free, sodium-based
solid-state batteries, which can charge
quickly and last for several hundred cycles.

EV battery swap systems are designed to work with
various battery types. This design allows for the easy
integration of new battery technologies into existing
vehicles without major redesigns. This flexibility is
crucial because new battery types often take many
years to become affordable and widely available. For
example, lithium-ion batteries took decades to
become cost-effective for mass EV adoption. EV
Battery swap stations can speed up the adoption of
new technologies by allowing manufacturers to
introduce improved or experimental batteries
gradually.

For instance, more expensive but compact solid-
state batteries could first be used in specific fleet
applications through swap systems, avoiding the
need for immediate consumer affordability while
reducing the overall weight of the EV. On the other
hand, less expensive sodium-ion batteries could
quickly expand through the same infrastructure
once they are ready. This approach ensures that
fleets are not stuck with outdated technologies,
allowing operators to adopt sustainable innovations
as they develop, while reducing risks related to
material shortages or changing regulations.

This flexibility allows for the easy integration of
upgraded or experimental batteries into current EV
models. It’s similar to how London’s iconic black
cabs or Hong Kong’s taxis keep the same vehicle
design over several decades while replacing or
updating components as needed. Drivers can
continue wusing their familiar vehicles while
benefiting from advances in battery technology.
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Enhanced Safety

Safety concerns around EV batteries have grown
following incidents like the August 2024 explosion
of a Mercedes-Benz EQE in an Incheon parking lot,
that damaged over 140 vehicles. EV Battery Swap
stations mitigate such risks by performing real-time
health checks on batteries during every swap. These
checks detect early signs of wear or defects,
ensuring only safe batteries are deployed. Swapped
batteries are also stored and cooled appropriately,
reducing the likelihood of thermal runaway. This
proactive safety measure can reassure consumers
and enhance public confidence in EV technology.

Energy Management and
Sustainability

Fast Charging requires synchronous energy
consumption, which often coincides with peak grid
demand. This urgency leads to higher costs and
reliance on coal-based energy in many countries,
increasing the carbon footprint. In contrast, EV
Battery Swap enables asynchronous energy
management. Batteries can be charged during off-
peak hours when renewable energy sources
including wind or solar are more available. This
reduces strain on the grid, lowers charging costs
(e.g., as low as $0.10/kWh in Italy compared to
$0.90/kWh during peak hours) and maximizes the
use of green energy.

EV battery swap stations can engage in energy
arbitrage, charging batteries when energy prices are
low and potentially selling energy back to the grid
during peak demand. This not only supports grid
stability but also creates an additional revenue
stream.

Environmental Impact

Extending the lifespan of batteries aligns with the
principles of the circular economy. EV Battery Swap
promotes longer first-life use of batteries and
facilitates their  transition to second-life
applications, such as energy storage systems (ESS).
By contrast, Fast Charging often leads to uneven cell

degradation, making retired batteries less suitable
for second-life use. The extended lifespan of
batteries in swapping systems can reduce the
frequency of recycling and disposal, contributing to
substantial CO2 reductions.

For example, a battery lasting three times longer
with swap technology equates to approximately 67%
fewer emissions over its lifecycle. EV Battery Swap
also supports Sustainable Development Goals
(SDGs) #7 - Affordable and Clean Energy and #9
Industry, Innovation, and Infrastructure, with KPIs
tied to CO2 reduction and maximized battery
utilization.

Coexistence of
Technologies

While both EV Battery Swap and Fast Charging have
their roles, they serve different user needs. Battery
Swap is ideal for fleet operators who require 24 /7
uptime and rapid turnaround. Fast Charging, used
sparingly, remains suitable for private EV owners
who do not rely on their vehicles for continuous
operation. As swap networks expand, Battery-as-a-
Service could also extend to private EV owners,
offering them the same convenience, lower upfront
costs, and improved battery health currently
enjoyed by fleets. Together, these technologies
ensure a more robust and flexible EV charging
infrastructure.

Conclusion

EV Battery Swap offers a compelling alternative to
Fast Charging, particularly for fleet operators,
battery manufacturers, and sustainability
advocates. Its ability to lower TCO, extend battery
life, improve safety, and optimize energy use
addresses critical pain points in the electrification
journey. By integrating this  technology,
stakeholders can contribute to a more sustainable
and efficient electric mobility ecosystem.
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Case Study: Electrifying
India’s Prime Freight Route
- The Role of Battery Swap
Along the Mumbai-Delhi
Corridor

Overview

The Mumbai-Delhi corridor spans approximately
1,400 kilometers and serves as India’s most vital
logistics artery. Over 50% of the nation’s freight
travels this route. Electrifying this corridor is central
to decarbonizing India's road transport sector.

present serious limitations, especially for time-
sensitive, long-haul freight.

Charging infrastructure, battery longevity, and
uptime efficiency are critical. Today’s fast- and slow-
charging methods create trade-offs between speed
and battery health. EV battery swapping emerges as
a structured, fleet-optimized alternative, engineered
to overcome these systemic constraints.

The Charging Challenge on a
1,400 km Route

Electric trucks available today typically offer a range
of 180-220 km per full charge. To complete the
Mumbai-Delhi journey, this means a minimum of 6
to 8 charging stops.

However, the operational realities of current
charging methods for electric trucks (e-trucks) Let’s compare three operational charging
approaches over the 1,400 km corridor:
Charging Avg. Time Total Total Trip Duration Battery Impact
Mode per Stop Stops Downtime

Slow 8-10 hours 6 48-60 hours ~3 days (72+ @ Normal degradation
Charging hours)
Fast ~1 hour 6 6 hrs ~30 hours @ Degrades 2-3x faster?
Charging
Battery ~3 min 6 ~18 min ~24 hours @ Controlled, no rapid
Swap (driving only) degradation

As detailed in Mitigating Battery Degradation
above, aggressive fast charging protocols can reduce
battery cycle life to the lower range of 300 to 500
cycles, while controlled charging environments
achievable through battery swapping can deliver
850 to 2,000+ cycles depending on voltage
optimization strategies.

Source: Battery University BU-808:
https:/ /batteryuniversity.com/article /bu-808-
how-to-prolong-lithium-based-batteries
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EV Battery Swap: Logistics
Efficiency Without
Compromise

Battery swapping replaces the need for on-road
recharging with standardized, pre-charged battery
exchanges. For long-haul fleet operators, this
enables:

e Continuous driving with <30 minutes of
total idle time over 1,400 km

e Optimal battery charging conditions
(temperature-controlled, slower charge
speeds)

e Predictable operational windows with
minimized variability

e Smart energy billing through automated
BMS integration that detects incoming
battery charge levels

Energy Credit System

EV Battery Swap stations utilize automated systems
with integrated Battery Management Systems (BMS)
to detect the exact energy remaining in each
incoming battery. Service providers can implement
flexible commercial models: for example, if a
swapped battery contains 30% remaining charge,
the customer pays only for the 70% energy
differential from the freshly charged replacement
battery, plus a standardized swap service fee. This
pay-per-swap model with energy crediting ensures
fair billing regardless of remaining charge levels.

Current Indian Regulatory
Framework

India has established comprehensive driving hour
limits for commercial truck drivers under two
primary regulations: Motor Transport Workers Act
(MTWA), 1961 mandates:

e Maximum continuous driving: 5 hours without
a break

e Mandatory rest interval: "at least half-an-hour"
after every 5 hours of work

e Daily hours: "No adult motor transport worker
shall be required or allowed to work for more
than eight hours in any day"

o  Weekly limits: "forty-eight hours in any week"

e Daily spread-over: "shall not spread-over more
than twelve hours in any day"

o Weekly rest: "at least one day off in a week"

Source: Motor Transport Workers Act, 1961 -
Ministry of Labour and Employment:

https:/ /labour.gov.in/sites /default/files/the moto
r_transport workers _act_1961.pdf

These regulations are reinforced by Central Motor
Vehicles Rules (CMVR) Rule 132, which establishes
similar driver duty and rest requirements.

Operational Reality for Long-Haul
Routes

For interstate operations like the Mumbai-Delhi
corridor (1,400 km), transport operators commonly
use two-driver crews to maintain vehicle movement
while respecting individual driver hour limits. Each
driver alternates duty periods, allowing continuous
vehicle operation while both drivers stay within their
personal 8-hour daily and 48-hour weekly limits.
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Energy Replenishment Time Comparison:

Time
Required

Method

Battery Impact

Operational Feasibility

Diesel Refueling 5-7 minutes N/A

Compatible with 30-min
rest breaks

DC Fast Charging (50- 45-90 @® Reduces battery life to | X Exceeds mandatory rest

150kW) minutes* 300-500 cycles* periods

Battery Swap 2.5-3 @® Enables 1,200-2,000+ Well within 30-min rest
minutes cycles breaks

*For typical commercial truck batteries (300-400 kWh), charging from 20% to 80% capacity

Current DC Fast Charging Reality
in India

Most commercial DC fast charging stations in India
operate between S50kW to 150kW, with newer
installations reaching 240kW. For a commercial
truck with a 350kWh battery pack:

e 50kW charger: ~4.2 hours for 20-80%
charge (210kWh)

e 150kW charger: ~1.4 hours (84 minutes) for
20-80% charge

e 240kW charger: ~53 minutes for 20-80%
charge (optimal conditions)

Critical Charging Limitations

e Charging speed reduces significantly above
80% state of charge

e High-power fast charging requires
specialized infrastructure often unavailable
on highway corridors

e Battery degradation penalty: As detailed in
Section 3 (Mitigating Battery Degradation),
frequent fast charging can reduce battery
cycle life to 300-500 cycles compared to
1,200-2,000+ cycles achievable through

controlled charging in battery swap depot
environments

Current Operational Benefits of Battery Swap

¢ Regulatory compliance: 2.5-minute battery
swaps occur within legally required 30-minute
driver breaks without extending trip time

o Fastest energy replenishment: Battery
swapping is 2x faster than diesel refueling and
17-34x faster than fast charging for equivalent
energy delivery

¢ No infrastructure dependency: Eliminates
reliance on high-power charging infrastructure
availability along highway corridors

e Battery longevity: Preserves battery investment
through controlled depot charging, potentially
extending battery life by 3-6x compared to
frequent fast charging scenarios

Future autonomous advantages:

EV Battery Swap is the ideal energy solution for
autonomous driving, delivering autonomous energy
powered by Al. Designed for complete automation,
these systems operate without any human
intervention. In contrast to plug-in charging, which
requires human oversight to ensure safety and
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secure connections, Al-driven autonomous battery
swapping enables:

e Continuous operation around the clock

without driver rest constraints once
autonomous vehicles are deployed
e Fully unmanned energy replenishment

engineered to integrate with autonomous
vehicle systems

e Seamless compatibility with autonomous
fleet management platforms for operational
optimization

e Removal of  charging infrastructure
bottlenecks that could limit the scaling of
autonomous fleets

This level of technological readiness ensures that
current investments in battery swap infrastructure
will directly support the future of autonomous

commercial vehicle operations. Energy
replenishment becomes a purely algorithmic
process, independent of human schedules,
regulatory rest requirements, or charging

infrastructure availability.

Strategic station placement every 200-250 km
ensures full corridor coverage with 5-6 swap points,
matching existing logistics rest schedules.

Performance, Uptime, and Battery
Health

Battery longevity is a critical factor in overall fleet
economics. As demonstrated in Section 3 (Mitigating
Battery Degradation), charging protocols
significantly impact Dbattery cycle life and
operational costs through voltage optimization and
thermal management.

Commercial Impact Analysis

For commercial truck operations, premature battery
replacement represents substantial costs. The
difference between high-stress and controlled
charging protocols creates a 4-6x variation in cost
per cycle, dramatically affecting total fleet
economics.

Battery Swapping's Operational Advantage

Battery swapping mitigates degradation risks by
enabling controlled charging environments with
optimized temperature management, reduced
charging stress through lower C-rates in depot
facilities, and voltage optimization strategies not
feasible during on-vehicle fast charging. Based on
the research detailed in Section 3, this controlled
approach can conservatively extend battery
lifespan by 3 times compared to frequent fast
charging scenarios. In optimized depot charging
conditions, battery life improvements of up to 6
times longer are achievable, creating what can only
be described as an wunfair advantage for fleet
operators adopting battery swap technology.

Economic Benefit:

This dramatic lifespan extension translates to
proportional reductions in lifecycle battery
replacement costs, significantly lowering cost per
kilometer and supporting longer fleet asset
utilization periods. For commercial operators, this
advantage transforms battery costs from a major
operational expense into a manageable, predictable
component of fleet economics.

Unlocking the Corridor’s Strategic
Potential

By implementing battery swap stations along the
Mumbai-Delhi route, stakeholders can unlock
tangible system-level benefits:

e Trip Duration Reduction: From 72+ hours
(slow charge) or ~30 hours (fast charge) to
~24 hours total including swaps, matching
diesel trip benchmarks.

e Zero Battery Ownership Burden: Fleets
can adopt a Battery-as-a-Service (BaaS)
model, paying per km/kWh and/or per
swap, avoiding upfront battery CAPEX.

o Fleet Electrification at Scale: Higher
vehicle utilization and asset turnover, with
reduced strain on the national grid via
asynchronous charging
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Recommen d atl ons for 4. Integration with Smart Logistics Platforms:
. Optimize scheduling, route planning, and fleet
Im P lementation tracking with real-time swap station data.

To fully realize the benefits of battery swapping Conclusion
across the corridor, we recommend:

The electrification of the Mumbai-Delhi corridor is
not a question of "if," but "how." While traditional
charging methods introduce operational
compromises, battery swapping allows logistics
fleets to scale electrification without sacrificing
efficiency, uptime, or battery health.

1. Station Network Development: Build swap
stations at 200-250 km intervals, co-located
with logistics hubs, rest stops, and
warehousing clusters.

2. Battery Lifecycle Hubs: Use centralized
facilities for controlled charging and predictive
maintenance to maximize pack longevity.

3. Regulatory Alignment: Work with
policymakers to streamline approvals, land
access, and incentivize fleet-level electrification
through swap-friendly EV designs.

By addressing core friction points in long-haul EV
logistics, battery swap technology provides a
mature, scalable, and economically viable pathway
toward India's sustainable transport ambitions.

Author (In order of contribution)

Tin Hang Liu, Y Combinator alumnus, co-founder & CEO of Open Energy, keynote speaker

Tin Hang Liu is the co-founder and CEO of Open Energy, and a Y Combinator alumnus developing Al-
powered EV battery swap systems for sustainable transportation and logistics. His award-winning
technology, recognized across Europe and Asia and hailed as the “DeepSeek moment” for EV
infrastructure, is redefining how vehicles are powered. A recognized expert in New Mobility & Energy, Tin
has shared insights at global forums including the Seoul Mobility Show 2025, IndiaEV by Entrepreneur
Magazine, and CNBC Converge Live.
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Chapter 7:
Case Study: Next-Gen Batteries for Energy
Independence

Author: Dr. Irene Chen

Overview

Electricity demand is accelerating due to the rapid
rise of Al, data centers, and global electrification.
The International Energy Agency (IEA) projects a
28% increase in global electricity use by 2030. While
attention often focuses on electric vehicles (EVs) and
industrial applications, smartphones alone account
for a hidden but significant load: 4.7 billion users
consume an estimated 25.7 TWh/year: equivalent to
Ireland's annual electricity consumption.

Magvolts Energy offers a novel solution:
biodegradable, modular batteries that offload grid
demand for mobile devices and deliver sustainable,
mineral-free energy at scale.

Stakeholder

Below are the stakeholders for whom it is believed
this is most relevant to.

Smartphone users

Clean tech investors

ESG-focused corporations

NGOs and disaster relief organizations
Energy access advocates

Consumer electronics companies
Policy and regulatory agencies
Retailers and distribution partners

Challenges / Gaps

Some of the challenges and/or gaps that exist with
batteries that are in use today include:

e Critical Mineral Dependency: Most
batteries rely on scarce resources such as
lithium, cobalt, and nickel.

e Toxic Waste & End-of-Life Disposal:
Current solutions produce hazardous e-
waste.

e Energy Access Barriers: Infrastructure
limitations prevent reliable power access in
many regions.

e Scalability & Distribution: Existing
battery systems are not optimized for
instant, flexible deployment at small scale.

Our New Vision

Magvolts introduces a biodegradable battery system
made from biomaterials and non-toxic compounds.
The design combines single-use energy pods with a
reusable base unit, creating a clean, decentralized
energy solution suitable for:

e Consumer electronics
e Emergency kits
o Off-grid and last-mile energy needs

These batteries naturally degrade without releasing
harmful chemicals, eliminating recycling costs and

e-waste. Their modularity allows scalable
deployment through retail or vending channels.

Examples of Use Cases

Consumer Electronics & Personal Power:

e Emergency phone chargers (retail or
vending-based)
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e Disposable batteries for wearable medical
devices

e Smart sensor patches (biodegradable,
single-use)

e Festival wristbands with GPS or lighting

Emerging Markets & Off-Grid Applications:

o Energy kits for rural villages (lighting,
radios)

e Off-grid school kits (lights plus charging)

e Solar backup extension packs

e Pay-per-use kiosks for modular battery
access

Potential Benefits

e Grid Offloading: With 100M users,
Magvolts could redirect 0.55 TWh/year
from the grid. This can reduce peak
electricity demand, prevents blackouts, and
lightens grid investment needs — especially
vital as EVs and Al data centers surge.

Mineral Independence: Entirely cobalt-,
lithium-, and nickel-free. These critical
minerals are geopolitically volatile,
environmentally damaging to mine, and
expensive. Cutting them out means supply
chain security and ethical sourcing at scale.
E-Waste Elimination: Fully compostable,
no toxic disposal required. Over 15 billion
disposable batteries end up in landfills
yearly. Magvolts eliminates this toxic waste
stream — safer for people, soil, and water.
Equity in Access: Deployable in
infrastructure-poor regions. Billions live
without stable electricity. Magvolts
empowers education, health, and
communication tools in the most
underserved areas.

Modular Scalability: Easy to distribute and
swap. Enables flexible deployments —
whether it's disaster zones, festivals, off-
grid homes, or military outposts — without
costly infrastructure.

Potential Risks & Mitigations

Risk

Mitigation

Limited energy density Focus on low-power, high-frequency applications

Adoption friction Partner with retail chains and NGOs for pilot programs

Regulatory hurdles Work with compliance experts on biodegradable standards

Cost comparison with lithium-based | Emphasize total lifecycle cost, not just upfront pricing
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Next Steps for Magvolts Energy

The global energy landscape is at a critical inflection
point. Battery innovation must now prioritize
sustainability, equity, and resilience — and
Magvolts Energy is ready to lead that shift.

