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1.0 Introduction: The Strategic
Imperative for a New Analytical Lens

1.1 The Challenge in Grid Technology Investment

The accelerating global energy transition is placing unprecedented stress on our electrical
grid infrastructure. At the same time, this challenge is spurring a remarkable wave of
innovation, with new technologies emerging to enhance capacity, stability, and flexibility. For
climate-tech venture capital investors, this dynamic environment presents both immense
opportunity and significant risk. The sheer volume and diversity of proposed solutions make
it difficult to distinguish true potential from technological hype. This complex landscape
necessitates a more sophisticated evaluation framework that moves beyond technical
prowess of a specific product to assess the practical realities of market adoption and
commercial viability of a broader theme.

The modern electrical grid is caught between two powerful forces. On one side, it faces the
pressures of rapid load growth, increasing congestion, and persistent reliability constraints.
On the other, it is met with a continuous influx of new technologies, each proposed as a
critical part of the solution. This dynamic creates significant diligence overhead for venture
capital investors and necessitates a systematic approach to separate signal from noise. The
critical task is to determine which innovations are truly positioned for success and which are
likely to falter.

1.2 From Generation to Infrastructure as the
Bottleneck

As the energy transition matures, the primary bottleneck is shifting decisively from power
generation to grid infrastructure. Renewable energy is increasingly abundant, but
transmission congestion, interconnection delays, and lack of system flexibility prevent clean
power from being fully utilized. Energy storage and advanced transmission and distribution
solutions have therefore become essential system enablers rather than optional add-ons. This
shift has redirected investment focus from producing electrons to enabling their movement,
balancing, storage, and integration, making grid infrastructure the critical frontier for the
next phase of decarbonization.
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1.3 Why Focus on Grid Hardware Technologies

This analysis is strictly focused on grid hardware technologies within two key categories:
Energy Storage and Transmission & Distribution (Grid Enhancing Technologies). This focus
is intentional. Hardware represents the primary physical bottleneck to grid expansion and
modernization and consists of tangible, comparable assets with clear system-level impact.
Software-only solutions have been excluded because they are highly fragmented, utility-
specific, and dependent on variable factors such as data access and integration protocols,
making consistent cross-category comparison difficult. By concentrating on hardware, this
report evaluates technologies that directly determine grid capacity, reliability, and flexibility.

1.4 Why Adoption Readiness Level (ARL), Not TRL

Traditional metrics such as Technology Readiness Level (TRL) are insufficient for venture
evaluation in grid infrastructure markets. TRL confirms technical functionality but does not
capture the non-technical barriers—economic, regulatory, operational, and societal—that
ultimately govern market adoption. Adoption Readiness Level (ARL) is used in this analysis
for two reasons. First, it provides a holistic assessment of real-world commercialization risk
by explicitly incorporating factors such as cost competitiveness, bankability, permitting,
supply chains, and regulatory alignment. Second, this report evaluates technology categories
or themes, rather than individual products, and ARL is inherently better suited to capturing
ecosystem-level adoption constraints shared across a technology class.

1.5 Purpose of This Report

This report develops a comparative Grid Technology Map to support venture capital
decision-making in grid hardware markets. The analysis proceeds in three stages. First, it
systematically identifies and selects emerging energy storage technologies and grid-
enhancing technologies (GETs) that are relevant from a venture capital perspective,
excluding mature or legacy solutions. Second, each selected technology category is evaluated
using the Adoption Readiness Level (ARL) framework to assess real-world commercialization
barriers and to derive preliminary, technology-specific investment theses for climate tech VC
investors.

Finally, these individual assessments are synthesized into a comparative Grid Technology
Map, where 7 energy storage technologies and 6 GETs are plotted on a 3—9 ARL scale against
their projected 2030 market size. This visualization reveals whether large markets coincide
with high readiness—indicating near-term scaling potential—or whether significant
mismatches exist, such as large markets with low readiness that imply higher risk or longer
adoption timelines. Five-year CAGR through 2030 is included as a secondary signal,
highlighting rapidly expanding opportunities even where the market size is small. Together,
this framework provides a structured, venture-relevant lens for investment prioritization and
capital allocation across grid hardware technologies.

2.0 Analytical Framework and
Methodology

2.1 Scope Definition

This analysis is strictly focused on grid hardware technologies within two key categories:
Energy Storage and Transmission & Distribution (Grid Enhancing Technologies). This focus
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is intentional; hardware is often the primary physical bottleneck for grid expansion and
modernization, and it represents tangible, comparable assets. Software-only solutions have
been excluded from this analysis due to their fragmented nature and heavy dependence on
variable factors like data access and utility-specific integration, which makes a consistent,
cross-category comparison difficult.

2.2 ARL Framework

The central pillar of our analysis is the shift from evaluating technology based on its technical
maturity to assessing its readiness for widespread market adoption. The Technology
Readiness Level (TRL) is a well-established metric for gauging whether a technology works
from a scientific and engineering perspective. However, for a venture investment, the critical
diligence question is not just "Does it work?" but "Can it be adopted at scale?" The Adoption
Readiness Level (ARL) framework is designed to answer this question by systematically
evaluating the non-technical risks that are the primary drivers of commercial success or
failure.

More importantly, TRL is typically applied at the level of a particular solution (a given
design, prototype, or product configuration), whereas this report evaluates technology
categories or themes (for example, "flow batteries," "iron-air batteries," or "power flow
controllers") where multiple companies may sit at different TRLs but still face common

ecosystem constraints.

The ARL framework is a qualitative, fact-based risk assessment conducted across 17 distinct
dimensions. These dimensions are grouped into four core risk areas that provide a
comprehensive view of a technology's path to market:

¢ Value Proposition: Assesses the technology's product-market fit, cost-
competitiveness, and performance.

¢ Market Acceptance: Captures demand characteristics and risks from competitors,
customers, and the value chain.

¢ Resource Maturity: Determines risks related to the inputs needed to produce and
scale the technology, including capital, supply chains, and workforce.

¢ License to Operate: Identifies societal, regulatory, and non-economic risks that
can hinder deployment.

Detailed ARL scoring and calculation methodology are provided in Appendix A.

2.3 Technology Screening

The initial universe of potential technologies was filtered to concentrate on emerging,
venture-relevant opportunities. This was achieved by excluding technologies that are either
already massively deployed at incumbent scale or are mature, legacy systems with limited
potential for disruptive innovation.

2.3.1 Energy Storage

The scope of energy storage technologies considered is focused on systems, generally defined
by DOE as theoretically capable of 10 or more hours of continuous discharge. We began by
surveying all such options and then filtered out technologies in a multi-step exclusion process
based on legacy status and market maturity.
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Table 1: Existing Grid Storage Capacity by Technology

Rank Technology Est. Global Notes
Grid Capacity
(GW, End-
2025)

1 Pumped 195 GW 179 GW end-2023 + 8.4 GW (2024) +
Storage ~8 GW (2025 adds, China-led)
Hydropower

2 Lithium-ion 55—65 GW 156 GWh cumulative thru Oct + 15—40
Batteries power / 170— GWh Q4; >90% new grid adds (Li-ion

200 GWh dominant)
energy

3 Compressed Air  ~1.5 GW (3-5 Huntorf (290 MW), McIntosh (110
Energy Storage plants) MW), +1.1 GW China (2024); total

stable

4 Flow Batteries ~1.2 GW/~6.5— China Dalian 200MW/1GWh (world's

9 GWh largest); Rongke Power ~3GWh (2023—
25); Sumitomo 30-year lifespan VRFB;
Invinity UK deployments

5 Thermal Energy ~1GW /12 ~6 GWh concentrating solar-thermal
Storage (TES) GWh (CSP power (CSP) TES in Dubai

molten salt
dominant)

6 Lead-acid 0.2—-0.5 GW Legacy UPS/grid (~1—2% market); no
Batteries major 2025 adds tracked separately

7 Flywheels 0.02-0.05 GW Beacon/STORNET pilots; short-

duration focus, no GW-scale grid

8 Zinc Batteries <0.01 GW Eos/Form hybrids pilots (~10—20

MW); pre-commercial

9 Sodium <0.01 GW Natron/CATL production (factory-

Batteries scale); 3.5 MWh by Peak Energy in CO,
USA

10 Hydrogen <0.01 GW (grid Electrolyzer/FC pilots; storage tanks

Storage equiv.) not grid-integrated at scale; The
Calistoga Resiliency Center's HESS
(hydrogen energy storage system) 293
MWh capacity

11 Iron-Air ~0.001—0.005 Ore Energy (Netherlands, 2025) +
Batteries GW (pilots) expected Form Energy pilots; current

grid connects <5 MW

We exclude Lithium-ion batteries and pumped hydro storage because both technologies are
already widely deployed and commercially established, with well-understood cost curves,
supply chains, and financing structures. At this stage, incremental innovation in these
categories is more likely to benefit incumbents and infrastructure investors than generate
venture-scale returns.

Table 2: Historical Deployment Timeline of Energy Storage Technologies
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Sr. Technology First Age Details
No. Commercial (Years
Deployment to 2025)

1 Lead-acid 1881 (Holborn 144 World's first large-
Batteries Viaduct, UK) scale grid storage for

lighting/power

2 Compressed Air 1978 (Huntorf, 47 First diabatic CAES
Energy Storage Germany) plant (290 MW)

3 Thermal Energy 2011 (Gemasolar, 14 First commercial
Storage Spain) molten salt tower CSP

(19.9 MW)
4 Flywheels 2011 (Beacon 20 14 World's first grid-scale
MW, Stephentown, flywheel plant for
NY, USA) frequency regulation
5 Flow Batteries 2015 (Sumitomo 10 First community
VRFB, Japan) microgrid VRFB
6 Zinc Batteries 2022 (Zinc8 pilot, 3 First zinc-air flow
NY, USA) commercial pilot (100
kW)

7 Hydrogen 2023+ pilots <2 Grid-integrated
Storage (emerging) storage pilots
(Bidirectional)

8 Iron-Air Batteries = 2025 (Ore Energy, o) World's first grid-

Netherlands) connected pilot
9 Sodium Batteries = 2025 (Peak Energy, o First U.S. grid-scale
CO, USA) Na-ion (3.5 MWh)

From a venture capital perspective, legacy technologies such as lead-acid batteries and
compressed air energy storage (CAES) fall outside the investable frontier. Their core
technical architectures are decades old, market dynamics are stable, and adoption pathways
are largely saturated, leaving limited room for category-defining disruption. This analysis
therefore excludes them. Hence, we focus on the following new-age technologies:

Thermal Energy Storage (TES)—storing energy as heat (often via molten salts)

for later use in power generation or industrial process heat

Flywheel Energy Storage—mechanical kinetic storage in high-speed rotors for

power applications

Flow Batteries—electrochemical storage in liquid electrolyte systems for long-

duration output

Zinc-based Batteries—next-generation batteries using zinc chemistry for multi-
hour storage with inherent safety

Sodium-ion Batteries—batteries using sodium-ion chemistry, an emerging
alternative to lithium-ion for stationary storage

Hydrogen Storage—using surplus electricity to produce hydrogen and
regenerating electricity when needed

¢ Iron-Air Batteries—metal-air battery exploiting the rusting process of iron for very
long discharge durations
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2.3.2 Grid Enhancing Technologies (GETs) Selection

For grid transmission and distribution enhancements, we selected 6 Grid-Enhancing
Technologies (GETs) that directly increase the capacity, efficiency, or flexibility of the power
grid. The rationale is to focus on hardware upgrades that can unlock grid throughput quickly
and that align with venture-scalable product development.