While we continue refining our prototypes and
scaling up production readiness, here’s how
different stakeholders can engage with and amplify
this mission:

For Consumers

Your purchasing power matters.

Demand energy products that are biodegradable,
safe, and ethically sourced. As Magvolts reaches
market readiness, your interest helps shape a future
where powering your devices doesn't require
sacrificing the planet.

For Business Partners & OEMs
Let’s collaborate on integration.

Whether you design outdoor gear, off-grid lighting,
or portable electronics — Magvolts’ modular battery
pods can be customized to fit your use case. Early
integration partners can help pilot real-world
deployments and co-develop performance specs.
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manufacturing capability, scale pilot studies, and
expand IP protection internationally. This is a rare
opportunity to back a mission-driven battery tech
before infrastructure gets locked in.

For Policy Makers & LG Coalition
Stakeholders

Support alternatives that reduce critical mineral
dependency.

Magvolts offers a scalable, zero-cobalt path forward
that aligns with circular economy goals, energy
equity priorities, and national security interests.
Encourage procurement pilots, green innovation
funds, and tech incubation programs to include
emerging materials-based solutions.

For Academic & Research Collaborators

Partner on materials testing, lifecycle analysis,
and deployment metrics.

Our open approach to fundamental research invites

universities and national labs to explore
biodegradable systems alongside us — especially
where  battery  chemistry intersects  with

environmental science and circular materials.

DataReportal. (2024, January). Digital 2024:
Global Overview Report. Retrieved from
https://datareportal.com/reports/digital-2024-
global-overview-report

EnergySage. (2022). How much electricity does a
phone charger use? Retrieved from

https:/ /news.energysage.com/how-much-
electricity-does-a-phone-charger-use/

U.S. Energy Information Administration (EIA).
(2023). How much electricity does an American
home use? Retrieved from
https://www.eia.gov/tools/fags/faq.php?id=97&
t=3

o®

Page 92

CoalitionforInnovation.com

CleanTech Blueprint

© 2025. This work is openly licensed via CC BY 4.0.


https://coalitionforinnovation.com/
https://creativecommons.org/licenses/by/4.0/
https://www.iea.org/reports/electricity-2023
https://www.gsma.com/mobileeconomy/
https://www.statista.com/statistics/330695/number-of-smartphone-users-worldwide/
https://www.statista.com/statistics/330695/number-of-smartphone-users-worldwide/
https://datareportal.com/reports/digital-2024-global-overview-report
https://datareportal.com/reports/digital-2024-global-overview-report
https://news.energysage.com/how-much-electricity-does-a-phone-charger-use/
https://news.energysage.com/how-much-electricity-does-a-phone-charger-use/
https://www.eia.gov/tools/faqs/faq.php?id=97&t=3
https://www.eia.gov/tools/faqs/faq.php?id=97&t=3

Reddit. (2023). Phone charging wattage International Energy Agency (IEA). (2023). Net
measurement from Kill-A-Watt meter. Retrieved Zero by 2050: A Roadmap for the Global Energy
from Sector. Retrieved from

https:/ /www.reddit.com/r/energy/comments/s https://www.iea.org/reports /net-zero-by-2050

martphone_charging power _usage/

Author (In order of contribution)

Irene Chen, Founder of Magvolts Energy

Dr. Irene Chen is the founder and CEO of Magvolts Energy, developing a novel biodegradable battery
system to eliminate critical minerals and toxic e-waste. Her patent-pending modular design powers
single-use energy pods for off-grid, IoT, and consumer devices—no charging or lithium required. A PhD-
trained materials engineer with industry roots at Intel and Lockheed Martin, she bridges breakthrough
science with real-world impact.
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Chapter 8:
Case Study: Carbon Offset Trading
Markets: Technology Tools and
Opportunities

Author: Sayeed Ahmed, Aman Johar

Overview

Carbon offset markets are growing fast. Really fast.
We're looking at a market that could hit $50 billion
by 2030, up from just $2 billion in 2022. Why?
Because every major corporation is scrambling to
meet net-zero targets, and they need carbon credits
to offset emissions that they can't eliminate yet.

Here's the problem; the carbon offset markets are a
mess. Different registries don't talk to each other.
Verifying credits takes months and costs a fortune.
Nobody really knows if that forest protection project
in Brazil is actually saving trees or just pushing
deforestation next door. And small companies?
They're basically locked out because the whole
system is too complex and expensive. (See
“Summary Table of Sources 1” below.)

But here's where it gets interesting. We're seeing a
convergence of technologies that could fix these
problems. Artificial Intelligence (AI) can automate
the tedious verification work. Blockchain can create
transparent, tamper-proof records. IoT sensors can
monitor projects in real-time. Together, they're
turning a broken market into something that
actually works.

List of Stakeholders

Who needs to pay attention to this? Pretty much
everyone in the climate space:

e Corporate Sustainability Teams: You're
trying to hit net-zero targets without
breaking the bank.

e Tech Leaders: You're evaluating which
solutions actually work versus which are
just hype.

e Project Developers: You want to generate
credits faster and cheaper.

e Banks and Investors: You see carbon as
the next big asset class.

¢ Regulators: You need to ensure market
integrity without stifling innovation.

e VCs and Private Equity: You're hunting for
the next climate unicorn.

e Environmental Groups: You want to make
sure this actually helps the planet.

Challenges / Gaps

Let's be honest about what's broken:

The Data Problem

Right now, verifying carbon credits is like doing
taxes with a calculator and paper receipts. It takes
forever, costs too much, and mistakes happen
constantly. Most projects rely on annual site visits
and manual calculations. By the time credits are
verified, the data is already months old. And don't
get me started on trying to track the same credit
across different registries.
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Market Fragmentation

Imagine if every stock exchange used different
currencies and couldn't trade with each other.
That's the carbon markets today. Verra has its
system. Gold Standard has another. The compliance
markets in Europe don't connect with voluntary
markets in Asia. This fragmentation kills liquidity
and makes price discovery nearly impossible.

The Trust Gap

Here's an uncomfortable truth; many buyers don't
really trust carbon credits. They worry about
additionality (would this project happen anyway?),
permanence (will that forest still be there in 10
years?), and double counting (is someone else
claiming my credit?). This trust gap keeps prices
low, and participation limited.

Access Barriers

Small and medium businesses are effectively locked
out. Getting credits verified can cost $50,000 to
$100,000 upfront. Understanding the rules requires
expensive consultants. Trading requires
relationships with brokers who take hefty
commissions. It's a rich company's game.

Artificial Intelligence (Al)

Artificial Intelligence is revolutionizing how we
measure, verify, and trade carbon. Here's what's
working:

Automated Carbon Accounting

Al agents are replacing armies of consultants. These
systems pull data from everywhere — ERP systems,
utility bills, supply chain databases, [oT sensors —
and automatically calculate emissions across all
three scopes (detailed below). What used to take
months can now happen in real-time.

Machine learning algorithms continuously improve
accuracy by learning organizational patterns,
identifying anomalies, and suggesting reduction
strategies. Advanced platforms demonstrate the

potential for significant cost reductions while
providing exponentially more granular data than
traditional methods.

What Are the "Three Scopes"?

The phrase “three scopes” refers to the categories
defined by the Greenhouse Gas (GHG) Protocol,
which is the most globally adopted framework for
measuring and managing greenhouse gas
emissions:

Scope 1: Direct GHG emissions from sources owned
or controlled by an organization (e.g., on-site fuel
combustion, company vehicles, fugitive emissions).
(sustainability.yale.edu+2National
Grid+2Reuters+15Wikipedia+15Wikipedia+15)

Scope 2: Indirect emissions from the generation of
purchased electricity, steam, heat, or cooling used
by the organization. Although these emissions occur
off-site (e.g., at a power plant), they are accounted
for because the energy is consumed within the
organization’s operations. (Persefoni+5US
EPA+5Plan A+5)

Scope 3: All other indirect emissions that occur in
an organization's value chain—including both
upstream (e.g., purchased goods, supplier activities,
business travel) and downstream (e.g., product use,
disposal) emissions. These are typically the most
challenging to measure and often constitute the
largest portion of a company's total emissions.
(Deloitte Insights+15Wikipedia+15Carbon
Trust+1595)

Why It Matters

e Standardization: The three scopes create a
structured way to categorize emissions,
ensuring consistency and transparency
across organizations and sectors. (National
Grid+1)

e Strategic Insight: Scope3 emissions, in
particular, shed light on the broader climate
impact embedded in a company’s entire
value chain—which is crucial for identifying

decarbonization opportunities.
(Wikipedia+15sustainability.yale.edu+15Pla
n A+15)
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Summary Table

Scope Definition

Scope 1 | Direct emissions from owned or
controlled sources

Scope 2 | Indirect emissions from consumed
energy (electricity, heat, etc.)

Scope 3 | All other indirect emissions related to
value chain (upstream & downstream)

Satellite Monitoring and
Verification

Manual on-the-ground forest inspections can be
time-consuming, labor-intensive, and expensive
especially for large areas, while satellite-based
monitoring offers a cost-effective solution by
eliminating the need for extensive manual efforts.

Satellite technology combined with Al is
revolutionizing how we track and verify carbon
projects around the world. Instead of sending teams
to visit forests and other carbon sites on the ground,
which is expensive and time-consuming, we can
now use satellites to monitor these areas from
space. The cost savings are significant - traditional
tree surveys cost about 15 euros per tree and take
15 minutes each, while satellite analysis drops this
to just 5 euros per tree and 3 minutes of processing
time. Modern Al systems can detect individual trees
across thousands of hectares and track changes in
forest health, biomass, and carbon storage in real-
time. These satellites can spot illegal logging within
days, measure how much carbon trees are storing,
and even predict which areas might be at risk of
damage. This technology makes it much harder for
false claims to go undetected, as every project can
be continuously monitored rather than checked just
once or twice a year. The combination of satellite
data and Al gives us a powerful, affordable way to
ensure carbon projects are really delivering the
environmental benefits they promise.

Traditional tree surveys cost approximately 15 EUR
per tree and take 15 minutes of field time each,
while satellite analysis reduces this to 5 EUR per
tree and 3 minutes of processing time (Using
Artificial Intelligence to Map the Earth’s Forests -
Meta Sustainability).

Meta's global canopy height dataset at l-meter
resolution allows the detection of single trees at a
global scale, with AI models achieving a mean
absolute error of 2.8m for canopy height prediction
(7 Benefits to forest satellite monitoring).

For each 1/20 of an acre (0.02 hectare), Al systems
can build lists of individual trees including species
and diameter measurements (Remote sensing
inventory for precision forestry | AFRY).

Drone + Al based Data Collection

These autonomous aerial systems fill a critical gap
in ground truth data collection, especially for
remote, large-scale, or hazardous environments.

Predictive Analytics for Carbon
Reduction

Here's where Al gets really interesting. By analyzing
massive datasets, Al can identify carbon reduction
opportunities humans might never spot.

Machine learning algorithms continuously improve
accuracy by learning organizational patterns,
identifying anomalies, and suggesting reduction
strategies. Advanced platforms demonstrate the
potential for significant cost reductions while
providing exponentially more granular data than
traditional methods.

These systems also model financial impacts.

An Omdena case study documented a 10%
reduction in carbon emissions and $5M in annual

savings through Al-powered supply chain
optimization (Al-Driven Emissions Tracking for
Enhanced Sustainability and Environmental
Impact).
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Natural Language Processing for
Compliance

Nobody likes writing sustainability reports. Al
agents now generate them automatically, pulling
data from across the organization and formatting it
for different standards: TCFD, CDP, GRI, or
whatever you need. They even adapt the language
and focus based on the audience.

Web3

Blockchain and tokenization are fixing the trust and
liquidity problems that plague carbon markets.

Tokenized Carbon Credits

Think of this as turning carbon credits into
cryptocurrency. Each credit becomes a digital token
on a blockchain: traceable, divisible, and instantly
tradeable. No more waiting weeks for brokers to
settle trades. No more minimum purchase
requirements. A small business in Kenya can buy
$50 worth of credits as easily as Walmart buys $50
million worth.

The smart platforms are creating different token
types for different credit categories. High-quality
direct air capture credits trade at premium prices.
Nature-based credits with co-benefits (such as
biodiversity) attract impact investors. The market is
finally getting the nuance it needs.

Smart Contract Automation

This is where Web3 shines. Smart contracts
eliminate middlemen and automate complex
processes. When a sensor network confirms a solar
farm generated 1,000 MWh of clean energy, smart
contracts can automatically mint the corresponding
credits, list them for sale, and distribute revenues to
stakeholders. No paperwork. No delays. No
disputes.

We're seeing creative applications too. "Streaming"
contracts that retire credits automatically as

companies emit. "Basket" tokens that bundle credits
from multiple projects to reduce risk. "Future"
contracts that let projects sell credits before they're
generated, solving the financing problem.

Decentralized Registries

The holy grail is connecting all registries into one
interoperable system. Several protocols are building
this wusing blockchain. Credits maintain their
original certification but can trade across platforms.
It's like how you can send email between Gmail and

Outlook: different systems but one common
protocol.
This interoperability unlocks massive liquidity.

Suddenly, a buyer in Singapore can purchase
credits from a project in Ghana without worrying
about registry compatibility. Price discovery
improves. Transaction costs plummet. The market
starts acting like an actual market.

Zero-Knowledge Proofs for Privacy

Here's an elegant solution to a tricky problem,;
companies want to prove they're carbon neutral
without revealing competitive information. Zero-
knowledge proofs let them demonstrate compliance
mathematically without showing the underlying
data. Your competitors can't see your supply chain
emissions, but auditors can verify your claims.

Examples

Let me share what's actually working in the real
world:

Drones + Al: The New CleanTech
Frontier

One of the most exciting developments in CleanTech
is the rise of drone-based Al systems. These
autonomous aerial systems fill a critical gap in
ground truth data collection, especially for remote,
large-scale, or hazardous environments.
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Use Cases Across the Carbon Value Chain

APPLICATION AREA

DRONE-BASED AI USE IMPACT

FORESTRY & NATURE-
BASED PROJECTS

Enables fast, automated
verification of reforestation and
avoided deforestation

Lidar and multispectral drones map
biomass, tree height, and canopy
cover with centimeter-level accuracy.

METHANE & GHG LEAK

Drones equipped with infrared and Critical for verifying emission

DETECTION hyperspectral sensors identify reductions in oil & gas,
methane plumes or CO2 leaks. agriculture, and landfills

PRECISION Drones monitor soil health, crop Supports carbon credit projects

AGRICULTURE stress, water usage, and fertilizer from regenerative farming by

application in real time.

providing verifiable data

INFRASTRUCTURE &
RENEWABLES

Drones inspect solar farms, wind
turbines, and power lines for
efficiency loss or degradation.

Improves energy asset
performance and carbon credit
validity

DISASTER MONITORING
& RISK MODELING

Al-driven aerial imaging enables post-
fire and flood assessments.

Ensures permanence of carbon
sinks and informs reinsurance
models

Why This Matters for Carbon Markets

o Faster Verification: Replaces costly ground
audits with real-time aerial data

e Greater Accuracy: Al classifies land use,
biomass, and emissions with high fidelity

e Lower Costs: Reduces verification time and
expense by 70-90%

e Credibility Boost: Independent, high-
frequency validation builds buyer confidence

Microsoft's Al-Powered Carbon
Negative Journey
Microsoft built an internal carbon fee system

powered by Al that charges business units for their
emissions. The Al tracks everything from data center

energy use to employee commuting. It then
automatically invests the fees in carbon removal
projects. Result? They're on track to be carbon
negative by 2030 and remove all historical
emissions by 2050.

KlimaDAQ's Tokenized Carbon
Treasury

This Web3 project absorbed 17 million tons of
carbon credits onto the blockchain in its first year:
more than most countries' annual emissions. By
creating a liquid market for tokenized credits,
they've driven prices up 10x for some credit types,
incentivizing more carbon removal projects.
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Pachama's Forest Monitoring
Platform

Using Al and satellite data, Pachama can verify
forest carbon projects for one-tenth the traditional
cost. They've monitored over 50 million hectares and
helped projects raise $100M+ in funding. Their API
lets anyone integrate verified forest data into their
applications.

Toucan Protocol's Cross-Chain
Carbon Bridge

Toucan built infrastructure that lets carbon credits
move between different blockchains. Over 25 million
credits have been bridged, creating a liquid market
worth $2 billion. They've proven that Web3 can
handle real-world assets at scale.

Potential Risks & Mitigations

Let's not sugarcoat it; there are real risks:

Technology Risks

Al Hallucinations: AI might overestimate carbon
reductions or miss important factors.

Mitigation: Always wuse human oversight for
material decisions. Build in  conservative
assumptions. Implement regular model audits.

Blockchain Energy Use: Proof-of-work blockchains
use massive energy.

Mitigation: Use proof-of-stake chains
Ethereum's switch cut energy use by 99.95%.

only.

Market Manipulation

Wash Trading: Bad actors could artificially inflate
credit prices.

Mitigation: On-chain analytics can detect
suspicious patterns. Regulatory frameworks are
emerging.

Quality Dilution: Tokenization could flood markets
with low-quality credits.

Mitigation: Maintain  strict standards for
tokenization. Create quality-based pricing tiers.

Systemic Risks

Over-Automation: Removing all humans could
miss critical context.

Mitigation: Keep humans in the loop for project
design and major decisions.

Regulatory Backlash: Governments might ban or
heavily restrict crypto-based carbon markets.

Mitigation: Be proactive about engagement with
regulators. Build compliant-by-design systems.

Next Steps for Companies
Seeking Carbon Offsets

Here's your roadmap:

1. Run a Pilot (Months 1-3): Pick one business
unit. Deploy Al carbon accounting. Measure the
impact.

2. Explore Tokenization (Months 3-6): Buy some
tokenized credits. Test the user experience.
Understand the economics.

3. Build Partnerships (Ongoing): You can't do this
alone. Partner with tech providers, project
developers, and other buyers.

4. Invest in Capabilities (Months 6-12): Train
your team. Hire Web3 natives. Build or buy the
tech stack you need.

S. Scale What Works (Year 2+): Take successful
pilots company-wide. Share learnings with your
industry.
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Case Study: DATACURVE's
Al-Powered Carbon
Intelligence Platform

Now let me show you what this looks like when it all
comes together. DATACURVE built something that
actually works - and the numbers prove it.

The Problem That They Solved

DATACURVE's clients were drowning in carbon
data. One Fortune 500 company was spending $2M
annually on consultants just to calculate their
footprint. Another had 50 people manually
collecting utility bills. A third couldn't figure out how
to monetize their reduction efforts. These were
classic carbon accounting nightmares.