The chosen GETs are:

¢ Advanced Conductors (High-Temperature, Low-Sag conductors)—New
types of transmission cables that can carry more current with less sag and lower
losses than conventional steel-core lines, offering direct grid capacity increases of
1.5—2x on the same towers

¢ Dynamic Line Ratings (DLR)—Systems using sensors and weather data to
dynamically adjust the rated limit of power lines in real time, safely increasing
throughput by 10-30% on favorable days

¢ Power Flow Controllers (Flexible AC Transmission Systems, or FACTS)—
Hardware like modular power flow control devices that actively direct power along
alternate paths in the network to alleviate congestion

¢ Grid-Forming Inverters—Advanced inverters for batteries, solar, and other
distributed resources that can form an AC grid reference and provide virtual inertia

¢ Solid-State Transformers (SST)—Advanced transformers using power
electronics instead of traditional iron-core, enabling AC/DC flexibility and improved
power quality

¢ Superconducting Power Lines—Using high-temperature superconductors for
transmission cables that carry extremely high currents with virtually no resistive
losses when cooled

We specifically focused on hardware-centric solutions that increase grid capacity/utilization
and that could feasibly be developed or scaled by new companies. The 6 selected GETs each
address a core grid constraint with a discrete technological innovation.

3.0 Analysis of Energy Storage
Technologies

Energy storage is fundamental to building a flexible and resilient grid. It provides the
capacity to absorb vast amounts of intermittent renewable generation and dispatch it when
needed, smoothing volatility and ensuring reliability. As the grid moves away from
dispatchable fossil fuels, the demand for diverse storage solutions is growing exponentially.
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Figure 1: Battery Energy Storage System (BESS)
Market Size Projection (2024-2030)
Annual added battery energy storage system (BESS) capacity, %
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$ billion

As per industry reports, approximately 230 GWh BESS capacity (excluding pumped hydro)
operates today.

Table 3: BESS Capacity (excluding Pumped Hydro) Distribution by Duration
Category (End-2025)

Duration Category | Operational GWh (End 2025) | % of Total BESS
<4 hours (SDES) ~200 GWh 80-85%

4—8 hours (MDES) ~25-35 GWh 10-15%

8+ hours (LDES) ~10-15 GWh 5-8%

Total BESS ~235-250 GWh 100%

As per Table 1, the majority of this capacity is Li-ion.

In recent years, the cost of Li-ion BESS has been a central point of discourse in the global
energy market. Before exploring the costs, it is important to understand the terminology and
different types of costs generally referenced in such conversations. There are five types of
costs analysts refer to: cell-level, pack-level, core equipment-level, system-level, and levelized
cost of storage (LCOS).

Table 4: Lithium-ion Battery Cost Structure and Components

Cost Level Key Components

Cell-level Cathode, anode, electrolyte, separator

Pack/Enclosure- Cells + [BMS (Battery Management System), cooling/HVAC,
level housing/enclosure, assembly/BoP (Balance of Pack)]
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Core equipment- Enclosures + [PCS (Power Conversion System: DC-AC inverter),

level EMS (Energy Management System: optimization/scheduling)]

System-level Core equipment + [installation/civils, EPC, grid
connection/EBOS/SBOS]

LCOS System + [Opex, accounting for roundtrip efficiency, lifetime
energy output]

Li-ion battery costs fell by an average 20% per year over the last decade as annual
installations rose by 80% per year. According to BloombergNEF (BNEF)'s global benchmark,
the core equipment-level cost fell by 40% in 2024 compared with 2023, reaching a record low
of $165/kWh.

In December 2025, Ember published an assessment report of long-duration (4 hours or
more) utility-scale BESS costs as of October 2025, showing the following figures:

Table 5: Utility-Scale BESS Cost Breakdown (Ember Assessment, October 2025)

Cost Type Cost (Ember)
Cell-level $40/kWh
Pack/Enclosure-level = $67.5/kWh

Core equipment-level  $75/kWh

System-level $125/kWh
LCOS $65/MWh

This is based on recent auctions in Italy, Saudi Arabia, and India, and interviews conducted
by Ember with experts working on BESS projects across global markets, including Saudi
Arabia, Italy, India, Australia, Mexico, Romania, Croatia, and Turkiye. The figures apply to
markets where core Li-ion BESS equipment (enclosure, PCS, and EMS) is shipped from
China without “higher” tariffs. Costs are expected to be lower in China and higher in the
United States.

Lazard published its latest LCOE+ report in June 2025 wherein it mentioned Li-ion 4-hour
storage costs, representative of the U.S. market:

Table 6: U.S. Market Lithium-ion BESS Costs (Lazard Assessment, June 2025)

Cost Type Cost* (Lazard)

Core equipment-level = $107—-$232/kWh
LCOS $115—-$254/MWh

*Note: Largely representative of the U.S. market

These cost figures apply to ~4-hour systems. For 10+ hour durations, lithium-ion core
equipment-level cost rises to $300—$400+/kWh, at which point Li-ion becomes
uneconomical, tilting the playing field toward alternative long-duration storage technologies.

Across SDES, MDES, and LDES, Li-ion is facing strong contenders. This section provides a
comparative analysis of the promising emerging storage technologies selected in section
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2.3.1, evaluating them on adoption readiness and market potential. Detailed ARL calculation
is given in Appendix B.

Table 7: Comparative Analysis of Energy Storage Technologies

Technology ARL | Market Size Market Size Market

(2025 $B) (2030 $B) Growth
(CAGR)

Thermal Energy 8 $6.24 $11.21 12.42%

Storage

Sodium-ion 8 $1.82 $6.80 20.96%

Batteries

Zinc-based 7 $1.10 $2.50 17.85%

Batteries

Flow Batteries 7 $1.05 $1.70 10.11%

Flywheels 7 $0.48 $0.68 7.22%

Iron-Air Batteries 6 $1.50 $5.40 29.19%

Hydrogen Storage | 5 $17.50 $26.94 9.00%

3.1 Thermal Energy Storage — ARL 8

Thermal Energy Storage (TES) systems capture and store energy in the form of heat, typically
in materials like molten salt. In grid applications, this is most often paired with Concentrated
Solar Power (CSP), where solar energy heats the salt to high temperatures (e.g., 600°C), and
this stored heat is later used to drive a turbine and generate electricity, enabling power
delivery for 10—15+ hours after the sun has set. The technology leverages mature components
from the power generation and industrial heating sectors.

Table 8: Suitability of Thermal Energy Storage by Duration

Storage Technology @ <4 hours 4-8 hours 8+ hours

(SDES) (MDES) (LDES)
Thermal Energy Low Medium High
Storage

On the costs side, a 2024 BNEF study mentioned a global average capex cost of $232/kWh
for thermal energy storage against the system-level cost of $304/kWh for four-hour lithium-
ion battery. Less due to economies of scale and more due to technological advancement, the
TES costs too have been dropping heavily. One of the startups, Fourth Power, developing a
novel molten-tin based TES tech has a 2028 target of $25/kWh, roughly one-fifth of the
current system-level cost of lithium-ion batteries.

Investment Thesis

The investment thesis for thermal energy storage is not based on disruptive chemistry but on
its proven bankability and operational similarity to conventional power plants. Its core
strengths are a validated value proposition with competitive costs and long-duration
performance (10+ hours) at utility scale. The technology leverages mature industrial supply
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chains and a standard power plant workforce, minimizing execution risk. The primary
adoption risks are market-based: competing with falling costs of other long-duration
technologies and a policy environment that has historically favored electrochemical batteries.
The venture opportunity lies in backing companies with novel, modular, or higher-efficiency
TES systems that can cut costs drastically and decouple from CSP to serve a broader
industrial and grid market.

Metric Value

2025 Market Size $6.24B
2030 Market Size (Projected) $11.21B
Market Growth (CAGR 2025-2030) | 12.42%

3.2 Sodium-ion Batteries — ARL 8

Sodium-ion (Na-ion) batteries are an electrochemical storage technology that functions
similarly to lithium-ion but uses abundant and low-cost sodium as the charge carrier instead
of lithium. Designed as a drop-in replacement for Li-ion systems, they can leverage existing
manufacturing infrastructure and balance-of-plant equipment. Historically, they have had a
lower energy density than their lithium counterparts (~100-120 Wh/kg vs. ~160—200+
Wh/kg for LFP). However, they offer superior safety and a wider operating temperature
range (approximately —40°C to 70°C vs 15—-35°C).

Table 9: Suitability of Sodium-ion Batteries by Duration

Storage Technology <4 hours 4-8 hours 8+ hours

(SDES) (MDES) (LDES)
Sodium-ion (Na-ion) High Medium Low
batteries

The April 2025 announcement from CATL, world’s leading battery manufacturer marked a
potential inflection point for sodium-ion batteries, signaling a shift from pilot-scale promise
to mass-manufacturing intent, with technological performance nearly comparable to LFP.

Table 10: Comparison of CATL Sodium-ion and LFP Battery Specifications

Metric Na-ion (Naxtra) LFP

Energy Density (Wh/kg) = 175 160—205
Range (CLTC km) 500 500—1,000+
Cycle Life >10,000 2,000—4,000+

While this materially strengthens the category's adoption outlook, real market validation will
depend on execution, specifically whether claimed cost, performance, and reliability metrics
hold up in commercial deployments over the next 12—24 months.

On the cost side, sodium-ion batteries are approaching cell-level cost parity with LFP while
eliminating reliance on lithium, cobalt, and nickel, thereby reducing exposure to geopolitical
and commodity price volatility. According to a November 2025 Wood Mackenzie assessment,
average 2025 cell-level costs are estimated at roughly $52/kWh for LFP versus $59/kWh for
sodium-ion, with sodium-ion on a marginally steeper cost-down trajectory but not expected
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to reach parity until the mid-2030s. That said, recent industry reports—still largely
unverified in commercial deployments—suggest CATL may have achieved sodium-ion
pricing as low as ~$19/kWh, implying a potential step-change relative to current LFP costs of
$55-70/kWh. All in all, the future outlook for sodium-ion appears brighter.

Investment Thesis

Sodium-ion batteries are positioned as a direct, cost-effective challenger to LFP for stationary
storage (SDES). The investment thesis is built on supply chain security and cost reduction; by
eliminating reliance on lithium, cobalt, and nickel, Na-ion technology mitigates geopolitical
and price volatility risks. The key risk is competing head-to-head with the massive scale and
entrenched supply chains of the global lithium-ion industry. The venture opportunity is
therefore concentrated in companies with differentiated IP in anode/cathode materials or
novel domestic manufacturing processes that fundamentally alter the cost, performance, and
production curves.

Metric Value

2025 Market Size $1.82B
2030 Market Size (Projected) $6.80B
Market Growth (CAGR 2025-2030) | 29.96%

3.3 Zinc-based Batteries — ARL 7

Zinc-based batteries (particularly Zinc-Bromine) utilize a water-based (aqueous) electrolyte,
making them inherently non-flammable and safer than many lithium-ion chemistries. The
technology is designed for the 3—12 hour "intra-day" storage duration, bridging the gap
between short-duration Li-ion and multi-day storage solutions. The chemistry allows for
100% depth of discharge with minimal degradation, and its operational components
eliminate the need for complex thermal management or fire suppression systems.

Table 11: Suitability of Zinc-based Batteries by Duration

Storage <4 hours 4-8 hours 8+ hours

Technology (SDES) (MDES) (LDES)

Zinc-based batteries Medium High Medium
Investment Thesis

Zinc batteries present a compelling "safer, longer" alternative to lithium-ion for grid storage,
centered on a value proposition of inherent safety that streamlines permitting in dense urban
environments. With abundant, locally sourceable materials and eligibility for U.S. domestic
content manufacturing credits, zinc battery ventures have a clear path to scale. The primary
adoption risk is economical. While zinc batteries are cost-competitive at <$160/kWh,
massive oversupply of Chinese LFP batteries has driven prices down, forcing zinc
technologies to compete on total cost of ownership rather than just upfront capital cost. The
venture play is a bet on novel tech, innovative system design, and manufacturing execution to
drive down unit costs, improve efficiency, establish bankability, and capture market share
from Li-ion in safety-critical applications.

Metric Value

2025 Market Size $1.10B
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2030 Market Size (Projected) $2.50B

Market Growth (CAGR 2025-2030) | 17.85%

3.4 Flywheels — ARL 7

Flywheel energy storage systems store kinetic energy in a rapidly spinning rotor within a
near-frictionless vacuum enclosure. Electricity accelerates the rotor, and to discharge, the
spinning motion drives a generator to produce electricity. This mechanical process allows for
near-instantaneous response times, an almost unlimited cycle life with no degradation, and a
25+ year operational lifespan, making it ideal for high-power, short-duration applications
like frequency regulation.