Their Solution

DATACURVE built Logicware; think of it as an Al
brain for carbon management. Here's what makes it
different:

It's Truly Autonomous: This isn't just a system of
automated spreadsheets. Logicware uses Al agents
that actively hunt for data across your entire
organization. They pull from SAP, read utility bills
with OCR, parse supplier reports, and even analyze
satellite imagery of your facilities. One client went
from 3-month reporting cycles to real-time
dashboards overnight.

It Thinks Like a Trader: The platform doesn't just
track carbon; it finds ways to make money from it.
The Al identifies which reduction projects qualify for
credits, handles the registration paperwork, and
even times the market for optimal selling. It turns
sustainability from a cost center into a profit center.

It Speaks Every Standard: SBTi, GHG Protocol,
TCFD, CDP: Logicware generates reports for all of
them automatically. But here's the clever part; it
learns from feedback. When auditors request
clarifications, the AI remembers and improves
future reports.

The Tech Stack

DATACURVE made
choices:

some smart architectural

e Multi-Agent Architecture: Specialized Al
agents for different tasks: one for data
collection, another for analysis, another for
trading

e Privacy-First Design: Their AURA
framework lets companies share carbon
data without exposing competitive
information.

e Time-Series Database: Every piece of
carbon data is timestamped and immutable
which is critical for audit trails.

e API-Everything: The system connects to
200+ data sources out of the box.

CarbonCX: The Registry
Revolution

DATACURVE’s CarbonCX registry is where things
get really interesting. Instead of another walled
garden, they built a bridge. CarbonCX can ingest
credits from Verra, Gold Standard, and other major
registries, standardize them, and make them
tradeable on one platform. It's like a universal
adapter for carbon credits.

The platform handles the entire lifecycle:

e Credit creation with built-in verification

e Fractional ownership for small buyers

e Automated retirement and certificate
generation

e Real-time price feeds from global markets

The Results

DataCurve customers reported the following results
post deployments:

Dramatic Cost Reduction: Carbon accounting
costs dropped 75-90%. One client saved $1.5M in
the first year just on consultant fees.

Revenue Generation: This is the headline number:
$3.3M in new revenue from carbon credit sales in
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nine months. Credits that were sitting unused
became liquid assets.

Speed: Credit registration went from 6 months to 3
weeks. Trading settlement from T+30 to instant.

Scale: One deployment is tracking SOM tons of CO2
across 2,000 facilities in 40 countries. Try doing
that with spreadsheets.

Why It Worked

Three factors made DATACURVE successful where
others failed:

1. They Started with the Data Problem: Instead
of building trading features first, they solved
data collection and standardization. Everything
else became easier.

2. They Made It Profitable: By connecting carbon
tracking to credit generation and trading, they
gave CFOs a reason to care.

3. They Partnered Smart: Integration with Google

Cloud, IBM, and Databricks gave them
enterprise credibility and scalable
infrastructure.

Key Takeaways

If you're building learn from

DATACURVE:

in this space,

e Automation beats perfection: Their Al
isn't perfect, but it's 100x faster than
humans.

e Integration is everything; The value
comes from connecting previously siloed
systems.

e Follow the money; Features that generate
revenue get adopted; compliance features
get delayed.

e Trust takes time; Start with pilot clients
and build credibility through results.

The successful deployment of these technologies
demonstrates the potential for AI, Web3, and
automation to improve transparency, efficiency, and
scalability in carbon markets. The broader challenge
now lies in how the industry can build on these
foundations to realize the full potential of the
projected $50 billion carbon offset market.

Summary Table of Sources 1

Quoted Data / Claim

Source

Voluntary carbon market ~$2B (2022)

The Guardian+12Carbon Credits+12Sprih+12

~$2B (2021) baseline

Reuters

Carbon market forecast to >$50B by 2030

McKinsey & Company Investcorp

$50B projection by 2030 (IdeaUsher) Idea Usher
Sprih blog: exceeding $50B by 2030 Sprih
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https://carboncredits.com/what-is-the-voluntary-carbon-market/?utm_source=chatgpt.com
https://www.reuters.com/sustainability/companies-get-green-light-use-offsets-supply-chain-emissions-2024-04-10/?utm_source=chatgpt.com
https://www.mckinsey.com/capabilities/sustainability/our-insights/a-blueprint-for-scaling-voluntary-carbon-markets-to-meet-the-climate-challenge?utm_source=chatgpt.com
https://www.investcorp.com/wp-content/uploads/2024/04/The-Global-Carbon-Markets-April-2024-vF.pdf?utm_source=chatgpt.com
https://ideausher.com/blog/carbon-credit-marketplace-development-using-toucan-protocol/?utm_source=chatgpt.com
https://www.sprih.com/blogs/the-carbon-offset-market/?utm_source=chatgpt.com

FT: Carbon market could reach $2T by 2030 Financial Times

Pachama involvement (forest monitoring, $100M capitalforclimate.com

fund)

KlimaDAO treasury >17M tonnes CO, Chainlink EcosystemToucan
ProtocolKlimaDAO

KlimaDAO token infrastructure (BCT, NCT, retiring | Carbon CreditsKlimaDAOMediumFrontiers

credits)

Toucan cross-chain carbon bridge & infrastructure Toucan Protocol+1PolygonToucan

Summary Table of Sources 2

Statement

Supporting Source

Al agents replacing
consultants; data from ERP,
utility bills, supply chain, IoT

CarboLedger on Agentic Carbon Accounting
xInctechnologies.com+8carboledger+8Carbon Accounting
Financials+8

Automated data aggregation
from IoT/ERP/utility bills

Al carbon tracking platforms xlnctechnologies.comNASSCOM

Emissions across Scope 1, 2,
and 3

CarboLedger (Agentic Carbon Accounting) carboledger; Granular
carbon accounting literature Wikipedia+10MDPI+10Niskanen
Center+10

Real-time vs. months-long
processes

World Kinect & Deloitte connectivity case Deloitte Insights

Manufacturing client cost and
granularity figures

No public source found (possibly proprietary)

Page 102

o®

CoalitionforInnovation.com CleanTech Blueprint

© 2025. This work is openly licensed via CC BY 4.0.



https://coalitionforinnovation.com/
https://creativecommons.org/licenses/by/4.0/
https://www.ft.com/content/70cc3e67-30c8-42b1-8012-51b496816e63?utm_source=chatgpt.com
https://www.capitalforclimate.com/newsletter/september-15-to-september-27-8-5-billion-across-33-deals-in-transition-finance-4-6-billion-nbs-1-35-billion-carbon-removal-895-million-hard-to-abate-industries-1-42-billion-and-the-blue-economy-220-2-million?utm_source=chatgpt.com
https://www.chainlinkecosystem.com/ecosystem/klimadao?utm_source=chatgpt.com
https://blog.toucan.earth/how-klima-inverse-bonds-will-impact-the-refi-ecosystem/?utm_source=chatgpt.com
https://blog.toucan.earth/how-klima-inverse-bonds-will-impact-the-refi-ecosystem/?utm_source=chatgpt.com
https://www.klimadao.finance/resources/real-world-assets-driving-real-world-impact?utm_source=chatgpt.com
https://carboncredits.com/circle-internet-crcl-stock-boosting-carbon-credit-trust-with-blockchain-digital-climate-solutions/?utm_source=chatgpt.com
https://www.klimadao.finance/?utm_source=chatgpt.com
https://medium.com/%40decryptor.research/klimadao-klima-saving-the-environment-with-crypto-f0d0de7d9b35?utm_source=chatgpt.com
https://www.frontiersin.org/journals/blockchain/articles/10.3389/fbloc.2024.1474540/full?utm_source=chatgpt.com
https://blog.toucan.earth/toucan-regen-network-bridging-carbon-credits/?utm_source=chatgpt.com
https://polygon.technology/blog/regen-network-launches-bridge-to-polygon-with-toucan-protocol?utm_source=chatgpt.com
https://toucan.earth/?utm_source=chatgpt.com
https://www.carboledger.com/blogs/ai-agents-for-esg?utm_source=chatgpt.com
https://www.carboledger.com/blogs/ai-agents-for-esg?utm_source=chatgpt.com
https://www.xlnctechnologies.com/blog/using-ai-to-monitor-and-reduce-your-carbon-footprint-efficiently?utm_source=chatgpt.com
https://www.carboledger.com/blogs/ai-agents-for-esg?utm_source=chatgpt.com
https://www.mdpi.com/1996-1073/17/1/10?utm_source=chatgpt.com
https://www.mdpi.com/1996-1073/17/1/10?utm_source=chatgpt.com
https://deloitte.wsj.com/cfo/how-connectivity-technologies-can-unlock-sustainability-value-8c2d2f84?utm_source=chatgpt.com

Summary Table of Sources 3

Application Area Source
Forestry & biomass via drone LiDAR (agroforestry) | arXiv
Forestry management (drone LiDAR) bluefalconaerial.com
Drone methane leak detection (infrared) Spectroscopy Online
Methane detection in Permian Basin MRT
Drone methane detection (industrial) Cat
Precision agriculture (thermal/multispectral) MDPIfarmonaut.com
Crop stress & yield via drones (CGIAR) CGIAR
Solar/wind inspection via drones Viper Drones https://www.applus.com
Utility-scale drone-inspections raptormaps.com
Rapid disaster mapping (CLARKE) stories.tamu.edu
NASA Al drone swarms for wildfire NASA Earth Science and Technology Office
Survey of Al-drone wildfire management arXivScienceDirect

Author (In order of contribution)

Sayeed Ahmed, Co-Founder, and Chief Biz Officer, DataCurve
Sayeed Ahmed has 20 years’ experience in Telco industry. Focused on Agentic Al workflows for
Cleantech, Sports & Entertainment.
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https://arxiv.org/abs/2201.11192?utm_source=chatgpt.com
https://www.bluefalconaerial.com/seeing-the-forest-for-the-trees-the-power-of-drone-lidar-in-forestry-management/?utm_source=chatgpt.com
https://www.spectroscopyonline.com/view/drone-mounted-infrared-camera-sees-invisible-methane-leaks-in-real-time?utm_source=chatgpt.com
https://www.mrt.com/business/oil/article/permian-basin-ai-drones-methane-20775528.php?utm_source=chatgpt.com
https://www.cat.com/en_US/blog/drone-technology-advances-methane-leak-detection.html?utm_source=chatgpt.com
https://www.mdpi.com/2504-446X/8/11/686?utm_source=chatgpt.com
https://farmonaut.com/precision-farming/benefits-of-drones-for-precision-agriculture-in-2025?utm_source=chatgpt.com
https://www.cgiar.org/news-events/news/from-sky-to-soil-how-drones-are-revolutionizing-crop-monitoring/?utm_source=chatgpt.com
https://viper-drones.com/industries/infrastructure-drone-use/drones-in-solar-wind-energy-inspections/?utm_source=chatgpt.com
https://www.applus.com/
https://raptormaps.com/case-studies/utility-scale-drone-in-a-box-inspection?utm_source=chatgpt.com
https://stories.tamu.edu/news/2025/07/28/ai-turns-drone-footage-into-disaster-response-maps-in-minutes/?utm_source=chatgpt.com
https://esto.nasa.gov/firetech/ai-enabled-drone-swarms-for-fire-detection-mapping-and-modeling/?utm_source=chatgpt.com
https://arxiv.org/abs/2401.02456?utm_source=chatgpt.com
https://www.sciencedirect.com/science/article/pii/S1566253524001477?utm_source=chatgpt.com
https://www.linkedin.com/in/sayeeda/

Aman Johar, Co-Founder and CEO, DataCurve
Aman Johar is CEO of DataCurve and focused on CleanTech plus Sports & Entertainment with Al to
Craft New Revenue Streams.
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Chapter 9:
Case Study: The Future is Direct — Shift to
DC Power Systems

Author: Jiri Skopek

Introduction: The Future is
Direct

D)

(‘ War of the Currep
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Figure 1: The power struggle: more than a century
after their iconic rivalry over AC and DC power,
Tesla and Westinghouse emerged victorious. Now,
as we need a more efficient and renewable energy
future the time has arrived to reconsider the path we
chose. [https://princip.info/2014/03/ 12/ tesla-
protiv-edisona/. Public domain.|

AC won the past, but DC is shaping
the future.

For more than a century, alternating current (AC)
has been the backbone of global power systems. Its
ability to travel long distances efficiently secured its
dominance during the 19th-century “War of
Currents,” and it became the foundation of modern
electrical infrastructure, supporting centralized

=2

power plants, transmission lines, and city-wide
grids.

But the way we generate and use electricity has
changed dramatically.

Today, most modern devices, from smartphones and
laptops to LED lighting, electric vehicles, and
battery storage, run on direct current (DC). Solar
panels also produce DC power. Yet, to integrate with
the existing AC-based grid, this DC power must be
converted to AC, transmitted, then often converted
back to DC again for end-use. Each conversion
wastes energy, often 5% to 20%, resulting in
significant cumulative losses across the entire
system.

The inefficiencies don’t end there. Our existing grid
was built for centralized, predictable sources like
coal, and nuclear plants. These sources provide
stable “baseload” power but are slow to respond to
fluctuations in demand. Quick adjustments
typically come from gas-fired “peaker” plants, which
are more flexible but less efficient and more carbon-
intensive.

Meanwhile, the energy system is rapidly
decentralizing. Rooftop solar, home batteries,
electric vehicles, and smart appliances, most of
them running on DC, are transforming homes and
buildings into distributed power producers. Yet the
grid still forces these technologies through layers of
outdated AC infrastructure, creating friction and
waste at nearly every turn.

This mismatch between how power is produced and
how the grid is built introduces real costs. to
homeowners, developers, businesses, and the
environment. Our 20th-century grid was never
designed for the solar panels, digital devices, and

@
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electrified transportation systems of the 21st
century.

The solution lies in  grid-connected DC
infrastructure that allows the direct use, storage,
and distribution of DC power, cutting down on
energy losses, reducing conversion costs, and
improving overall system efficiency.

The Case for DC: Rethinking a
Century-old Power Paradigm

Data centers are a clear example. These facilities,
essential to cloud services, Al processing, and digital
infrastructure, are among the most power-intensive
buildings in the world. Despite running almost
entirely on DC internally, they still receive AC power
from the grid, requiring conversion at multiple
stages. Each conversion layer introduces
inefficiency, drives up operational costs, and
increases heat load, requiring more cooling and
further compounding energy use.

Switching to DC-based power architecture in data
centers could cut conversion losses significantly,
reduce infrastructure costs, and increase uptime
through more efficient power management. Yet
adoption remains limited, not because the
technology is lacking, but because legacy
infrastructure and outdated assumptions about AC
compatibility still dominate engineering practice.

Utilities are under increasing strain from rising
electricity demand. The electrification of transport,
heating, and industrial processes, combined with
widespread rooftop solar, has created new load
patterns that the traditional grid wasn’t designed to
handle. Outages and reliability issues are already
becoming more common in high-demand regions.

Building entirely new grid infrastructure is
costly and time-consuming. In contrast, local DC
systems reduce grid stress by allowing distributed
resources, such as solar panels and batteries, to
operate more efficiently, with fewer conversion
losses and more flexible load management. These
systems can be deployed at the building, campus, or
neighborhood scale, reducing dependence on
centralized infrastructure.

As reliability becomes a market differentiator,
developers and energy users will increasingly prefer
solutions that lower costs while enhancing energy
autonomy. DC systems do both.

The Economic Impact for
Developers and Businesses

Even when developers invest in renewable energy or
smart infrastructure, much of the benefit is lost if
systems are built on legacy AC assumptions.

For example:

e A new commercial development with rooftop
solar may lose up to 20% of its generated
energy through AC-DC-AC conversion
before it reaches the building’s LED
lighting, HVAC controls, or server racks, all
of which run on DC.

e A logistics hub installing EV chargers and
battery storage may encounter higher-than-
expected grid demand charges, due to
inefficiencies in energy conversion and poor
integration between systems.

e A corporate campus aiming for net-zero
energy may fall short of targets, not
because of inadequate generation, but
because conversion losses and
infrastructure constraints weren’t
accounted for in the original electrical
design.

In each case, DC-based electrical systems could
lower installation costs, reduce ongoing energy
expenses, and enable smarter energy management,
while supporting long-term sustainability and
resilience goals.

A Strategic Infrastructure Shift

The transition to DC doesn’t mean replacing the
entire grid overnight. It starts with smart, modular
integration such as:

e DC microgrids for buildings and campuses

e DC-ready zones in data centers, industrial
sites, and transport hubs
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e Plug-and-play integration of DC solar,
batteries, and EV chargers without
unnecessary conversion layers

e This approach is not only more efficient, it’s
more flexible, scalable, and future proof.

Energy Transmission

Figure 2: Pearl Street Station, was Thomas
Edison’s first commercial power plant. Opened in
1882 in Manhattan, it used coal-fueled dynamos. It
initially powered 400 lamps for 82 customers
expanding to 508 customers and over 10,000 lamps
by 1884. [Wikicommons, Public Domain]

Early Transmission — The
challenge was DISTANCE

In the early days of electricity use, the challenge was
not just producing it, but how to effectively move it
from central generation points to widespread users.
With the growth of cities and industry, the need for
centralized energy systems capable of supplying
electricity across long distances became evident.
This led to the birth of centralized energy systems,
where large-scale power plants generated electricity
and transmitted it via power lines to urban areas,
factories, and households. As cities grew and
industrialization demanded more power, the need
for efficient transmission systems became urgent.

Both AC and DC used steam as their source, but DC
was easier to generate from the steam than AC

because the dynamo generators used for DC were
simpler. Generating AC required generators with
alternators in order to oscillate the direction of the
current, making AC generation more complicated
and harder to set up at first.

Another key reason DC was initially chosen over AC,
besides its comparative ease of generation, was its
ability to provide steady, unidirectional current,
which was ideal for applications like electric motors
and early lighting systems. It could also be
transmitted efficiently over short distances.

Meanwhile, AC’s ability to generate and transmit
power at higher voltages than DC was making it the
ideal solution for emerging technologies like arc
lamps for street lighting, industrial motors, and
power plant alternators. Even before long-distance
transmission was feasible, AC was powering
localized grids, proving its scalability.

The real breakthrough, however, came with
transformers, enabling efficient voltage conversion
and securing AC’s dominance in the 20th century.

AC Voltage Step-Up Won the Day
by Solving the Problem of Distance

The solution to long-distance transmission was AC’s
ability to change voltage levels using
transformers, which rely on oscillating
electromagnetic induction to step-up or step-down
voltage: something that wasn’t possible with DC at
the time.

By stepping up voltage for transmission, AC power
could travel vast distances with minimal energy loss
like using a high-pressure pipe to thrust a very
narrow stream of water further with minimal
friction. At the other end, transformers stepped the
voltage back down to safe levels for homes and
businesses, preventing electrical shock, equipment

o®

Page 107

CoalitionforInnovation.com

CleanTech Blueprint

© 2025. This work is openly licensed via CC BY 4.0.


https://coalitionforinnovation.com/
https://creativecommons.org/licenses/by/4.0/

damage, and fire hazards, while
compatibility with everyday devices.

ensuring

Low valtage — High current
causes friction in
the wires

High voltage- Low current
reduces friction in
the wires

i’ Lo e,
Figure 3: Power loss in electrical transmission
occurs due to line resistance. To reduce losses,
electricity is transformed and transmitted at high
voltage and low current. A fluid dynamics analogy
tlustrates this:

A large, slow-moving water flow (high current, low
voltage) in a pipe loses energy to friction, much like
high-current transmission, where resistance causes
heat losses. In contrast, a narrow, high-pressure jet
(low current, high voltage) moves swiftly with
minimal contact, retaining energy—akin to high-
voltage transmission, which reduces resistive
losses.

By increasing voltage and lowering current, long-
distance transmission becomes more efficient,
minimizing infrastructure needs and energy loss.
This principle drives the use of high-voltage power
lines in modern grids. [Image by J. Skopek]

Unlike high-voltage AC, which transmits power
efficiently with lower current and minimal energy
loss, DC suffered significant losses over long
distances due to wire resistance. Westinghouse’s
development of the first commercially viable
transformer in 1886 was a turning point, making

AC VOLTAGE STEP-UP VIA TRANSFORMER
(Wave COMPRESSION)

\AAAANAANAAAAAAAAAAN

long-distance AC transmission practical and laying
the foundation for the modern electrical grid.

AC has since become the standard for long-distance
transmission. Passing through large transformers at
substations, the high-voltage AC power from the
transmission grid is then stepped down for
distribution to homes and businesses.

Figure 4: Early transformer at the Amberley Chalk
Pits Museum. The first Westinghouse step up voltage
transformers were deployed at one of the earliest AC
power plants, in Folsom, California in 1895. [Photo
courtesy of David Blaikie on Flickr]

The Hum Problem: How Early
Radios Revealed AC'’s Limitations

Despite its early success, AC was not without
problems. AC’s constantly reversing voltage was
making it wunsuitable for a growing list of
applications that require a steady, uninterrupted
current, such as modern electronics. This limitation
first became evident in the early 20t century with

DC VOLTAGE STEP-UP via DC-DC CONVERTER
(PULSE CROWDING)

Figure 5: Two methods of voltage step-up. [[mage by J. Skopek]
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the advent of radio technology. Early vacuum tube
radios required a steady power source, but when
connected to AC, they produced an audible hum
caused by the 50- or 60-Hertz oscillations that
interfered with signal reception. Engineers
developed rectifiers to convert AC into DC, a crucial
innovation that paved the way for the widespread
adoption of DC in electronics. Today, power
adapters and internal circuits in most electronic
devices still perform this conversion, highlighting
the ongoing need for DC in a world powered
primarily by AC grids.

DC-DC Converters: A Mid-20t"
Century Breakthrough in Efficient
Voltage Control

For much of history, DC power could not be easily
transformed to higher or lower voltages because
traditional transformers rely on alternating
magnetic fields requiring oscillating current that DC
lacks. This limitation made AC the dominant choice
for power transmission.

The breakthrough came in the mid-20th century
with the development of DC-DC converters, which
solved this problem by rapidly switching direct
current ON and OFF at high frequencies. These
pulses could then be manipulated using inductors,
capacitors, and transistors to precisely step voltage
up or down. Unlike traditional transformers, DC-DC
converters were compact and offered fine-tuned
control and high efficiency, making them essential
for telecommunications, modern electronics, electric
vehicles, and renewable energy systems.

Voltage Step-Up: How Transformers and DC-DC
Converters Differ

AC Voltage Step-Up via Transformer (Wave
Compression): The input AC waveform has a low
amplitude and long wavelength. As it passes through
a step-up transformer, electromagnetic induction
increases the amplitude shortens the wavelength,
thereby producing higher voltage,

DC Voltage Step-Up via DC-DC Converter (Pulse
Crowding): The input DC is shown as a steady line.
A DC-DC converter rapidly switches the current on
and off, storing and releasing energy in bursts. This

results in an output with higher voltage, represented
by closely spaced, taller pulses.

By enabling precise voltage regulation, DC-DC
converters paved the way for compact, energy-
efficient power supplies, reducing waste and
enhancing performance across consumer,
industrial, and aerospace applications. Their impact
extended far beyond electronics supporting the rise
of electric vehicles, solar energy, and battery
storage, where voltage control is critical for system
stability and efficiency.

Crucially, it is the increasing demand for DC power
— from devices, vehicles, and distributed renewable
systems — that will drive the gradual
transformation of the electrical grid. Rather than a
top-down shift led by supply and transmission
institutions, the grid will evolve away from a
centralized, high-voltage AC-dominated system
towards a more flexible, distributed hybrid AC-DC
network, better suited to modern energy needs.

Keeping the Grid in Sync: AC’s
Biggest Challenge

Despite AC’s efficiency, for transmission from power
station to consumer, it presents challenges,
particularly in complex, long-distance grid systems.
One major issue is phase synchronization. Since
AC voltage reverses direction 50 or 60 times per
second (Hertz), different sections of the grid can fall
out of sync. This is akin to people pushing swings at
different times; rather than maintaining smooth
harmonized motion, their efforts interfere, which
leads to energy loss and grid instability. To mitigate
this, power systems rely on advanced grid
management, substation synchronization
technology, and phase correction equipment to
maintain stability and efficiency.

High-voltage DC Has Solved the
Problem of Long-distance
Transmission and Cross-region
Grid Integration

High Voltage Direct Current (HVDC) technology,
developed in the 1950s, transformed long-distance
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power transmission by overcoming the phase
synchronization limitations of AC systems.

Unlike AC, HVDC transmits electricity as a steady,
one-directional flow, eliminating phase
synchronization issues. This is more efficient for
long distances due to lower electrical losses
compared to HVAC (High Voltage Alternating
Current). It also allows for better control and
stability of power flow, especially when integrating
renewable energy sources.

HVDC is especially useful for connecting grids
across regions or under oceans, where maintaining
AC phase alignment would be nearly impossible. By
minimizing energy losses, it has become the
preferred choice for some of the world's longest
transmission routes, shaping the future of global
power distribution.

Figure 6 - Long distance High Voltage Direct
Current (HVDC) lines carrying hydroelectricity from

Canada's Nelson River to a converter station where
it is converted to AC for use in southern Manitoba's
grid. [Wikimedia. Photo by J. Lindsay, CC BY-SA
3.0]

The Future of DC: Driven by
Demand, Not Utilities

Why Utilities Won't Lead the Shift to DC

Despite the increasing advantages of DC power, a
large-scale transition to a DC-based grid is unlikely
to be initiated by the power and transmission
industry. The existing electrical grid is deeply
entrenched in AC infrastructure and converting it to
DC would require a complete overhaul from rewiring
transmission lines to redesigning substations and
replacing countless transformers. Such an endeavor
would be prohibitively expensive, making it an
unattractive proposition for utilities that prioritize
cost-efficiency and grid stability.

Rather than spearheading a fundamental shift,
utilities are more likely to maintain and optimize the
AC grid they have already built. The financial and
logistical challenges of converting an entire
transmission system outweigh the potential
benefits, at least from their perspective. For now, AC
remains the backbone of large-scale power
distribution, and there is little incentive for utilities
to disrupt that model.

A Demand-Driven Evolution

Instead of being dictated from the top down, the
shift toward DC power will come from the demand
side. Grid challenges include balancing variable
electricity supply (such as from wind, solar, or tidal
energy), rising peak demand, and integrating
climate-sensitive technologies. Peaks in supply and
demand are getting more complicated, and the pace
of change is too fast. Our old infrastructure is
struggling to stay reliable, but power outages
amplified by climate change are becoming a reality.

The evolution of energy needs, and the advent of new
technologies are constantly challenging the status
quo. As the demand for more efficient, reliable, and
sustainable power systems grows, the potential for
DC technology becomes more apparent. Industries
and consumers that require stable, efficient power
are already driving the change, prioritizing DC for its
ability to eliminate energy losses from constant AC-
DC conversion. Data centers, Al computing
facilities, and industrial automation rely heavily on
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DC power, and as these sectors grow, so too does
the need for direct DC supply.

Electric vehicles add further momentum to this
transition. Since EV batteries operate on DC,
charging them directly without AC conversion is
both more efficient and cost-effective. Meanwhile,
the rise of renewable energy sources such as solar
and battery storage—both of which naturally
generate DC—reinforces the argument for broader
DC adoption. The more these technologies expand,
the more practical it becomes to integrate DC
systems at a local level rather than converting
everything to fit within an AC-dominated grid.

e
- 400 kV
AN
|
UL 12k
i
Power plant  Step-up High-voltage
transformer transmission line

Rethinking the Grid:
Centralized, Distributed, and
Hybrid

Distributed Systems: Microgrids
and Nanogrids

As the limitations of centralized power grids become
more evident, distributed energy systems, such as
microgrids and nanogrids are emerging as flexible
and efficient alternatives. offering greater resilience,
improved energy efficiency, and reduced reliance on
large, centralized infrastructures.

Rather than attempting to replace the AC grid
outright, the most viable path forward is likely to be
through microgrids and nanogrids—localized energy
networks that supply DC power where it is needed
most.

Step-down Step-dbwn
transformer transformer
(substation)

Figure 7: The Problem with AC: On the left is a power plant connected to a step-up transformer via a 12
kV line. The transformer links to a 400 kV high-voltage transmission line, which connects to a step-down
transformer at a substation. From there, a 13 kV line goes to a further step-down transformer on an electric
pole, and a 240 V line delivers power to a house. The high-voltage transmission line enables low-current
transmission over long distances. However, each step-up and step-down introduces energy losses,
making the overall system less efficient. Plus, the reliance on multiple transformers increases the

complexity and the

https:

cost of

infrastructure.
wwuw.collegesidekick.com/ study-quides/ physics/23-7-transformers]

[Imagine Public Domain
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Figure 8: Showing the difference between Centralized and Distributed Systems [Image by J. Skopek]

Microgrids: Localized Power Solutions

Microgrids are self-contained energy systems that
can operate independently or in tandem with the
grid. These systems generate, store, and distribute
electricity to specific areas such as communities,
universities, and industrial sites. By integrating
renewable energy sources like solar panels, wind
turbines, and battery storage, microgrids enhance
efficiency and reduce energy loss.

A notable advantage of microgrids is their ability to
use both DC and alternating current (AC). Many
modern devices—such as LED lights, computers,
and electric vehicles—use DC power, and microgrids
leverage this to minimize energy losses from AC-to-
DC conversions. This dual approach increases the
overall efficiency of the system.

Microgrids, integrate renewable energy and energy
storage; they can serve industrial hubs, commercial
centers, and even entire campuses, minimizing
reliance on the traditional AC grid. They are
particularly useful in areas where centralized grids
are unstable or unavailable, such as remote
communities, military bases, and rural regions.
They also support urban grid stability by integrating

renewable sources and storing energy, which helps
reduce peak demand

Nanogrids: Energy Control at the
Individual Level

Nanogrids: DC power systems within buildings take
the concept of distributed energy a step further by
offering even more localized control, suitable for
individual buildings. These systems allow users to
generate, store, and manage their own electricity,
often by incorporating renewable energy sources like
solar panels and storage batteries and allow for
direct connections to devices, eliminating
inefficiencies associated with conversion.

Nanogrids, equipped with automated controls can
manage consumers’ energy usage, deciding when
and where to use energy most efficiently, and
providing them with greater autonomy and
contributing to a broader shift toward distributed
energy systems.

The Future Energy Landscape

While AC transmission will continue to dominate
large-scale power distribution, the steady rise of
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Figure 9: Hybrid Centralized & Decentralized Generation & Distribution [Image by J. Skopek]

microgrids and nanogrids will gradually reshape the
energy landscape. More industries will turn to DC to
meet their efficiency and stability requirements, and
as adoption grows, it will become an increasingly
integral part of modern energy systems. Engaging
end users in grid operations can also enhance
responsiveness and  efficiency in  energy
consumption.

This transition will not happen overnight, nor will it
be propelled by utilities. Instead, it will emerge
organically, driven by industries and consumers
seeking better power solutions. Over time, the
energy sector will shift toward a hybrid model, where
DC plays a significant role alongside AC, challenging
the traditional dominance of alternating current and
redefining how power is generated, distributed, and
consumed.

The Hybrid Approach to
Energy Transmission Offers
Resilience and
Sustainability

As distributed systems have gained momentum,
they do not signal the end of centralized grids but
rather the beginning of a hybrid approach. Digital
grids, which use digital technology to monitor and
optimize electricity distribution, are allowing for
more efficient integration of both centralized and
distributed systems. By wusing sensors, data
analytics, and real-time communication, digital
grids enable power to flow smoothly from both large
plants and localized renewable sources.
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Energy Storage: Stabilizing the
Hybrid Grid and Introducing
Flexibility

Energy storage technologies, such as long-term
thermal storage systems (LTES) or large-scale
batteries, are essential to hybrid grid systems. They
store excess energy from renewable, nuclear or
hydro generated surplus power during low-demand
periods, making it available in response to peak
demand or when renewable output is low. This
balances supply and demand, ensuring that both
distributed and centralized grids remain reliable
and efficient.

As energy demands grow and the shift toward
renewable sources accelerates, the grid must evolve
into a more flexible, sustainable system.
Technologies such as digital grids, energy storage,
and distributed generation will work in concert to
ensure reliability and resilience. The hybrid
approach—combining centralized and distributed
systems with advanced storage—will shape a future
where energy is more accessible, efficient, and
renewable.

From the early days of DC to the rise of AC, the
technology enabling HVDC, distributed systems,
and energy transmission has continually evolved.
Now, integrating energy storage solutions into the
grid will be key to building a resilient energy future,
where consumers and producers collaborate to meet
the challenges of the modern world.

The most common energy storage systems include
battery storage, such as the Lithium-ion Batteries
commonly used in electric vehicles, residential
energy storage and grid-scale applications or Flow
Batteries, that are typically used for grid-level
storage due to their scalability, long lifespan, and
capacity for deep cycling. Increasingly other energy
storage systems are being used such as Pumped
Hydroelectric Storage (PHS), Compressed Air Energy
Storage (CAES) and Thermal Energy Storage (TES),
which can store energy as heat or cold (molten salt
or ice) and then convert the stored heat back to
electricity.

Charge sand
electric heater

Hot sand
storage

Sand
transport
Discharge heat Cooled sand
exchanger to storage
heat and power

Figure 10: Thermal Energy Storage: Drop-in
modular (40’ container) 1-10 Mwe heat/power, <
100 Mht storage for heat/power supply [Image
courtesy of NREL]

Energy storage systems can help stabilize the grid
by reducing the strain during peak hours. By storing
excess renewable energy—whether from solar, wind,
or off-peak nuclear generation in their localized
batteries—these systems can use that power when
demand on the grid is at its highest. If large
industries do this, they avoid drawing on the grid,
which minimize the need for fossil-fuel-based
peaking plants. This load shifting effect makes
energy supply more predictable and cost-effective.

Enhancing Grid Resilience

Localized microgrids and nanogrids act as buffers
against grid failures. In the event of power outages
or disruptions, they can operate independently,
ensuring critical facilities maintain power. By
reducing reliance on long-distance transmission
and providing backup capacity, they make the
overall grid more adaptable to fluctuations in supply
and demand.
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A Smarter, More Adaptive Energy
System

The future of energy will not be a choice between
centralized and distributed systems but a hybrid
model in which microgrids, nanogrids, and energy
storage work in tandem with traditional
infrastructure. This approach enhances efficiency,
lowers costs, and makes the grid more resilient to
both sudden demand spikes and long-term shifts in
energy consumption.

Digital Grids

A digital grid is an advanced energy network that
seamlessly integrates electricity transmission and
data communication, making power distribution
more efficient, reliable, and adaptable. Unlike
traditional power grids, which deliver electricity in a
one-way flow from power plants to consumers,
digital grids deliver electricity with added layers of
digital intelligence, communication
technologies, and automation that make the
system more efficient, resilient, and responsive.
There are several advantages to digital grids:

Improved Efficiency: Smart grids allow for more
efficient electricity distribution by enabling utilities
to manage energy flow in real-time. For instance, if
there is an issue with the transmission of power to
a certain area, the smart grid can automatically
reroute the electricity from other sources or alert
utility operators to take corrective action. This
reduces energy losses, which can occur during
transmission and distribution, and ensures that
energy is used where it is needed most.

Integration of Renewable Energy: One of the key
advantages of smart grids is their ability to integrate
renewable energy sources, such as wind and solar,
into the grid. By using energy storage systems and
dynamic load balancing, smart grids can help
mitigate the challenges of intermittency that come
with renewable energy generation. This not only
helps in reducing dependency on fossil fuels but
also accelerates the transition to a low-carbon
economy.

Enhanced Reliability: Smart grids can improve the
reliability of electricity supply by reducing the
frequency and duration of power outages. They can
detect faults in the system quickly and isolate the
affected areas to prevent widespread disruptions. In
some cases, smart grids can even automatically
restore power to customers without requiring
human intervention.

Cost Savings for Consumers: Through dynamic
pricing and demand response programs, consumers
can reduce their energy costs. Digital Grids enable
real-time pricing, where electricity prices fluctuate
based on demand and supply. Consumers who
adjust their usage during off-peak hours can take
advantage of lower rates. Additionally, the increased
efficiency and reduced operational costs for utilities
may result in lower electricity bills for consumers.

Environmental Benefits: By enabling more
efficient use of energy and promoting the use of
renewable sources, Digital Grids can help reduce
greenhouse gas emissions. The ability to manage
energy consumption more effectively means that
power plants don’t need to produce as much
electricity from fossil fuels, leading to a cleaner,
more sustainable energy system.

Consumer Empowerment: Digital Grids give
consumers more control over their electricity usage.
Through apps and smart devices, consumers can
monitor and manage their energy consumption in
real-time, allowing them to make informed decisions
about when and how much electricity to use. This
level of control can lead to greater energy
conservation and lower overall costs.
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Figure 11: Digital Grids combine energy and data networks using smart nodes [Image by J. Skopek]

How Energy and Data are Transmitted

The Energy Network delivers electricity through
transmission lines (either AC or DC) to homes,
businesses, and devices

Data Networks transmit information about the grid,
such as energy usage and system performance,
using various technologies - both wired and
wireless.

e Wired methods include fiber optic or Ethernet
cables, which carry data over long distances.
These physical cables offer fast, reliable
connections, particularly in areas where
wireless signals might not be ideal.

e Wireless methods include cellular networks
(4G, 5G), Wi-Fi, and satellite communication.
These technologies use radio waves to transmit
data without the need for physical wires. They
enable Digital Grids to efficiently manage
energy use, monitor equipment, and exchange
real-time data, all without the need for
extensive (and potentially expensive) wiring.