Table 12: Suitability of Flywheels by Duration

Storage Technology <4 hours 4-8 hours 8+ hours

(SDES) (MDES) (LDES)
Flywheel Energy High Low Low
Storage

On the costs side, we studied the data from Amber Kinetics, one of the Flywheel Energy
Storage System (FESS) companies. Flywheels generally have a very high upfront capex of
$1,200-1,500/kWh. However, the LCOS is equally low: ~$60/MWh clearly due to nearly
unlimited cycles and huge lifespan.

Investment Thesis

The investment thesis for flywheels centers on dominating high-value, high-cycle ancillary
service markets where chemical batteries degrade rapidly. Their unparalleled functional
performance for frequency regulation (millisecond response, unlimited cycles) and minimal
operational footprint, supported by commodity materials, give them a durable competitive
advantage. The anti-thesis, however, is that this market is a niche. Adoption is constrained by
a high upfront capex and a relatively small market size, making it a play on market depth in
specific grid services rather than broad energy arbitrage.

Metric Value
2025 Market Size $0.48B
2030 Market Size (Projected) $0.68B
Market Growth (CAGR 2025-2030) @ 7.22%

3.5 Flow Batteries — ARL 7

Flow batteries are a type of electrochemical cell where energy is stored in two external tanks
of liquid electrolyte. These liquids are pumped through a central stack where an ion exchange
occurs, charging or discharging the system. Unlike conventional batteries, power and energy
are decoupled; the size of the stack determines the power output, while the volume of
electrolyte in the tanks determines the energy capacity (duration). This makes them highly
scalable for long-duration (8—12+ hour) applications.

Table 13: Suitability of Flow Batteries by Duration
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Storage Technology <4 hours 4-8 hours 8+ hours
(SDES) (MDES) (LDES)

Flow batteries (Vanadium Low High High
Redox)

In November 2024, VSUN Energy reported levelized cost of storage (LCOS) estimates of
$181/MWh for 4-hour and $166/MWh for 8-hour vanadium flow battery projects. The cost
competitiveness of flow batteries remains highly context-dependent, varying by geography
and storage duration. While recent lithium-ion price declines in several non-US markets have
narrowed the gap at shorter durations, lithium-ion costs increase non-linearly as storage
duration extends beyond 8-10 hours, whereas flow battery economics improve with duration
due to their decoupled power and energy scaling.

Investment Thesis

Flow batteries are a leading contender for long-duration storage, offering a key advantage of
zero degradation over a 20+ year lifespan. The investment thesis focuses on this durability,
which yields a competitive levelized cost of storage for applications requiring daily, deep
cycling. However, the technology faces significant headwinds from high upfront capital costs,
operational complexity, and crashing li-ion prices. The clearest venture opportunity lies in
backing companies with novel, low-cost chemistries that use earth-abundant materials to
solve the capex and supply chain problem, strategically targeting LDES where li-ion has
difficulty competing.

Metric Value
2025 Market Size $1.05B
2030 Market Size (Projected) $1.70B
Market Growth (CAGR 2025-2030)  10.11%

3.6 Iron-Air Batteries — ARL 6

Iron-air batteries are a novel long-duration technology that operates through a process of
reversible rusting. During discharge, the battery "breathes" in oxygen from the air to convert
iron metal into rust, releasing energy. To charge, an electrical current reverses the process,
turning rust back into iron and releasing oxygen. This chemistry enables extremely long
discharge durations—100 hours or more—at a potentially very low system cost.

Table 14: Suitability of Iron-Air Batteries by Duration

Storage <4 hours 4-8 hours 8+ hours
Technology (SDES) (MDES) (LDES)
Iron-Air Batteries Low Low High*

*Typically 100 hours or more
Investment Thesis

The investment thesis for iron-air is a bet that utilities will pay a premium for multi-day
reliability, creating a new "insurance asset" class for the grid. The technology's key
advantages are its extremely low-cost target ($20/kWh at scale) and exceptionally safe,
abundant materials profile. However, the anti-thesis is defined by significant technical and
economic hurdles. Its low round-trip efficiency (~50—60%) constrains its economic use cases
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to reliability applications, while its operational complexity and large land footprint create
significant project development and permitting challenges. For venture investors, the
opportunity lies in backing technologies that solve for operational complexity (while keeping
costs at par with incumbents like Form Energy) and teams that can de-risk first-of-a-kind
deployments through utility partnerships, standardize system design to reduce project
friction, and demonstrate bankable reliability contracts.

Metric Value
2025 Market Size $1.50B
2030 Market Size (Projected) $5.40B
Market Growth (CAGR 2025-2030) | 29.19%

3.7 Hydrogen Storage — ARL 5

Grid-scale hydrogen storage involves using electricity to power electrolyzers that split water
into hydrogen and oxygen. The hydrogen is then stored, often in large underground salt
caverns, and later used to generate electricity by either burning it in a turbine or running it
through a fuel cell. This pathway allows for massive, seasonal-scale energy storage, capable of
holding days' to months' worth of energy.

Table 15: Suitability of Hydrogen Energy Storage Systems by Duration

Storage Technology <4 hours 4-8 hours 8+ hours

(SDES) (MDES) (LDES)
Hydrogen Energy Storage Low Low High*
Systems

*Typically multi-day
Investment Thesis

Hydrogen offers the ultimate solution for long-duration, strategic energy storage, but its
adoption readiness is hampered by high costs ($200—$350/kWh for utility-scale systems,
unsubsidized) and infrastructure constraints. The investment thesis is currently backstopped
by massive government subsidies that are essential for making projects economical. The
technology leverages mature components from the oil & gas industry, but suffers from very
low round-trip efficiency (~40%), and the need for specific salt cavern formations limits
deployment geographically. This is currently a policy-driven market. However, venture
capital can back technologies that improve round-trip efficiency or unlock low-cost storage in
a wider range of geologies to create a viable, unsubsidized business model.