0 Cellular networks (such as 4G or 5G)
send data via radio waves through
mobile towers. These networks are ideal
for long-distance communication, even
in remote areas, with 5G offering faster
speeds and better handling of multiple
devices than 4G.

0 Wi-Fi works for shorter distances, such
as in homes or offices, providing local
but reliable communication.

0 Satellite communication is used for
remote or off-grid areas where other
wireless technologies may not reach. It
transmits data via radio waves or
microwave signals between ground
stations and satellites in orbit, ensuring
reliable data transfer across vast
distances.

The Role of Data in Digital Grids

Digital Grids rely on real-time data exchange to
balance supply and demand. Advanced smart
meters in businesses and homes track energy usage
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in minute intervals and communicate this data to
utility companies. Grid operators also receive
weather forecasts, solar and wind generation levels,
grid congestion alerts, and power outage reports.
For example:

e If solar power generation drops due to cloud
cover, the grid automatically compensates
by drawing energy from battery storage or
ramping up fossil fuel plants.

e If a heatwave causes a surge in electricity
demand, industries may receive an alert to
temporarily reduce non-essential energy
use, while stored energy from wind farms is
directed to high-demand areas.

e During a power outage, the grid pinpoints
the affected area and reroutes electricity
from nearby substations, restoring power
faster than conventional grids.

Demand Response & Consumer
Participation

One of the Digital Grid’s most powerful features is
demand response, which actively manages
consumption to prevent overloading. Consumers
can opt into programs that adjust energy use based
on grid conditions. For instance:

e Smart thermostats can lower heating or air
conditioning use during peak hours,
reducing strain on the grid.

e Electric vehicles (EVs) can be programmed
to charge overnight when electricity demand
is often lower.

e Operators of commercial buildings, factories
and data centers can receive incentives to
temporarily scale back energy-intensive
operations during peak hours.

By integrating real-time monitoring, automated
controls, and predictive analytics, Digital Grids
create a resilient, cost-effective, and sustainable
energy system, helping societies transition toward
cleaner and smarter power solutions.

Power Meets Intelligence:
Elements of Combined Energy-
Data Networks

Energy Sources: The Backbone of the
System

Energy networks rely on both renewable (solar,
wind, hydro) and non-renewable (coal, gas, nuclear)
sources to supply electricity. Renewable energy is
gaining momentum, with projects like Denmark’s
Energinet, which integrates wind and solar power
with Digital Grids, reducing reliance on fossil fuels.

Transmission & Distribution: Keeping the
Flow Steady

High-voltage transmission lines and local
distribution networks ensure electricity moves
efficiently. The alternative shift from AC (Alternating
Current) to DC (Direct Current) transmission can be
more efficient, especially for long-distance power
transfer.

Data Centers: The Digital Powerhouses

Data centers require massive amount of power to
process massive the enormous amounts of
information from energy networks. Some, like
Google’s Hamina Data Center in Finland, are
powered by renewable energy and use seawater
cooling to improve efficiency. Additionally, many
data centers are increasingly adopting DC power
systems, reducing conversion losses, and improving
energy efficiency.

Smart Communities: The Local Energy
Revolution

Cities and towns are becoming smarter by
integrating energy-efficient buildings, shared solar
projects, and Al-driven energy management. The
Fujisawa Smart Town in Japan is a model, where
homes, businesses, and infrastructure share solar
energy and battery storage, creating a self-
sustaining  ecosystem. Many such  smart
communities are integrating DC microgrids,
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allowing direct use of solar and battery-stored power
without conversion losses.

Smart Homes: The Consumer’s Role

Homeowners play a part by using smart meters,
solar panels, and connected appliances to optimize
energy consumption. In the Netherlands, the
PowerMatching City project allows households to
trade excess energy from one home to another
automatically, reducing strain on the grid. With
more DC-powered appliances and home battery
systems, efficiency is further enhanced by reducing
AC/DC conversion steps.

Large-Scale Storage: Balancing Supply
and Demand

Energy storage solutions like batteries, pumped
hydro, and thermal storage help balance
fluctuations in renewable energy. Hornsdale Power
Reserve in Australia, a giant battery storage facility,
has significantly improved grid stability and lowered
costs. Large-scale battery storage systems
inherently operate on DC power, enabling seamless
integration with renewable energy sources and DC
microgrids.

Data Nodes: The System’s Nervous
System

Sensors and data nodes are spread throughout the
network to track energy flow, predict demand, and
detect outages. The UK’s National Grid ESO uses Al-
driven data analysis to balance supply and demand
in real time, improving efficiency and preventing
blackouts. Many of these monitoring and control
systems are now powered by DC microgrids,
reducing energy waste, and increasing resilience.

A Future of Intelligent Energy

By merging energy and data networks, we create a
resilient, efficient, and sustainable power system.
With real-time monitoring, smart distribution, and
data-driven decision-making, the future of energy is
not just renewable; it’s intelligent and increasingly
DC-powered, ensuring minimal energy loss and
optimal efficiency.

Where Digital Grids Are Used:

Digital Grids are being deployed worldwide, with
many countries and regions investing in the
technology to modernize their aging power
infrastructure. The United States, Europe, and
China are among the leaders in implementing
Digital Grid technologies, but smaller regions and
developing nations are also adopting them as part of
their efforts to build more sustainable and resilient
energy systems.

In the U.S., the Department of Energy has provided
funding to accelerate the deployment of Digital
Grids, particularly in cities and states looking to
reduce carbon emissions and integrate more
renewable energy. Cities like San Diego, New York,
and Chattanooga have implemented Digital Grid
technologies with varying degrees of success. San
Diego, for example, uses Digital Grid technology to
integrate solar power with the grid, while New York
focuses on improving the resilience of the electrical
network to reduce outages during storms.

In Europe, countries like Denmark, Germany, and
the Netherlands have made significant investments
in Digital Grid technologies, using them to integrate
wind energy and create a more efficient and
sustainable energy network. Germany’s
Energiewende (Energy Transition) policy is an
example of a national strategy that incorporates
Digital Grids to reduce carbon emissions and
promote renewable energy.

The most recent innovations in digital grid
technology reflect a convergence of Al, real-time
analytics, modular hardware, and regulatory
momentum, altogether driving smarter, safer, and
more flexible energy systems. By integrating
advanced communication technologies, renewable
energy sources, and real-time data analytics, Digital
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Grids are reshaping how electricity is distributed,
consumed, and managed. The benefits are clear:
from enhanced reliability and cost savings to
environmental sustainability and consumer
empowerment, Digital Grids are poised to play a
crucial role in the future. Whether in North America,
Europe, or Australia, the smart, digital grid
revolution is in motion.

Commercial Buildings in the
Era of DC

High-Performance Buildings: The
Shift to Smarter, DC-Powered
Spaces

Buildings today must do more than provide shelter;
they must be energy-efficient, resilient, intelligent,
and secure. The drive for high-performance
buildings is accelerating, fueled by global challenges
and technological advancements:

Combating climate change

Achieving sustainability and net-zero targets
Ensuring reliable, resilient power
Strengthening cybersecurity and energy security
Enhancing occupant wellness and productivity

DC Power - A Key Innovation in the
Transition to Smart Buildings

With more buildings integrating solar panels,
battery storage, and energy-efficient systems like
LED lighting and smart controls—all of which
natively use DC—there’s an alternative to traditional
AC grids. By reducing the need for AC-DC
conversions, buildings can achieve greater energy
efficiency, lower costs, and improved reliability.
Smart buildings leveraging DC microgrids are
paving the way for a more sustainable, flexible, and
future proof-built environment.

Figure contributed to

12: Sinclair Digital
improving the energy efficiency of the Sinclair
Hotel in Fort Worth by utilizing DC power and
Ethernet cable technology instead of traditional
electrical cords and wiring to connect devices

such as lights, smart mirrors, and mini
refrigerators. [Courtesy of Sinclair Digital]

Beyond Automation: The
INTELLIGENCE of Smart Buildings

A Building Automation System (BAS), aka Building
Management System (BMS), traditionally controls
mechanical and electrical systems such as HVAC,
lighting, and security. However, true smart
buildings go beyond automation:

System of Systems & DC Integration —-A smart
building's foundation lies in its interconnected
systems—lighting, HVAC, security, and power—
designed to work with common protocols. DC
microgrids are emerging as a core component,
reducing conversion losses in integrating solar
power, battery storage, and DC-powered devices.

Seamless Connectivity — Web-based middleware
enables systems to share real-time data, allowing
intelligent decision-making. DC-based power
distribution simplifies wiring and enhances the
efficiency of connected systems.

Enterprise-Level Management — Occupants can
personalize environments, such as adjusting
lighting or temperature via apps. Energy-efficient
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DC systems provide greater flexibility, enabling
dynamic load management and cost savings.

Key Components of a Smart
Building

Advancements in sensor technology and IoT-driven
analytics have transformed building management.
With more devices natively operating on DC,
reducing AC-DC conversion steps leads to
measurable energy savings. Smart buildings
typically integrate:

e DC-powered LED lighting with sensors that
adjust brightness based on occupancy and
daylight levels.

e HVAC systems optimized with machine
learning to predict usage patterns.

e On-site renewable energy—such as solar PV
panels—delivering DC power directly to devices,
bypassing inefficient AC conversion.

e Battery or thermal storage that smooth power
demand and reduce reliance on the grid.

¢ Building-wide data networks supporting
energy-efficient DC loads, reducing energy
waste.

Safeguarding AC and DC Grids
from Cyber Threats

The security of electrical grids — whether using AC
or DC — remains a critical concern as power
systems become increasingly digitized and
interconnected. Recent reports indicate a 70% surge
in cyberattacks on U.S. utilities in 2024, attributed
to the rapid expansion and digitalization of the
power grid

Industrial control systems (ICS) manage power
plants, substations, and renewable energy
infrastructure. These systems are particularly
vulnerable to cyberattacks that can disrupt
electricity supply, damage equipment, and pose
significant physical risks. For instance, the FBI has
highlighted that malicious actors could target
operational technology (OT) software and hardware,
such as inverters in solar panel systems, to gain
unauthorized control.

AC grids, predominant in long-distance power
transmission, rely on precise synchronization
between substations. Cyberattacks manipulating
frequency regulation or phase synchronization
could trigger cascading failures, leading to extensive
blackouts. Conversely, DC power systems,
employed in HVDC transmission, battery storage,
and renewable energy applications, face risks from
software vulnerabilities in power management
systems and targeted attacks on inverters that
convert DC to AC power.

To safeguard these systems, a proactive
cybersecurity strategy is essential, incorporating
measures such as network segmentation,
encryption, and robust authentication protocols.

Key Security Measures for Power
Systems

Network Segmentation: Traditional power grids
operate as extensive, interconnected networks. A
breach in one segment can allow attackers to move
laterally to adjacent segment, causing widespread
disruptions. Implementing network segmentation
divides the grid into smaller, isolated sections
separated by firewalls and access controls. This
compartmentalization ensures that even if one
segment is compromised, the rest of the system
remains secure. Critical infrastructure control
systems, such as those for transformers and
substations, should be isolated from less critical
systems to prevent unauthorized access to core
operations.

Encryption: Power systems depend on continuous
data flow between substations, sensors, and control
centers. Intercepted or altered data can be exploited
to manipulate grid performance, shut down
substations, or induce unsafe power fluctuations.
Employing strong encryption protocols, like the
Advanced Encryption Standard (AES), secures data
transmission and storage, ensuring that only
authorized entities can access and interpret critical
information.

Robust Authentication Protocols: Traditional
username-password authentication methods are
inadequate for modern power  networks.
Implementing multi-factor authentication (MFA)
requires multiple verification forms before granting
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access. For example, a technician might need to
enter a password as well as provide biometric
verification, or a one-time code sent to a secure
device. Certificate-based authentication, where
users and devices present cryptographic certificates
before system access, further reduces the risk of
identity theft and unauthorized entry into critical
grid components.

Securing Distributed Power Systems

Microgrids — small, localized energy networks often
relying on DC power — are gaining popularity due
to their resilience and ability to operate
independently from the main grid. While they
enhance energy security and facilitate greater
renewable energy adoption, they also introduce
unique cybersecurity challenges. Many microgrids
incorporate smart controllers, IoT-connected
sensors, and energy storage systems, all potential
targets for cyberattacks.

the

To Dbolster microgrid following

measures are essential:

security,

Zero-Trust Architecture: In a zero-trust model,
every user and device must be authenticated and
verified before receiving access, regardless of their
network location. This approach ensures that even
if an attacker breaches one segment, they cannot
move laterally to access critical infrastructure.

Secure Communication Channels: Implementing
encrypted communication protocols safeguards
data exchanges between energy management
systems, battery storage units, and inverters.
Encrypted channels prevent attackers from
intercepting or manipulating operational data.

Automated Threat Detection: Utilizing artificial
intelligence (AI) and machine learning algorithms
enables real-time monitoring of microgrid
operations, detecting anomalies such as
unauthorized access attempts or unexpected power
flow changes. These automated systems can

respond swiftly to potential threats, mitigating
damage before escalation.
Physical Security Measures: Microgrid

infrastructure, often located in accessible areas, is
susceptible to physical tampering. Implementing

security measures such as surveillance cameras,
biometric access controls, and tamper-proof
enclosures help protect critical hardware from
physical attacks.

Regular Software Updates and Patching: Many
cyberattacks exploit known vulnerabilities in
outdated software. Regularly updating and patching
microgrid controllers, IoT devices, and energy
management systems is crucial to close security
gaps and protect against evolving threats.

As power systems continue to evolve, integrating
these security measures is vital to safeguarding both
large-scale grids and smaller, distributed energy
networks. Adopting a multi-layered defense strategy
enables utilities and operators to enhance the
safety, reliability, and resilience of the electrical
infrastructure upon which modern society depends.

Powering the Future:
Industrial and Commercial
Microgrids

Figure 13: U.S. Department of Energy Microgrid
Workshop with Micro Grid demo in the NREL’s ESIF
Control room: January 2019 [Flicker Public domain.
Image by NREL]

As energy demands rise across industries, large-
scale facilities are turning to microgrids to ensure
resilience, efficiency, and sustainability. While
microgrids are most prevalent in industrial settings
— where energy independence and cost savings are
critical — they are also gaining traction in data
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centers, which require uninterrupted, high-density
power.

Industries that benefit most from DC microgrids
include:

e Data centers, where servers, cooling systems,
and backup batteries all operate on DC power.

¢ Semiconductor manufacturing, which
requires ultra-stable, high-quality power

e Electric vehicle (EV) manufacturing and
charging stations, as EVs run on DC power.

e Aerospace and defense facilities, where
uninterrupted, high-efficiency power is
mission-critical.

e Advanced manufacturing plants, especially
those using robotics and automation, which are
often DC-powered.

Examples of Microgrids in Industrial
and Hi-Tech Installations

Some industrial sites are in remote areas with
unreliable grid access. Combined heat and power
(CHP) systems or renewable microgrids can enhance
efficiency and reduce operational costs. Some
governments incentivize industrial microgrids,
especially in heavy manufacturing and mining,
which helps drive adoption. From automotive
logistics hubs to hyperscale data centers, the
following are notable case studies of microgrids in
industrial and commercial installations, that show
their growing role in ensuring a reliable and
sustainable energy future.

Mining & Natural Resources

Rio Tinto (Australia) — Uses renewable microgrids

to power remote mining operations, reducing
reliance on diesel generators.
BHP (Australia) — Implemented microgrids with

solar and battery storage at several mines to cut
emissions and improve energy security.

Newmont Corporation (U.S.) - Uses solar
microgrids in off-grid mining locations to lower costs
and carbon footprints.

Oil & Gas

Shell - Deploys microgrids at refineries and offshore
drilling sites to reduce emissions and improve
operational efficiency.

ExxonMobil - Uses wind power and microgrids at
remote production sites to ensure reliable power

supply.

Manufacturing & Heavy Industry

ArcelorMittal - Integrated microgrids into steel
production facilities to optimize energy use and
increase sustainability.

Schneider Electric — While a microgrid solutions
provider, it also uses them at its own manufacturing
plants for energy resilience.

Tesla - Runs its Gigafactories on renewable
microgrids, reducing dependence on traditional
grid.

Commercial & Retall

Walmart — Uses microgrids with solar and battery
storage at several locations to reduce energy costs
and provide backup power.

IKEA - Implemented microgrids at distribution
centers and stores to align with its renewable energy
goals.

Transportation & Logistics

Port of Los Angeles — Uses microgrids to power
operations with clean energy and reduce emissions
from shipping activities.

UPS - Invested in microgrids for logistics hubs to
support electric vehicle (EV) charging and
operational resilience

Honda’s North American Parts Distribution
Center, one of North America's largest DC
microgrids, supplies 300 kW of solar power directly
to LED lighting, ventilation systems, and forklift
charging stations, reducing conversion losses and
improving operational efficiency.
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Tech Companies

As data centers consume vast amounts of energy
and require 24/7 power reliability major tech
companies are turning to microgrids for added
protection against grid failures. While they still rely
on grid power with fossil fuel backup, the rising
use of renewable energy sources in hyperscale
data centers and the shift toward sustainability
goals among cloud and colocation providers is
marking a gradual shift. Some of the most ambitious
projects are led by industry giants, each with a
unique approach to integrating renewable energy.

Google has entered a $20 billion partnership with
Intersect Power and TPG Rise Climate to develop
gigawatts of data center capacity powered by
adjacent renewable energy plants. This initiative,
aimed at supporting Al-driven workloads, reflects
Google's long-term commitment to clean energy.
Notably, Google’s Hamina data center in Finland
runs on wind energy and is cooled by seawater from
the Baltic, reducing both its carbon footprint and
cooling costs.

Amazon Web Services (AWS) is taking a different
approach by proposing direct connections between
its data centers and power plants. One key example
is its plan to source energy from the Susquehanna
nuclear plant in Pennsylvania. This ensures grid
independence and reliable energy access,
particularly as Al and cloud computing increase
energy demands.

Microsoft has been experimenting with microgrids
at various sites, including its Quincy, Washington,
facility, which integrates fuel cells and battery
storage. The company has also tested underwater
data centers, such as Project Natick, to reduce
energy use and cooling costs.

Meta (formerly Facebook) has committed to fully
renewable-powered data centers, such as its facility
in Prineville, Oregon, that operates on a microgrid
combining solar and wind energy with advanced
battery storage.

Apple has long been a leader in sustainability,
powering its data centers with on-site solar farms
and battery storage. Its Reno, Nevada, facility is one
of the largest to operate entirely on renewable

energy, reinforcing Apple’s goal of achieving carbon
neutrality across its operations.

Switch’s Citadel Campus in Nevada boasts one of
the world's largest data center microgrids, drawing
power from a massive solar array. This facility,
designed to withstand natural disasters, showcases
how microgrids can provide both resilience and
sustainability.

These case studies illustrate the diverse strategies
employed by tech giants to secure reliable,
independent, and sustainable power for their data
centers.

DC Power in Homes

Pilot projects, such as Purdue University’s nano-
grid home, demonstrate how a full-DC setup can
function efficiently with solar power and battery
storage. The growing adoption of EVs further
strengthens the case for DC, as fast-charging
stations rely on DC power, which makes a direct DC-
based grid an optimal solution. One challenge with
nanogrids is system integration. Advanced

technologies, such as buck-boost converters, can
help regulate DC voltage to ensure compatibility
with a variety of appliances and storage systems.

SHY ""’!"’ e AEALGTENT ¢ i 2
Figure 14: Purdue University Nano-grid home runs
solely on DC power. [Photo courtesy of Purdue
University]

As smart homes evolve, the integration of hybrid
energy systems is gaining prominence. Traditional
homes rely on AC power grids, but the rise of
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renewable energy sources such as solar panels
along with battery storage has increased interest in
DC-based power distribution. While a full-scale
transition to DC power will not happen overnight, a
hybrid approach combining AC and DC systems is a
practical step forward. High-power appliances like
air conditioners and stoves can remain on AC grids,
while low-power devices, EV chargers, and lighting
systems operate on DC. This strategy balances
efficiency gains with practical implementation,
making it increasingly feasible. As technology
advances and more devices become DC-compatible,
the shift towards grid-connected DC systems will
become not just an option, but a necessity for energy
sustainability. There are several models to integrate
DC distribution into homes.

Scenario 1: A Traditional Home AC
System with Solar and Battery
Storage

This approach keeps things conventional,
relying entirely on standard AC wiring while
integrating solar panels and battery storage.
Power from the rooftop solar panels flows through
an AC inverter, then into the home or to charge the
battery bank. All existing household appliances
continue to operate on AC power. The result:
resilience, modest efficiency gains, and a degree of
energy independence.

It’s a familiar model with minimal disruption—no
rewiring, no new circuits—just added solar panels,
inverters, and battery storage layered onto existing
infrastructure.

Costs and Installation

The largest cost is equipment. A complete system—
including solar panels, an inverter, and lithium-ion
batteries—typically ranges from $15,000 to
$25,000, depending on system size and storage
capacity.

Since the existing AC wiring stays in place,
infrastructure costs are relatively low. Labor and
installation wusually run between $5,000 and
$10,000, influenced by factors such as roof
configuration, panel orientation, and the complexity
of connecting battery storage.

Expect battery replacement every 10 to 15 years, at
a cost of $7,000 to $10,000 depending on battery
quality and usage.

Efficiency and Maintenance

While this configuration is reliable, it’s not the most
efficient. Solar panels produce DC power, which is
converted to AC for home use only to be re-converted
back to DC inside many modern devices like laptops
and LED lights. These conversion steps introduce 5-
10% energy loss over time.

Maintenance needs are moderate and mainly involve
monitoring inverter performance and planning for

battery replacement. The system’s simplicity
contributes to its long-term durability.

Pros and Considerations

This setup delivers grid resilience, emergency

backup, and lower monthly electricity bills—
particularly in areas with time-of-use pricing or
frequent outages. It’s well-suited to households
looking for greater energy independence without
changing their existing electrical infrastructure.

However, since all power is routed through the AC
system, conversion losses remain. There’s no
opportunity to make use of direct DC power from
solar panels or batteries.

In short, this is the most conservative and
straightforward way to integrate solar and storage
reliable, widely supported, and low-risk, though less
efficient than hybrid or DC-optimized alternatives.

Scenario 2: AC-Based Home with
Selective AC-to-DC Wall
Converters

This setup retains the home's standard AC
wiring, but upgrades select wall outlets with
built-in AC-to-DC converters. It’'s a subtle yet
effective enhancement. Devices that usually rely on
inefficient adapters can now plug into high-
efficiency outlets, reducing energy waste and cord
clutter.
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There’s no need to open up walls or overhaul
existing wiring just add smarter outlets in key
locations. This makes it an appealing option for both
retrofits and new builds.

Costs and Installation

Specialty outlets with built-in converters typically
cost $100 to $300 each. Installation is relatively
simple. In retrofit applications, labor and
infrastructure expenses range from $500 to $2,000,
depending on how many outlets are upgraded. In
new construction, these costs are much lower when
integrated during the initial wiring phase.

In some cases, small upgrades to breakers or
circuits may be needed, but disruption is minimal.

Efficiency and Maintenance

This setup excels in energy performance. High-
quality wall-mounted converters operate at 90-95%
efficiency, compared to the 60-80% efficiency of
many plug-in adapters. Centralizing power
conversion at the wall reduces cumulative energy
loss and helps eliminate phantom loads.

Advanced outlets can shut down idle circuits,
further lowering energy consumption.

Maintenance is simple: most converter units are
modular and can be replaced without opening walls
or calling a specialist.

Pros and Considerations

This is an excellent middle-ground solution. It
avoids the complexity of full DC rewiring while
capturing meaningful efficiency gains particularly in
homes with lots of low-voltage electronics like
laptops, smart hubs, or gaming setups.

Benefits include improved energy efficiency, lower
operational costs, and straightforward
maintenance. The main limitation is that appliances
still draw power from an AC-based system, with
batteries in electronic devices playing a supporting
rather than primary role.

Still, for homes looking to boost performance
without a major renovation, this scenario is flexible,
affordable, and easy to scale.

Scenario 3: Hybrid AC-DC Home
with Partial DC Wiring

This scenario introduces dedicated DC circuits
into the home to support USB-C outlets, high-
efficiency lighting, or an EV charger while
keeping standard AC outlets for most appliances.
It’s a balanced approach, blending traditional
infrastructure with modern upgrades to increase
overall efficiency.

Here, power from solar panels and batteries can
travel directly to certain devices without the need for
constant conversion between AC and DC.

Costs and Installation

Upfront costs, not including the cost of solar system
and batteries, depend on whether the system is
installed during new construction or as a retrofit.
New builds may incur $1,500 to $4,000 for DC
equipment, while retrofitting an existing home
typically costs $3,000 to $6,000 due to the need to
open walls and modify circuits.

Wiring and infrastructure upgrades can run from
$5,000 to $15,000 for retrofits but are far lower
when installed from the outset in a new build.

Labor costs are higher than usual, as DC systems
require electricians trained in DC safety standards.
Custom setups—for example, integrating solar
charging for an EV—also add complexity.

Efficiency and Maintenance

The benefits are significant. Devices running
directly on DC—such as LEDs, fans, and many
electronics—can be 10-20% more efficient, than AC-
powered devices for the same function. If solar
production aligns with usage, this can dramatically
boost energy savings.

Maintenance is minimal. With fewer conversions,
components generate less heat and experience less
wear. Occasional checks and basic replacements
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(e.g., fuses or connectors) are typically all that’s
required.

Pros and Considerations

For homeowners who want better energy
performance without giving up AC appliances, this
hybrid model offers a strong compromise. It
supports smart tech, reduces energy waste, and
lowers long-term electricity costs. However, it's a
larger investment—especially for retrofits—and
requires appliances compatible with DC power,
along with professionals familiar with hybrid
installations.

Overall, this is a forward-looking option for those
planning a major energy upgrade or building a new
home with efficiency in mind.

Scenario 4: Full DC Nanogrid
Home (Off-Grid Capable)

This is the most advanced and transformative
option: a completely DC-powered home, fully
independent of the traditional AC grid. Solar
panels generate DC power, which is stored in
batteries and delivered directly to appliances,
eliminating conversion losses almost entirely.

This model supports full energy autonomy and
exceptional efficiency.

Wiring and Appliances

The home is wired entirely for DC, which means all
appliances—from refrigerators and HVAC systems
to lighting and electronics—must be compatible
with DC power. Energy flows directly from solar
panels and batteries to these devices, without
routing through an inverter. The result is minimal
energy loss and a highly optimized, self-contained
power system.

Costs and Installation

This is the most expensive and complex option.
Costs vary widely depending on home size, energy
needs, and system design. All wiring, outlets, and
appliances must be purpose-built or adapted for DC

use. Specialized labor is essential, as DC systems
follow different standards and safety requirements
than AC. However, new developments in modular
nanogrid systems are beginning to reduce barriers,
making this model more accessible than in the past.

Efficiency and Maintenance

With nearly all conversion steps eliminated,
efficiency is outstanding. Direct DC-to-DC
transmission minimizes losses, and the system can
be fine-tuned for specific wusage patterns.
Maintenance is relatively low, focused mainly on
battery health and periodic system diagnostics.
Because there’s less heat and electrical stress,
components tend to last longer.

Pros and Considerations

This approach is ideal for those seeking full energy
independence, whether for sustainability, resilience,
or off-grid living. It offers unmatched efficiency and
long-term cost savings once installed.

However, it requires full commitment to DC
infrastructure and careful planning. Compatible
appliances can be harder to source, and until the
market acceptance of DC power devices develops,
the initial cost is likely to be higher than for other
traditional AC configurations.

For the right homeowner — especially those building
from scratch — this represents the most forward-
thinking, future-ready option in home energy.

Scenario 5: Smart, Al-Optimized
Nanogrid Home with Grid
Interaction

This is the most sophisticated and adaptable
model: a home energy system where solar panels,
batteries, appliances, and the grid interact in
real time wunder the guidance of artificial
intelligence. Within this hybrid environment, DC is
used in a wide range of specific systems which are
increasingly common— smart lighting networks
powered by DC for ultra-efficient, automated
lighting control; solar integration with battery
systems; DC appliances for streamlined power use;
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home security (cameras, locks, sensors) running on
low-voltage DC circuits; remote energy monitoring
via mobile apps that offer visibility into household
consumption and solar output and climate control
systems using DC-powered fans and compressors to
regulate temperature based on occupancy and
outdoor conditions.

The system continuously analyzes usage patterns,
forecasts weather, tracks energy prices, and
coordinates how power is generated, stored, and
consumed.

Wiring and Appliances

Like Scenario 3, this setup features a hybrid AC/DC
infrastructure, but it adds a new layer: predictive
controls, data cabling, and IoT-connected devices.
DC zones power efficient lighting, fans, and smart
appliances, while AC circuits handle legacy systems.
Smart devices are coordinated through centralized
platforms that distribute energy intelligently across
lighting, HVAC, security, and entertainment
systems.

Appliances and systems respond dynamically—
lights dim during peak pricing, washers delay cycles
until solar output rises, and thermostats pre-cool or
pre-heat based on occupancy and time-of-use rates.
Al bridges these decisions without user input.

Infrastructure and Labor Costs

Initial hardware costs range from $30,000 to
$60,000, covering Al-enabled inverters, solar-plus-
storage systems, DC wiring, sensors, and smart
appliances. Infrastructure also includes data and
control systems, with wiring for mesh networks and
automated device integration.

Installation costs can exceed $15,000, especially
when systems integrators and software technicians

are involved. These specialists ensure
communication protocols (such as BACnet, KNX, or
Modbus) work across subsystems. They also
program control logic and design user interfaces for
monitoring performance, ensuring that all
components—from lighting to energy storage—
operate as a unified, intelligent ecosystem.

Performance and Maintenance

The efficiency of this system lies in its intelligence.
Al minimizes idle loads, schedules energy use for off-
peak hours, and avoids demand spikes. Operational
costs are significantly reduced, and surplus solar
power can be sold to the grid during high-value
periods.

Maintenance is primarily software-based: firmware
updates, diagnostics, and performance tuning,
which are often handled remotely. System alerts and
energy performance data can be accessed via
smartphone apps or dashboards.

This scenario combines cutting-edge hardware with
intelligent orchestration, resulting in an energy
system that continuously adapts, saves money, and
enhances resilience. While upfront costs are high
and technical complexity requires expert design, the
payoff is a home that learns and responds,
seamlessly balancing comfort, efficiency, and
autonomy.

Regulatory and Grid Interaction

These homes maintain a grid connection but do so
intelligently. Advanced inverters comply with
interconnection standards (such as IEEE 1547 in
North America) and can feed power back into the
grid under utility or local energy market programs.
In some jurisdictions, such systems qualify for feed-
in tariffs, dynamic pricing programs, or demand
response incentives.
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Scenario 1

Scenario 2

Scenario 3

Scenario 4

Scenario 5

Traditional AC Home Hybrid AC-DC Fully DC Smart DC
AC Home with AC-DC | Home with Partial | Home with | Home with
with Battery Wall DC Wiring Centralized | Predictive
Storage Converters DC Power Controls
Supply
Equipment $8,000- $200-$500 $10,000-$20,000 $15,000- $20,000-
Costs $15,000 (solar | per outlet (solar, battery, DC $25,000 $30,000
+ battery + (retrofit) outlets) (includes (includes
inverter) solar, smart
centralized systems,
battery, DC | sensors,
panel) battery)
Wiring & Minimal if AC | Minimal,; $3,000-$10,000 $5,000- Mirrors
Infrastructure wiring is uses (partial rewiring, $12,000 Scenario 4,
Costs existing existing AC | USB-C ports) (dedicated plus layered
wiring DC wiring, data cables
breakers)
Labor & $2,000- $2,000- $5,000-$8,000 $7,000- $10,000-
Installation $5,000 $4,000 (10— $10,000 $15,000+
Costs 15 upgraded (bC (adds
outlets) specialists, | integrators
electricians) | and software
technicians)
Operational Moderate Lower than Low (reduced Very low Lowest
Costs (conversion Scenario 1 conversions) (minimal (predictive
losses) (fewer conversion load
conversion losses) management)
losses)
Maintenance Low to Low Moderate (more Moderate Higher
moderate (occasional systems to monitor | (newer complexity,
(battery outlet unit and service) systems, but self-
service every replacement) fewer parts | diagnostics
5-10 years) to fail) reduce
downtime
@
7
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Efficiency Low — due to Moderate — High — DC directly
Gains dual more powers many loads
conversion efficient
(DC—AC—-DC) | than device-
level
conversion
Grid Fully grid- Fully May require
Interconnection | compliant; compliant; inspection/approval
& Compliance minimal no change to | for DC circuits
permitting grid
issues connection

Notes:

compatible appliances where applicable.

some cases, entire DC loops.

complexity of the retrofit or new build.

optimized energy flow.

multiple conversion stages.

complex for full off-grid nanogrids.

e Equipment Costs include solar panels, batteries, inverters, smart devices, and DC-

e Wiring & Infrastructure accounts for new cabling, outlets (USB-C/DC), circuit panels, and in

e Labor & Installation reflects licensed electrical work, integration of smart systems, and the

e Operational Costs are lower in DC-based systems due to minimized conversion losses and

e Maintenance increases with system complexity, particularly in smart or fully off-grid homes.

o Efficiency Gains are highest when DC generation and consumption are matched without

e Grid Interconnection & Compliance is simplest for hybrid AC/DC systems and most

DC in Action: How Efficiency Gains
Translate into Dollars

Let’s consider a typical residential HVAC setup
in Toronto. The home is equipped with a 2-ton
heating and cooling system (such as Goodman 48v
DC-Direct Hybrid Solar Air Conditioning & Heating
28 SEER 24000 BTU - 7200 Watts - 3 HP), which
corresponds to a power draw of approximately 7

kilowatts (kW). On an average day during the
heating or cooling season, the system runs for about
eight hours to maintain a comfortable indoor
environment. Over the course of a month—
assuming 30 days of consistent operation—this
results in a total energy consumption of
approximately 1,680 kilowatt-hours (kWh) based on
56 kWh per day multiplied by 30 days.
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Electricity in Ontario is billed using a tiered rate
structure. As of 2025, the first 1,000 kWh used in a
billing cycle are charged at a rate of 9.3 cents per
kWh. Any consumption beyond that threshold is
billed at a higher Tier 2 rate of 11.0 cents per kWh.
Given that the HVAC system alone exceeds the Tier
1 limit, a portion of the monthly usage will fall into
the higher-priced bracket—raising the overall
energy cost for the household.

Cost for $1,680 kWh per month

e First tier: 1,000 kWh x $0.093 = $93.00
e Second tier:680 kWh x $0.11 = $74.80

Total: $167.80/month

Now let’s look at the impact of upgrading to a
DC-coupled HVAC system. Unlike traditional
setups, a DC-coupled system connects directly to
solar panels and battery storage. This streamlined
design avoids multiple power conversions between
AC and direct current (DC), which typically cause
energy losses. This means they require less
electricity to deliver the same level of heating or
cooling.

Applying a conservative 15% efficiency gain to our
earlier example, monthly energy consumption drops
from 1,680 kWh to approximately 1,428 kWh.

Cost for $1,680 kWh per month

e First tier: 1,000 kWh x $0.093 = $93.00
e Second tier:428 kWh x $0.11 = $47.08

Total: $140.08/month

Under Ontario’s tiered electricity pricing in 2025,
the first 1,000 kWh are billed at 9.3 cents per kWh,
and the remaining 428 kWh fall under the Tier 2 rate
of 11.0 cents. This translates to a total monthly cost
of approximately $140.08.

Here’s how the two systems compare over time:

System Monthly | Monthly Annual
Type Energy Cost Cost
Use

Traditional | 1,680 $167.80 | $2,013.60
HVAC kWh
DC- 1,428 $140.08 | $1,680.96
Coupled kWh
HVAC
Annual — — $332.64
Savings

This example highlights how a DC-coupled HVAC
system can deliver meaningful long-term savings—
not only by reducing energy consumption but also
by lowering operating costs.

Calculating the savings from using DC power for
HVAC is a straightforward approach that can be
extended to a wide range of home systems from
lighting and refrigeration to entertainment and
computing equipment.