Metric Value
2025 Market Size $17.50B
2030 Market Size (Projected) $26.94B
Market Growth (CAGR 2025—-2030) | 9.00%

The energy storage landscape is incredibly diverse, with distinct technologies targeting
different applications across the duration spectrum. We now turn to technologies that
enhance the capacity and efficiency of the existing grid.
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4.0 Analysis of Grid Enhancing
Technologies (GETSs)

Grid Enhancing Technologies (GETSs) are a class of high-impact, capital-efficient solutions
designed to unlock latent capacity on the existing transmission and distribution grid. In a
world where building new transmission lines is a slow, expensive, and often contentious
process, GETs offer a critical alternative by optimizing the infrastructure we already have.
These technologies can be deployed faster than new grid builds, providing quicker relief to
grid congestion and facilitating the integration of new renewable energy projects.

This section provides a comparative analysis of the GETs selected in section 2.3.2, evaluating
them on adoption readiness and market potential. Detailed ARL calculation is given in
Appendix C.

Table 16: Comparative Analysis of Grid Enhancing Technologies

Technology ARL Market Size Market Size Market

(2025 $B) (2030 $B) Growth
(CAGR %)

Advanced Conductors 9 $4.50 $6.00 5.9%

(HTLS)

Grid-forming Inverters | 7 $0.86 $1.50 11.8%

Dynamic Line Ratings 7 $0.25 $0.73 23.6%

(DLR)

Power Flow 6 $1.40 $2.00 7.4%

Controllers (FACTS)

Solid State 5 $0.12 $0.25 15.8%

Transformers (SST)

Superconducting Grid 5 $1.30 $2.20 11.1%

4.1 Advanced Conductors (HTLS) — ARL 9

Advanced Conductors, also known as High-Temperature, Low-Sag (HTLS) conductors, are
replacement power lines that use advanced materials (like composite cores) to carry up to
double the current of legacy steel-core conductors of the same size and weight. This allows
utilities to significantly upgrade the capacity of existing transmission corridors without
needing to build new, larger towers, dramatically reducing project costs and permitting
timelines.

Investment Thesis

The investment thesis for Advanced Conductors is built on their status as a low-risk, scalable,
and readily adoptable solution for grid congestion. With a near-perfect ARL score of 9, the
technology allows utilities to double the capacity of existing transmission lines using the
same towers, offering a clear value proposition with a proven ROI. Reconductoring is a
standard utility practice, leveraging an existing workforce and mature supply chains. As it
uses existing rights-of-way, it faces minimal permitting hurdles, making the core investment
challenge one of market penetration and sales execution, not technology or adoption risk.
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Due to the market's maturity, the venture opportunity lies in novel materials that can further
improve performance or disrupt the cost structure of established incumbents.

Metric Value
2025 Market Size $4.50B
2030 Market Size (Projected) $6.00B
Market Growth (CAGR 2025—-2030) | 5.90%

4.2 Grid-forming Inverters — ARL 7

Grid-forming inverters are an advanced type of power electronics that interface renewable
energy sources with the grid. Unlike traditional inverters that simply follow the grid's signal,
grid-forming inverters can actively create their own stable voltage and frequency. This allows
them to provide essential grid stability services—like inertia and black start capability—that
were historically provided by the spinning mass of fossil fuel generators.

Investment Thesis

The investment thesis for grid-forming inverters is driven by a powerful, non-discretionary
market pull from regulatory mandates (NERC, IEEE) requiring grid stability services. Their
functional performance is proven, and they leverage mature power electronics supply chains.
The core investment risk lies in navigating a cost premium (20—-30% over standard
inverters), the complexity of their control algorithms, and the need to evolve grid codes to
fully integrate their capabilities. This is a classic venture opportunity to back players
executing on cost reduction, modularity, and OEM partnerships to cross the commercial
"valley of death" into mainstream adoption.

Metric Value

2025 Market Size $0.86B
2030 Market Size (Projected) $1.50B
Market Growth (CAGR 2025-2030) = 11.80%

4.3 Dynamic Line Ratings (DLR) — ARL 7

Dynamic Line Rating is a technology that calculates the true, real-time capacity of a
transmission line based on ambient weather conditions like wind speed and temperature.
Traditionally, lines are operated based on a fixed, conservative "static" rating. DLR uses
sensors and software to show that on a windy or cool day, a line can safely carry 10-30%
more power, unlocking capacity from existing wires without physical upgrades.

Investment Thesis

DLR offers one of the highest ROIs of any grid technology, unlocking millions in congestion
relief for a minimal investment. At ARL 7, however, the primary adoption barriers are
commercial and regulatory. In the U.S., incentive structures for transmission owners to
adopt opex-based solutions lag behind those in Europe, and integrating new dispatch
procedures into utility operations is a significant institutional hurdle. The venture
opportunity is a bet on regulatory reform creating a tipping point for adoption, rewarding the
companies that have better and cheaper tech than competitors and have navigated the slow
utility sales cycle to establish a market-leading position.
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Metric Value

2025 Market Size $0.25B

2030 Market Size (Projected) $0.73B

Market Growth (CAGR 2025-2030) | 23.60%

4.4 Power Flow Controllers (FACTS) — ARL 6

Power Flow Controllers are a category of Flexible AC Transmission Systems (FACTS) that act
like intelligent valves for the grid. They are modular, solid-state devices installed at
substations that can intelligently push power away from overloaded lines and pull it onto
underutilized parallel lines. This allows grid operators to actively manage power flows,
relieve congestion, and improve the overall efficiency and resilience of the network.

Investment Thesis

While technically proven and validated in early utility deployments, Power Flow Controllers
still face material adoption readiness constraints, reflected in a mid-range ARL of 6. The
investment thesis moves from whether the technology works to whether it can create pull
from utilities and be deployed in a standardized, repeatable way across diverse grid
environments. The core barriers sit in demand maturity, project development complexity,
utility coordination, workforce readiness, and capital structuring. Venture capital in this
space must be patient and selective, backing technologies and teams that can meaningfully
simplify deployment, reduce integration friction, and translate technical performance into a
bankable, infrastructure-grade solution for utilities.

Metric Value
2025 Market Size $1.40B
2030 Market Size (Projected) $2.00B
Market Growth (CAGR 2025—2030) 7.40%

4.5 Solid State Transformers (SST) — ARL 5

Solid State Transformers are a next-generation replacement for conventional transformers,
using advanced silicon carbide power electronics instead of traditional copper coils and an
iron core. This allows them to provide functions far beyond simple voltage conversion,
including power flow control, harmonics suppression, and seamless AC/DC conversion. They
are also significantly more compact and efficient than their legacy counterparts.