For more complex residential setups with on-site
renewable generation, the potential gains grow
substantially. Let’s explore this through a narrative
case study of a Toronto home equipped with both a
ground-source (geothermal) heat pump along with
solar PV, and a DC coupled system in which solar
panels, a battery storage unit, and a geothermal
heat pump all operate directly on DC power

Geothermal

In this scenario, let’s first examine the operational
energy costs of heating and cooling a typical
residential property using a geothermal heat pump,
comparing the performance and cost between
conventional AC-powered and DC-coupled systems.
Geothermal (or ground-source) systems are
especially efficient in Canada’s cold climate because
they rely on stable underground temperatures
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rather than fluctuating outdoor air temperatures.
With a coefficient of performance (COP) of
approximately 4.5, the geothermal heat pump
delivers 4.5 units of heat for every unit of electricity
consumed to operate the compressor, pumps, fans
and control systems. By comparison, an air-source
heat pump has a COP closer to 3.0. This roughly
33% improvement in efficiency means that, for the
same heating and cooling output, a geothermal
system consumes significantly less electricity.

Let’s say this Toronto home typically uses about 6
kW of power for heating and cooling for six hours a
day over a month during peak operation hours. A
ground-source system would use 720 kWh
(compared to an air-source heat pump that would
consume about 1,080 kWh monthly for the same
output).

Add in lighting (about 18 kWh/month for 10 LED
bulbs used six hours per day) and appliances like
refrigerators and laundry machines (roughly 90
kWh/month), and the total monthly electricity
consumption for the home with a ground-source
system comes to approximately 828 kWh.

Heating/Cooling (geothermal): 720 kWh
Lighting: 18 kWh

Appliances: 90 kWh

Total = 720 + 18 + 90 = 828 kWh/month

Under Ontario’s tiered electricity pricing (at 9.3
cents per kWh for the first 1,000 kWh), this adds up
to a monthly energy bill of about $77, or $924 per
year.

Solar PV

Now let’s consider the impact of integrating solar
photovoltaic (PV) panels. In Toronto, each installed
kW of solar capacity produces around 100 kWh of
electricity per month. To cover the 704 kWh monthly
demand of the DC-coupled geothermal system, a
7.04 kW solar array would suffice. That’s roughly a
7 kW system. At current rates, the installation cost
for such a system is about $17,500 CAD before any
federal or provincial incentives.

If we look at heating alone, the solar system would
save about $785.64 per year — roughly the amount
needed to supply the geothermal heat pump. That
implies a basic payback period of around 22 years.
However, this estimate is conservative. It doesn’t
account for government rebate programs or
potential tax credits, both of which can reduce the
upfront cost significantly. Moreover, if the solar
array is sized appropriately, it can also supply
lighting, appliances, and water heating, which
shortens the payback period considerably.

DC-coupled system

Switching to a DC-coupled system, which in this
case might consist of solar panels, a battery storage
unit, and a geothermal heat pump designed to
operate directly on DC power, offers a significant
improvement. By eliminating the AC-to-DC and
back again conversion losses that come with typical
home electrical infrastructure, a DC-based heat
pump system operates about 15% more efficiently.
Applying this gain, the monthly energy consumption
drops from 828 to 704 kWh. At the same electricity
rate, the monthly bill would fall to $65.47, or
$785.64 annually.

The savings from switching to a DC-coupled system
alone amount to around 124 kWh per month,
translating to $11.53 in monthly cost savings or
roughly $138 per year. While not life-changing in
isolation, these savings are cumulative and open the
door to even greater efficiencies when paired with
on-site renewable energy.

This example shows how pairing on-site
renewables, battery storage, and DC power with
efficient HVAC and appliances boosts efficiency.

A well-designed system in Toronto, where both cold
winters and meaningful solar potential exist, can
reach net-zero heating energy costs and begin to
recoup its installation costs well within the system’s
lifespan. As electricity rates rise and solar
technologies improve, the case for DC-coupled
renewables continues to strengthen especially for
homeowners ready to invest in long-term resilience
and energy independence

However, accurately assessing costs and savings
requires consideration of several key factors.
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Savings ultimately depend on the system’s efficiency
and the household’s specific usage patterns.

One major variable is time-of-use (TOU) pricing,
which can significantly impact monthly costs. In
many large jurisdictions across North America,
Europe, and beyond, TOU tariffs are widely used to
encourage off-peak electricity use. For instance,
running a system during On-Peak hours—when
rates can reach 15.8¢/kWh—can drive up costs. In
contrast, shifting usage to Off-Peak periods, priced
at 7.6¢/kWh, or to Ultra-Low Overnight windows,
where rates drop to just 2.8¢/kWh, can lead to
substantial savings.

As smart homes evolve, the
integration of hybrid energy
systems is gaining prominence.

While a full-scale transition to DC power will not
happen overnight, a hybrid approach combining AC
and DC systems is a practical step forward. High-
power appliances like air conditioners and stoves
can remain on AC grids, while low-power devices,
EV chargers, and lighting systems operate on DC.
This strategy balances efficiency gains with practical
implementation, making it increasingly feasible. As
technology advances and more devices become DC-
compatible, the shift towards grid-connected DC
systems will become not just an option, but a
necessity for energy sustainability.

DC-Compatible Domestic
Devices and Appliances

As we move towards more sustainable energy
systems, the importance of DC-compatible devices
is growing. DC systems are now at the forefront of
energy-efficient living, driven by advances in
technology and the increasing integration of
renewable energy. In modern households and
industries, appliances and electronics designed to
operate on DC are transforming the way energy is
consumed, helping reduce conversion losses and
promoting a cleaner, more sustainable ecosystem.

LED Lighting

LED lighting is a prime example of DC-compatible,
energy-efficient technology. LEDs inherently run on
DC power, making them ideal for solar and
renewable setups. In AC systems, they require a
converter to transform grid electricity into DC,
causing energy losses. By running directly on DC,
LEDs avoid conversion losses, improving efficiency.
In homes, businesses, and outdoor spaces, DC-
compatible LEDs support a more sustainable energy
system.

Household Electronics: Computers,
Televisions, and More

Many household electronics, such as computers,
televisions, and audio equipment, rely on DC power.
Traditionally, these devices have been designed to
run on AC power, requiring a rectifier to convert AC
electricity into the DC power they need. This
conversion process is inefficient By transitioning to
DC-powered electronics, the need for conversion is
eliminated, As the adoption of DC technology grows,
more household devices—such as laptops,
televisions, and sound systems— will be designed to
operate directly on DC power. This trend is
particularly evident in off-grid and renewable energy
setups, where appliances powered by DC can
function more efficiently and integrate better with
battery storage systems.

HVAC Systems

Heating, ventilation, and air conditioning (HVAC)
systems are some of the largest energy consumers
in households and commercial buildings.
Traditionally, HVAC systems have relied on AC
power to run their compressors and motors.
However, modern HVAC wunits are increasingly
adopting DC-compatible motors, which offer
smoother operation, reduced energy consumption,
and better integration with renewable energy
sources. DC-compatible HVAC systems can operate
more efficiently, with less energy waste, than their
AC counterparts. They also integrate better with
solar power systems, which generate DC electricity,
further reducing the need for energy conversions. As
the demand for energy-efficient climate control
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solutions grows, the adoption of DC motors in HVAC
systems is likely to become more widespread.

Home Battery Storage

Home battery storage has evolved rapidly, driven by
advances in technology, lower costs, and growing
demand for energy independence. Companies like
Tesla, LG, and Enphase are leading the way with
more efficient, scalable, and user-friendly systems
that integrate seamlessly with solar power.
Technological innovations, including solid-state
batteries and advanced lithium-ion technology, have
significantly reduced costs and extended battery
lifespans, making energy storage more accessible
and efficient for homeowners.

Modern batteries offer higher capacity, faster
charging, and smart energy management, allowing
homeowners to store excess solar energy, reduce
reliance on the grid, and maintain power during
outages. Innovations in lithium-ion and solid-state
batteries are further improving performance and
longevity. As the market expands, home energy
storage is becoming more accessible, making
renewable energy a more practical and resilient
choice for households worldwide. For example, in
Texas, innovative business models offer
homeowners discounted or free solar panels and
battery systems in exchange for participation in
programs that support the grid during peak times.
In Australia, the adoption of home batteries has
surged, with one in five new solar panel owners now
installing a battery, a significant increase from
previous years.

Electric Vehicle (EV) Chargers: A More
Efficient Charging Process

EVs represent another significant application of DC
technology. EVs store energy in their batteries as
DC, bypassing the need for the energy-intensive AC-
to-DC conversion. This not only speeds up the
charging process but also reduces energy loss,

making EV charging more efficient and
environmentally friendly.
In addition to reducing conversion losses, DC

chargers are more compatible with renewable
energy sources, such as solar power, which also

generates DC electricity. This alignment with
renewable energy systems enhances the overall
efficiency of both the EV charging process and the
broader energy infrastructure. Furthermore, the
advent of vehicle-to-grid (V2G) technology, where
EVs can supply stored DC energy back to the grid or
to homes, further boosts energy efficiency and
resilience.

DC in Home Appliances

The adoption of DC technology is not limited to small
electronics. Several major home appliances are
making the switch to DC-powered systems, with
significant benefits for energy efficiency and system
integration.

DC-Powered Refrigerators and Freezers are
increasingly popular, particularly in off-grid and
renewable energy setups. GE Appliances, for
example, has introduced 12V DC refrigerators
designed specifically for recreational vehicles (RVs).
These DC-powered fridges operate directly on solar
power or battery storage, eliminating the need for
inverters and minimizing energy losses. By running
on DC, these refrigerators can maintain food at a
consistent temperature using significantly less
energy than traditional AC-powered units.

DC-Powered Washing Machines, especially those
with DC motors, are becoming more energy-efficient.
These appliances typically convert AC from the grid
into DC for the motor, but in some newer models,
the motor operates directly on DC. This eliminates
conversion losses and improves energy efficiency.
However, fully DC-powered washing machines are
still rare, as most models continue to rely on AC for
certain functions.

Heat Pump Clothes Dryers are a more energy-
efficient alternative to traditional dryers. These
appliances use a DC motor to drive the heat pump,
improving performance and reducing energy
consumption. Unlike traditional dryers, which vent
hot air outdoors, heat pump dryers recycle warm
air, reducing energy waste and improving
airtightness in the home.

Solar DC Air Conditioners represent an exciting
development in energy-efficient cooling. These air
conditioners operate directly on DC power supplied
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by solar panels, eliminating the need for inverters
and improving overall efficiency. Solar DC air
conditioners are especially useful in off-grid or
energy-efficient homes, where minimizing energy
losses and operating costs is a priority.

Innovative Applications of DC Power

Several novel appliances and systems are being
developed to run on DC power, demonstrating the
growing versatility of this energy source. Some of
these include:

Electrochromic Windows: These windows, which
change transparency or tint in response to voltage
changes, typically operate on low-voltage DC. They
are part of smart building systems that integrate
renewable energy sources and enhance energy
efficiency.

Smart Faucets: DC-powered smart faucets offer
precise control over water flow and temperature,
often integrating features like motion sensors, touch
sensors, and smart connectivity. These faucets
reduce water waste and improve convenience in
modern homes.

USB Wall Outlets: USB outlets, which provide
direct DC power for charging devices, are becoming
more common in homes. These outlets reduce the
need for AC-to-DC adapters, saving energy and
improving convenience for charging devices like
smartphones and tablets.

Future Outlook

As renewable energy adoption increases and
technology advances, the range of DC-powered
appliances will likely expand. While high-power
devices like ovens and cookers are not yet widely
available in DC versions, ongoing developments in
DC technology suggest that these appliances may
become more common in the future.

The integration of DC motors in appliances like
washing machines and air conditioning units is
already improving energy efficiency, and we can
expect further advancements in this area. For off-
grid homes, DC-powered appliances offer an
efficient and seamless way to operate energy

systems without the need for inverters, providing a
more sustainable and cost-effective solution.

In conclusion, the rise of DC-compatible devices
represents a vital step toward achieving greater
energy efficiency and sustainability in both domestic
and industrial settings. These technologies not only
reduce conversion losses but also align perfectly
with the increasing use of renewable energy sources,
helping to create a cleaner, more resilient energy
ecosystem. With continued advancements in DC
technology, we can look forward to a future where
energy-efficient, sustainable living becomes the
norm.

The Business Case for DC
Technology and KPlIs

The transition to DC energy systems presents a
compelling business case for homeowners, building
owners, and investors seeking cost savings, energy
efficiency, and resilience. DC microgrids, which
support on-site renewable energy generation and
storage, reduce reliance on the traditional AC grid
and minimize energy losses from conversion. The
result is lower electricity costs and improved energy
security.

Summary of the Advantages of DC
Energy

Reduced “First Cost” A DC-coupled system has a
lower first cost due to fewer components, simpler
wiring, reduced labor, and greater efficiency.
However, if retrofitting an existing AC-based system,
AC-coupling may be preferable despite the higher
first cost.
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Overall First Cost Comparison:

Factor AC- DC-Coupled Cost
Coupled Impact
Inverter Multiple Single DC is
Costs inverters hybrid cheape
inverter r
Wiring & More Simpler DC is
Hardware | wiring & infrastructu | cheape
componen | re r
ts
Installatio | Complex & | Easier, DC is
n labor- fewer cheape
intensive components | r
Efficiency | ~5-10% Minimal DC is
losses conversion more
losses cost-
effectiv
e
Grid Additional | Simpler DC is
Complian | protection | integration cheape
ce s needed r

Lower Operational Costs: DC-powered lighting,
HVAC, and IT systems reduce maintenance and
energy expenses over time. Switching to DC-coupled
HVAC systems can significantly reduce operational
energy costsin buildings, especially in solar-
powered applications. The exact savings depend on
the system design, energy tariffs, and load profiles.

Differences in “Operational Maintenance
Cost”. While the Operational Maintenance Cost
(OMC) of AC vs. DC systems differs due to inherent
differences in system complexity, conversion losses,
equipment lifespans, and component requirements,
the DC-based systems typically tend to
have lower OMC.

Increase in productive energy available with
reduced losses. Combined Total Gain in
Productive Energy Use is roughly 15%-35% more
in productive energy available, depending on
configuration, load profile, and system size.

Reduced Energy Waste: DC-powered systems
eliminate conversion losses between AC and DC,
leading to significant energy savings.

Seamless Integration with Renewables: Solar
panels and battery storage operate on DC power,
making DC microgrids a natural fit for maximizing
renewable energy usage.

Resilience and Reliability: With DC microgrids
and energy storage, buildings can maintain power
during grid outages or peak demand periods,
ensuring continuous operation.

Incremental Investments with
Rapid ROI

The transition to DC power does not require an all-
at-once overhaul. Businesses and homeowners can
make incremental upgrades to realize immediate
benefits:

DC-Powered LED Lighting: Reduces electricity use
while providing superior lighting quality and
longevity.

Power over Ethernet (PoE) Systems: Streamline
energy distribution for lighting, sensors, and

communications.

Hybrid AC/DC Systems: Allow gradual integration

of DC power without disrupting existing
infrastructure.
These investments offer rapid returns, often

achieving payback within a few years through
energy savings and reduced maintenance costs.
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Key Performance Indicators for DC
or Hybrid AC-DC Microgrids and
Nanogrids

To effectively measure the performance of DC or
hybrid AC-DC powered microgrids and nanogrids, a
variety of tools are required, including energy
meters, power analyzers, efficiency monitors, and
data logging systems. These tools help track the
system’s effectiveness and sustainability through
key performance indicators (KPIs).

One important KPI is Energy Efficiency (kWh per
kWh consumed), which evaluates overall system
efficiency by measuring losses from conversion,
transmission, and distribution. It tracks how much
energy is wasted during the conversion process,
especially between AC-DC and DC-AC. More
efficient systems minimize these losses, leading to
better performance. Power meters, efficiency
analyzers, and load testing equipment are needed to
measure this.

Another key metric is Renewable Energy
Utilization (%). This KPI tracks the percentage of
total energy demand met by renewable sources such
as solar and wind. A higher percentage reflects a
system’s ability to reduce reliance on external power
sources and contribute to sustainability goals.
Monitoring renewable energy generation requires
energy production meters, weather data integration
tools, and renewable energy generation trackers.

Grid Independence (%) is another -crucial
measure, assessing how much of the energy
demand is met without drawing from the main
utility grid. This KPI is important for ensuring
resilience and self-sufficiency in microgrids and
nanogrids, especially during emergencies. Tools for
measuring grid independence include grid
connection monitoring tools, energy consumption
meters, and load balancing systems.

Power Conversion Losses (%) measures the
energy lost during the conversion process
between AC-DC and DC-AC. Minimizing these
losses is key to improving system efficiency. Power
analyzers, voltage and current measurement
devices, and efficiency monitoring equipment are
necessary to accurately track these losses.

The Battery Storage Utilization KPI, which
includes cycle life and efficiency, tracks the
performance of the energy storage system. It
measures parameters like the depth of discharge,
cycle count, and overall storage efficiency,
determining how long and effectively the batteries
can operate. Tools needed for this KPI include
battery management systems (BMS),
charge/discharge testers, and life
measurement tools.

cycle

For ensuring the system is operating properly,
Power Quality is critical. This KPI monitors voltage
stability and minimizes harmonic distortions, which
can cause instability and affect the performance of
sensitive equipment. Power quality analyzers,
harmonic analyzers, and voltage stability
monitoring equipment are necessary to maintain
these standards.

Cost Savings (OPEX and CAPEX Reduction) is a
financial KPI that compares the operational and
capital expenses before and after the microgrid’s
installation. By evaluating the reduction in costs,
this measure helps determine the system’s financial
viability and return on investment. Financial
analysis software, cost comparison tools, and
accounting systems are used to track these savings.

The Carbon Footprint Reduction (CO, Emissions
Avoided) KPI tracks the reduction in greenhouse
gas emissions due to the use of renewable energy
sources and improved system efficiency. This is an
essential metric for any sustainability-driven
project. Emissions monitoring systems, carbon
calculators, and environmental impact assessment
tools help quantify these reductions.

System Reliability (Uptime %) evaluates the
system’s reliability by tracking downtime and overall
availability. A higher uptime percentage indicates a
more reliable system, ensuring service continuity.
This KPI requires system monitoring software,
uptime tracking tools, and fault detection systems.

Finally, Demand Response Efficiency (%)
measures how well the system responds to
fluctuating load demands or grid signals. Efficient
demand response is crucial for managing peak loads
and supporting grid stability. This KPI is monitored
using demand response management software, real-
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time load monitoring tools, and communication
systems for grid signals.

DC Power: Challenges,
Opportunities and Future
Outlook

DC power systems provide notable advantages,
including improved energy efficiency, better
integration with renewable energy sources, and
lower operational costs. However, there are
significant challenges that must be overcome to
enable their widespread adoption, especially as part
of hybrid AC-DC solutions.

Challenges

One of the primary challenges is infrastructure
compatibility. Most buildings are designed for AC
power, which requires significant retrofitting for the
integration of DC systems. This includes updating
electrical panels, wiring, and outlets, which adds
complexity and costs to the transition. Hybrid
systems, which incorporate both AC and DC, can
partially address this issue, but they still necessitate
additional components like inverters.

A major issue in the DC power adoption process
is the lack of standardization. The absence of
universal standards for residential and commercial

DC systems creates compatibility challenges
between devices, making it difficult for systems to
work  together seamlessly. This lack of

standardization can also discourage investment in
DC solutions, as potential adopters may be
uncertain about the long-term viability of their
equipment.

Another obstacle is the high initial cost of
implementing DC microgrids and hybrid
systems. While the long-term operational savings
can offset these costs, the upfront expenses,
including for inverters, energy storage solutions,
and wiring, can be a barrier. Additionally, few
financial incentives are available for consumers,
particularly in regions where the technology is not
yet widespread, slowing down the transition.

One further challenge is the need for workforce
training. As DC power systems and hybrid
technologies become more common, there is a
growing need for specialized skills. Electricians,
engineers, and contractors will need to be trained in
the installation and maintenance of DC-based
systems. Existing workforce expertise must be
updated to keep pace with these changes, ensuring
that the workforce is prepared to meet the growing
demand for DC solutions.

Opportunities

Despite these challenges, several opportunities lie
ahead for DC power.

The increased adoption of DC appliances is a key
driver. As more devices are designed to operate
directly on DC power, such as LED lights,
computers, and certain heating systems, the
demand for DC-powered systems will grow. These
DC appliances benefit from reduced energy losses
compared to AC systems. This results in higher
efficiency and lower operational costs.

Additionally, advancements in power electronics
offer significant potential. New technologies in
inverters and power management systems are
improving the efficiency and affordability of hybrid
AC-DC grids. These advancements will help make
DC systems more cost-competitive with traditional
AC systems and reduce energy conversion losses.
More efficient and cheaper components will make it
easier for homes and businesses to implement DC
systems without significant upfront investment.

Policies and regulatory support can move the
needle. Governments are beginning to recognize the
benefits of DC power in terms of energy efficiency
and sustainability. Policies such as tax credits,
rebates, and grants can help offset the initial
investment costs for consumers. As governments
push for lower carbon emissions and more
sustainable energy practices, DC power is poised to
play an increasingly important role in achieving
these goals.

Smart building technologies present another
area of opportunity. As smart cities and buildings
evolve, DC microgrids and Power over Ethernet (PoE)
devices are becoming integral. These solutions allow
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for cost-effective modernization of infrastructure
while reducing overall energy consumption. DC-
powered smart buildings, which are already in use
in some commercial settings like office buildings
and university campuses, demonstrate that the
transition to DC is not only possible but is already
underway.

Adoption of DC Devices by Category

standard in
new builds

EVs (V2X) High Mid/Long-

term

Regulation
dependent

Future Developments

The future of DC power looks promising, with
several key developments on the horizon. As DC
appliances become more widespread, the demand
for DC systems in residential and commercial
buildings will increase. The shift to DC will be driven
by both the increased availability of compatible
devices and the growing recognition of the efficiency
benefits offered by DC power.

Perhaps the greatest potential for adoption are
battery systems, such as Tesla Powerwall or LG
Chem in residential buildings. They offer several
advantages, including backup power during
outages, reduced energy costs through peak shaving
and load shifting, and enhanced grid stability. They
also facilitate the integration of renewable energy
sources, potentially leading to a smaller carbon
footprint. Additionally, battery systems can increase
energy independence and provide peace of mind
during grid failures or extreme weather events.

Advancements in power electronics will continue to
make DC systems more affordable and efficient.
Innovations in inverters, energy storage solutions,
and power management technologies will reduce the
cost and complexity of installing and maintaining
hybrid AC-DC systems. These innovations will also
improve the overall reliability and performance of
DC systems, making them more accessible to a
broader range of consumers.

Integrating DC-coupled and AC-coupled equipment
in a hybrid/mixed environment is becoming
increasingly relevant, especially in advanced
residential and commercial energy systems. The
goal is to maximize system efficiency, flexibility, and
reliability while managing the differences in voltage

types.

Workforce development will be crucial to the future
success of DC power. As demand for DC systems

o®

Load Type DC Likely Notes
Compatibi | Adoption
lity

LED Lighting | High Immediate | Already
prevalent

Batteries High Farly Emerging

Batteries High Farly Emerging

+Solar

Fans High Farly Used in oft-
grid DC homes

Home Medium Early Induction

Appliances cooktops

HVAC Medium Mid-term DC

Components COMPressors
emerging

IT High Immediate | Data centers

Equipment already moving
to 380V DC

EV Chargers | High Growing DC charging

(DCFC) more efficient

Elevators Medium Mid-term Regenerative
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grows, so too will the need for a skilled workforce.
Training programs for electricians, engineers, and
building designers will help ensure that
professionals are equipped to design, install, and
maintain DC-based systems. Investment in
workforce development will be necessary to meet the
rising demand for DC infrastructure and ensure a
smooth transition to this new energy paradigm.

Lastly, regulatory support will continue to grow as
governments worldwide seek to meet energy
efficiency and sustainability targets. Policies that
incentivize the adoption of DC and hybrid systems,
such as rebates, grants, and tax credits, will help
accelerate the transition. As more governments
recognize the potential of DC power to reduce
emissions and improve energy efficiency, the
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Chapter 10:
Conclusion

Author: Alex Fang

An Invitation to Build

This document is a blueprint... but blueprints are
only as powerful as the builders they inspire. Our
hope is that the ideas and case studies that follow
will spark your imagination, challenge your
assumptions, and invite you to take action.

Perhaps you are a policymaker looking for pragmatic
tools to support local innovation. Perhaps you’re a
founder navigating the Valley of Death and
searching for aligned capital. Perhaps youre a
student searching for a meaningful way to
contribute. Or perhaps you are simply someone who

Author (In order of contribution)

Alex Fang, Co-Founder, RoundZero

refuses to give up on the idea that the future can
still be shaped.

Whatever your role, you are part of this story. And
your contribution matters.

Let this document serve not as a conclusion but as
a beginning: a shared point of departure for a
growing coalition of doers and dreamers, all working
to ensure that future generations inherit a planet
that is not only habitable, but hopeful.

Let us build a world where curiosity is protected,
where truth is honored, and where abundance is
designed.

Alex co-founded RoundZero, where he is obsessed with deploying philanthropic capital where it matters

most.

o®

Page 141

CoalitionforInnovation.com

CleanTech Blueprint

© 2025. This work is openly licensed via CC BY 4.0.


https://coalitionforinnovation.com/
https://creativecommons.org/licenses/by/4.0/
https://www.linkedin.com/in/alex-fang-6ab8207/

Appendix:
DC Demonstration Home- Design Intent
Document

Author: Jiri Skopek

Project Title: DC Demonstration Home
Location: Toronto, Ontario
Prepared By: MODULINK (Jiri Skopek Architect)

Date: May 23, 2025

Executive Summary

The DC Demonstration Home is a pioneering initiative designed to showcase the feasibility and benefits of
low-voltage direct current (DC) microgrids in residential construction. This project will integrate a 48V DC
backbone to directly power lighting, HVAC, appliances, and optional waste management systems using
energy from an on-site solar PV array and battery storage. By eliminating unnecessary AC/DC conversions
and optimizing for off-grid resilience, the project aims to significantly reduce energy losses, operational
costs, and carbon emissions. It is designed as a replicable model to inform policy, advance market adoption
of DC infrastructure, and empower homeowners seeking resilient, efficient living environments.

Design Intent Document (DID)

1. Project Overview

e Client: Demonstration DC Living Showcase

e Project Type: New Construction -DC house

e Gross Floor Area: 60 m? (640 ft?)

e Target Performance: Energy, DC-native infrastructure
e Anticipated Construction Start: September 2025

e Completion Date: March 2026
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2. Project Vision and Objectives

e Create a showcase residential unit that operates on direct current (DC) for core systems to
demonstrate energy efficiency, resilience, and compatibility with renewable energy sources.

e Integrate solar photovoltaics (PV), battery storage, and DC appliances to reduce conversion losses
and operational costs.

e Provide a replicable and scalable blueprint for future residential electrification in Canada.

3. Functional Program

Zone Area (m?) Features
Living / Dining / Kitchen | 55 Open plan, daylight-maximized, passive ventilation
Bedrooms (x3) 45 One primary, two secondary bedrooms
Bathrooms (x2) 12 Low-flow fixtures, DC heat pump water heater
Mechanical / Utility 10 Battery storage, inverters, controls
Garage / Storage 18 EV charging-ready, DC distribution hub
Circulation & Closets 20 Barrier-free access

4. Architectural Design Intent

e Form & Orientation: Compact form with south-facing roof slope optimized for PV production.

¢ Envelope: High-R-value triple-glazed windows (for northern climates), continuous exterior
insulation, airtight construction (target < 0.6 ACH@S50Pa).

e Materiality: Low-embodied carbon finishes (wood cladding, cork flooring, recycled drywall).

e Layout Efficiency: Centralized wet wall alignment; minimized internal heat loss paths.

5. DC Power System Design Intent

e Core Concept: Establish a low-voltage DC microgrid (nominal 48V DC) to power lighting,
ventilation, appliances, and electronics.

o®

Page 143 CoalitionforInnovation.com CleanTech Blueprint

© 2025. This work is openly licensed via CC BY 4.0.


https://coalitionforinnovation.com/
https://creativecommons.org/licenses/by/4.0/

e Renewables:
0 Rooftop PV array (7.5 kW) — DC-coupled

0 15 kWh lithium battery storage — DC-native with battery management system (BMS)
integration

e Loads (DC-native where possible):
0 LED lighting with 48V fixtures
0 Mini-split heat pump (DC inverter compressor)
o0 DC refrigerator, DC induction cooktop
0 USB-C wall ports and 12V /48V receptacles for electronics

e Inverter Use (AC fallback): Limited to laundry and oven (critical AC appliances) via high-efficiency
inverter

6. Building Systems and Controls

e HVAC: High-efficiency, variable-speed DC mini-split system with heat recovery ventilation (HRV).
e Water Heating: DC heat pump water heater with smart scheduling.

e Controls: Home Energy Management System (HEMS) optimized for DC load balancing, peak
shaving, and demand response.

e Monitoring: Integrated dashboard (web/app) showing DC system performance, energy flow, and
carbon footprint.

7. Visual System Diagrams

The following diagrams illustrate the structure and integration of the 48V DC microgrid, highlighting the
flow of energy from renewable generation through storage and distribution to end-use devices, including
DC-native lighting, HVAC, and water/waste systems.
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8. Detailed Bill of Materials for DC Microgrid

The following table presents a detailed bill of materials (BOM) for the 48V DC residential microgrid,
including specifications, estimated costs, and recommended suppliers. This BOM supports the
implementation of a fully DC-integrated, net-zero energy home.

Component Qty | Specification / Description | Est. Cost Recommended Suppliers /
(CAD) Brands
PV Array 1 7.5 kW (18-20 $12,000 Canadian Solar, Trina Solar,
set | monocrystalline panels, REC Solar
~400W each)
Charge 1 MPPT, 150V input, 48V $700 LG
Controller output, 80A
Victron SmartSolar, OutBack
FlexMax
o®
1)
Page 145 CoalitionforInnovation.com CleanTech Blueprint

© 2025. This work is openly licensed via CC BY 4.0.



https://coalitionforinnovation.com/
https://creativecommons.org/licenses/by/4.0/
https://www.canadiansolar.com/
https://www.trinasolar.com/en-glb
https://www.recgroup.com/en-us
https://www.lg.com/us/ess
https://www.victronenergy.com/solar-charge-controllers/smartsolar-mppt-75-10-75-15-100-15-100-20
https://outbackpower.com/product/flexmax-60-80/
https://outbackpower.com/product/flexmax-60-80/

Battery Bank 1 48V, 15 kWh LiFePO, with $10,000 LG
integrated BMS
Simpliphi, LG, Discover AES- to
be discontinued, Fortress Power
Inverter (AC 1 5 kW, 48V input, pure sine $1,500 LG
Fallback) wave, split phase 120/240V
Victron MultiPlus-II, Schneider
Conext SW to be discontinued
DC LED Lighting | 20+ | 48V DC dimmable fixtures $1,200 LG Lighting
DC Flex Lighting, Mean Well,
Luxtech
Mini-Split Heat 2 DC inverter compressor, $4,500 LG Electronics
Pump SEER > 20, 9k/ 12k BTU
Mitsubishi Hyper Heat, LG, Gree
Vireo+, Fujitsu Halcyon,
Senville
DC Refrigerator 1 48V or 12V DC $1,200 SunDanzer, Dometic, Unique
(upconverted), ~8 cu ft, 1 Appliances
kWh/day
DC Induction 1 48V or 24V DC (via $1,000 LG Electronics
Cooktop converter), ~2 kW peak
Eco Hotplate (custom), Off-grid
DIY kits, Stella
USB-C / 12V / 15+ | Flush-mount DC receptacles | $300 Blue Sea Systems, Powerwerx,
48V Outlets Victron
Wiring & - 4 AWG-10 AWG DC-rated, $2,000 ABB, Victron, Blue Sea,
Conduits connectors, fuses, breakers Siemens

Total Estimated Cost: = $34,400 CAD

Budget Justification

e PV Array ($12,000): Offsets annual consumption; sized for full autonomy.
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e Battery Storage ($10,000): Provides 3-day autonomy; supports peak shaving.
e Power Electronics ($2,800): Matched for performance in Canadian conditions.
e DC Appliances & HVAC ($7,900): Enables inverter-free, efficient operation.

e Install Materials & Safety ($2,000): Ensures compliance and protection.

These costs align with project goals of demonstrating energy efficiency, resilience, and replicability
through DC-native infrastructure.

9. Alternative Water, Wastewater & Toilet Systems Integration

This section outlines the integration of DC-compatible wastewater and toilet systems into the 48V DC
home microgrid. These systems operate on low-voltage direct current (typically 12V or 24V) and align
with off-grid and net-zero objectives by minimizing energy consumption and eliminating the need for
water-intensive sewage infrastructure.

The following diagram illustrates the placement of toilets, composting toilets, macerating toilets,
greywater filtration, and sewage pumping within the existing DC microgrid system.

DC-Compatible Water Systems
1. Water
e How they work: Applies cutting-edge graphene materials and innovations in nanotechnology to
manufacture and distribute robust and effective water filtration and recyclation systems for
commercial and residential use
e DC Relevance: run on 12V/24V DC

o Examples:

0 Purafy https://purafy.com/

DC-Compatible Waste Systems
a. DC-Powered incinerating Toilets

e How they work: No water or minimal water. The produced ash remains are completely sterile and
contain nutrients like potassium and phosphorus, ideal for fertilizing your garden.

e DC Relevance: run on 12V/24V DC
e Examples:

0 Cinderella Comfort — Electric with 12 VDC supply
https:/ /incineratingtoilets.com/ca/product/cinderella-comfort/

0 Incinolet Electric
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e Power use: ~ Electric unit designed for off-grid use; runs on 12 VDC power
e Best for: Good option if you have a strong DC system
b. DC-Powered Composting Toilets

e How they work: No water or minimal water; uses a small DC fan (12V-24V) for ventilation and
decomposition acceleration

e DC Relevance: Fans and heaters (if any) run on 12V /24V DC
e Examples:
0 Nature’s Head Composting Toilet
0 Separett Villa (12V model) Cabin Depot
o Power use: ~2-3W continuous (vent fan); optional heating elements consume more
e Best for: Remote, off-grid, or net-zero homes with limited water supply
c. DC-Powered Macerating or Pump Toilets
e How they work: Electric pumps grind and move waste upward or to remote tanks.
e DC Relevance: Pumps available in 12V or 24V DC versions
e Examples:
0 Superflo
0 Jabsco Quiet Flush Electric Toilet (12V/24V DC)
0 Saniflo marine/RV models
e Power use: Short bursts of 150-300W, typically <1 min per use
o Best for: Homes without gravity-fed sewage lines (e.g., basement toilets or mobile units)
d. Greywater Pumps and Treatment Systems (DC-compatible)
e Applications: Shower, sink, and laundry water reuse for irrigation or toilet flushing
e DC Systems Available: Pumps and treatment units (filters, UV disinfection) in 12V/24V
e Examples:
0 Flojet and Shurflo diaphragm pumps (widely used in RV and off-grid systems)

0 Solviva-inspired wetland biofilters with low-voltage aeration
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f. DC Sewage or Sump Pumps
e For: Moving blackwater or greywater to septic or treatment units
e DC Options: 12V-48V submersible or surface-mounted sewage pumps
e Examples:
0 Whale Gulper 220 (grey/blackwater, 12V /24V)
0 Rule Industries 12V sewage pumps

Integration with DC Home Microgrid

Component DC Voltage | Power Rating Integration Notes

Composting toilet fan | 12V /24V ~2-5W Direct connect to DC panel or USB port

Macerator pump toilet 12V/24V 150-300W Requires surge-capable DC circuit
Greywater pump/filter 12V/24V 30-100W Pair with rainwater reuse systems
UV/ozone disinfection 12V/24V 10-20W  Can run on DC battery with smart switch
Sewage sump pump 12V /24V 100-500W Controlled via float switch + DC relay

System Design Tips
e Use DC-rated breakers and fuses for safety.
e For surge loads (e.g., macerators), ensure battery/inverter can handle inrush current.

e Pair low-flow DC systems with water-saving fixtures and real-time monitoring for resilience and
efficiency.

10. Bill of Materials - DC Wastewater Systems
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Component Quantity | Est. Cost (CAD) Supplier/Brand
Composting Toilet (12V Fan) | 1 $1,400 Nature’s Head, Separett
Macerating Toilet (12V/24V) | 1 $1,200 Jabsco Quiet Flush, Superflo,

Sanimarin
Greywater Pump & Filter 1 $800 Shurflo, Solviva-style system
Sewage Pump (12V/24V) 1 $600 Whale Gulper, Rule Industries

11. Next Stage- Schematic Design (SD)

e Goal: Translate design intent into conceptual plans.

e Outputs:
0 Preliminary floor plans, site plans, elevations
0 Massing studies and building orientation
0 Initial system diagrams (HVAC, structure, power)
0 Basic cost estimate and material palette

Author (In order of contribution)

Jiri Skopek, Architect and Smart Community Planner, 2030 Districts-vice chair, NIST-GCTC chair,
smart building cluster

Jiri Skopek is Architect, Smart Community Planner and Advisor for smart, green buildings and resilient
and sustainable communities. He is best known for creating the GBI /ANSI Green Globes green building
assessment standard. His current focus is on deployment of technologies to enhance communities’
economic development, resiliency, energy transition and decarbonization.
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