Investment Thesis

Solid-state transformers (SSTs) are a high-potential "moonshot" technology that could
fundamentally reshape substation design. The investment thesis is built on their
multifunctional capability to consolidate multiple pieces of grid equipment into a single,
intelligent power-electronics platform. However, the dominant adoption barrier remains
economic: a 5—10x cost premium versus conventional transformers, driven primarily by
silicon carbide costs and unproven manufacturing at scale. This is a classic deep-tech venture
opportunity. VCs should focus on technologies that cut costs drastically and are specifically
developed for niche markets (e.g., local distribution) rather than transmission-scale
replacement, with clear lines of sight to modularity, scalable manufacturing, and long-term
field reliability before broader grid adoption becomes viable.
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Metric Value

2025 Market Size $0.12B

2030 Market Size (Projected) $0.25B

Market Growth (CAGR 2025-2030) = 15.80%

4.6 Superconducting Grid — ARL 5

Superconducting power lines use high-temperature superconducting (HTS) wires, cooled
with liquid nitrogen, to transmit electricity with near-zero resistance. This allows them to
carry 3—10 times more power than conventional cables of the same size, with significantly
lower energy losses. This technology is primarily targeted at high-density urban areas where
installing new power lines in underground conduits is extremely difficult and expensive.

Investment Thesis

With an ARL of 5, superconducting grid technologies sit at the boundary between technical
validation and commercial viability. The investment thesis is anchored in their unmatched
power density, delivering 3—10x capacity increases in severely space-constrained urban
corridors where conventional reconductoring or new rights-of-way are infeasible. Early
deployments have proven functional performance, but adoption risk remains high across
critical execution dimensions. A 5—10x delivered cost premium, dependence on cryogenic
infrastructure, limited HTS materials supply, and a scarce specialized workforce keep the
technology confined to bespoke, non-standardized projects. Venture capital exposure is best
suited to selective, thesis-driven bets on companies with differentiated tech that can improve
performance further and narrow the cost gap substantially.

Metric Value
2025 Market Size $1.30B
2030 Market Size (Projected) $2.20B
Market Growth (CAGR 2025-2030) = 11.10%

5.0 Synthesis & Strategic Insights for
Venture Investment

5.1 Plotting Methodology

To enable a consistent, venture-relevant comparison across grid technologies, this analysis
employs a two-dimensional scatter plot framework that maps commercial readiness against
market scale. The objective of this visualization is to move beyond single-technology
narratives and provide a portfolio-level view of where adoption risk and market opportunity
align or diverge. Each plotted point represents a technology category (not an individual
product).

Parameters:
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¢ X-axis: Adoption Readiness Level (ARL) — Plotted on a 3—9 ordinal scale,
where higher values indicate greater readiness for real-world adoption.

e Y-axis: Projected 2030 Market Size (USD billions) — Represents the
estimated total addressable market for each technology category in 2030.

¢ Marker Shape: Market Growth Rate (CAGR, 2025-2030) — Growth rates are
encoded categorically: Triangle = High growth (>20% CAGR), Circle = Moderate
growth (10—20% CAGR), Square = Lower growth (<10% CAGR)

5.2 Technology Maps

Figure 2: Emerging Energy Storage Technologies Plotted by
Adoption Readiness Level vs. Market Size (2030)

Energy Storage Technologies M CAGR <10% CAGR 10-20% A CAGR >20%

28
I Hydrogen Storage

Thermal Energy Storage

Market Size 2030 ($B)
=

Sodium-ion Batteries

Iron-Air Batteries

Zinc-based Batteries
Flow Batteries

Flywheels i
5 6 7 8 9

Adoption Readiness Level (ARL)

Emerglng Energy Storage Technologzes plotted by Adoption Readiness Level (ARL) on the
x-axis and projected 2030 market size (in $ billions) on the y-axis. Marker shapes indicate
CAGR from 2025 to 2030 (green triangle = >20% growth, orange circle = 10-20%, blue
square = <10%). This highlights Hydrogen Storage as a standout with lowest readiness,
while Thermal Energy Storage and Sodium-ion Batteries remain high-readiness outliers.
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Figure 3: Grid Enhancing Technologies (GETs) Plotted by Adoption Readiness
Level vs. Market Size (2030)

T&D - Grid Enhancing Technologies

8

Market Size 2030 ($B)
s

Superconducting Power Lines
Power Flow Controllers (FACTS)

Grid-forming Inverters

B CAGR <10% CAGR 10-20% A CAGR >20%

Advanced Conductors (HTLS)

A Dynamic Line Ratings Systems (DLR)

Solid State Transformers {SST)

5 6 7

8 9

Adoption Readiness Level (ARL)

Grid Enhancing Technologies (GETs) plotted by ARL vs 2030 market size. Marker shapes
as above indicate growth rates. This highlights Advanced Conductors as a standout with
highest readiness, while SST and Superconducting Grid remain low-readiness outliers.

5.3 Strategic Insights for Climate-tech VCs

Building on the technology maps for emerging energy storage and grid-enhancing
technologies, we translate Adoption Readiness Level (ARL) into actionable investment
imperatives for climate tech VCs. The objective is to clarify where, when, and how capital
should be deployed across early- and late-stage investing by explicitly linking technology
readiness with adoption dynamics, market size, CAGR, and relative positioning versus
adjacent technology pathways.

The tables that follow serve as a primer for underwriting risk and opportunity across the
venture lifecycle in the two categories. It frames each category through the lenses that matter
most to investors: technical risk, team risk, execution and metric discipline, and exit
pathways. In doing so, it highlights what to look for in founding teams, which metrics signal
real progress at each stage, and how adoption readiness shapes both downside protection
and credible acquisition or scale-up outcomes.

5.3.1 Energy Storage Investment Imperatives

gzilgn:;;gy Imperatives for Early-Stage VC (Pre-Seed |Imperatives for Late-Stage VC (Series

(ARL) / Seed / Series A) B/C/D)

Thermal High ARL implies the category itself is High ARL makes this a traction-driven

Energy already de-risked at a system level. Early- ||category. Late-stage investors should

Storage stage investors should assume incumbents ||expect multi-project pipelines, repeat

(ARL 8) and scaled players have a strong first- customers, long-term contracts, and
mover advantage in utility procurement demonstrated bankability. Diligence
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Technology
Category
(ARL)

Imperatives for Early-Stage VC (Pre-Seed
/ Seed / Series A)

Imperatives for Late-Stage VC (Series
B/C/D)

and EPC relationships. Early-stage capital
should only back companies with
structural differentiation—for example,
materially lower LCOS at >10+ hour
durations, modular designs that reduce
siting or permitting friction, or integration
advantages with industrial heat or CHP.
Incremental improvements are unlikely to
survive against scaled players.

should focus on execution metrics:
cost-down trajectory, EPC scalability,
project cycle time, and balance-sheet
readiness for project finance. Weak
traction in a high-ARL category is a
red flag rather than a timing issue.

Sodium-ion

Sodium-ion’s high ARL indicates that
adoption pathways are opening quickly,
driven by the entry of markets leaders like
CATL. Early-stage VC should avoid “me-
too” chemistries and instead target
materials-level or manufacturing-level
disruption (e.g., cathode innovation,
energy density uplift, or capex-light

Late-stage VC can underwrite scale-up
with confidence if commercial
deployments exist. Expect clear
evidence of cost competitiveness vs
LFP in stationary storage, secured
supply chains, and early utility
adoption. The focus should be on
margin structure, manufacturing
yield, and ability to defend position as
lithium prices fluctuate. Late-stage

Batteries production methods) that can sodium-ion investments offer strong
(ARL 8) meaningfully shift cost or performance not ||exit potential. High adoption
only relative to LFP but also to Na-ion readiness and visible commercial
incumbents. The bar for disruption is high, |[traction are driving strategic interest
as supply chain and manufacturing from battery majors, OEMs, and
advantages already favor large integrators, creating clear acquisition
incumbents. However, market is large and ||pathways. Companies with cost or
growing fast, giving compounding performance advantages are also
advantage for disruptors. attractive to private equity, given the
strong CAGR, scale-up visibility and
infrastructure-like market signal.
Upper-mid ARL suggests growing For Series B-D, the focus should be on
adoption but incomplete market lock-in.  ||proof of displacement; evidence that
Pre-seed to Series A investors should back ||zinc systems are replacing Li-ion in
. companies that clearly outperform safety-critical or regulation-
Zinc-based |f,... . . . .
Batteries lithium-ion on s,'afety, cylee lnfe, or total constrained mar.kets.. Investors should
(ARL7) cost of ownership, especially in dense expect commercial pilots, regulatory
urban or fire-restricted deployments. pull, and improving gross margins.
Chemistry or form-factor advantages must || Defensibility against declining Li-ion
translate directly into deployment wins, prices is essential for underwriting
not just lab performance. long-term returns.
Late-stage investors should require
Early-stage investment is viable only if the long-duration contracts, stable
company materially reduces operational electrolyte sourcing, and multi-year
gla(xeries and ba.ﬂancg—of—plant complexity. Pre-seed |loperational performance. Series B-D
to Series A investors should assume long capital should treat flow batteries as
(ARL7) timelines and fund engineering discipline

over growth narratives. Vanadium
exposure or complex fluid handling

infrastructure-like assets with long
lifetimes and predictable cash flows,
not fast-scaling product businesses.
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gz:gg:l};gy Imperatives for Early-Stage VC (Pre-Seed |Imperatives for Late-Stage VC (Series
(ARL) / Seed / Series A) B/C/D)
without differentiation materially
increases risk.
Despite strong technical performance, the ||Series B-D investment is rarely
small addressable market limits venture- |[justified due to constrained market
Flvwheels scale outcomes. Pre-seed to Series A expansion and high upfront capital
( AyIZVL ) investors should generally avoid the costs. Flywheels are better suited for
7 category, as incumbents can service niche ||strategic buyers or infrastructure
use cases efficiently and battery costs investors rather than venture growth
continue to compress flywheel economics. ||capital.
Mid-ARL makes iron-air a classic timing- Late-stage capital should only' enter
o post-valley of death. Companies must
sensitive early-stage bet. Early-stage . ;
. . . demonstrate first-of-a-kind
investors should either back companies o
deployments, reliability data, and
very early (pre-seed, seed)—where ARL . .
. . credible long-term offtake or capacity
improvement is expected before .
. e . contracts. Late-stage investors should
Iron-Air commercialization—or avoid the category L. . . . 1o
. ) . . underwrite iron-air as a grid reliability
Batteries entirely. Key diligence focus: ability to .
(ARL 6) ol hi d asset, not an energy arbitrage play,
?1mp l.fy systzrr} are 1tectur‘e, reduce and avoid funding companies still
dootlprlntt),.le'ln llgmp_rove project proving basic bankability. If a
eployabl 1jcy. etting assumes company company checking all these points has
will capitalize on 20%+ CAGR and that .,
S crossed valley of death, it’s an
category-level ARL will rise before the f .
. . . excellent opportunity in a highly
company reaches its first scale inflection. .
growing market.
Low ARL combined with very large market | Late-stage investment is appropriate
size makes hydrogen storage option-value ||only under exceptional circumstances:
driven rather than core-portfolio worthy at||contracted offtake, government-
early stage. Early-stage VC should be backed infrastructure, or integration
Hvdrogen patient but opportunistic, selectively with existing industrial hydrogen
St}(l)raoie spotting and backing technologies that can |[demand. Capital intensity and
( ARLg ) independently raise adoption readiness— |[infrastructure coupling mean that
5 e.g., materially improving round-trip most hydrogen storage companies
efficiency, modularizing storage, or remain unsuitable for conventional
reducing dependence on bespoke growth equity without external risk
infrastructure. A right bet might be a right ||absorption (policy, sovereigns, or
entry into a large market at a right time.  ||balance-sheet sponsors).

5.3.2 Grid-Enhancing Technologies Investment Imperatives

Technology Imperatives for Early-Stage VC Imperatives for Late-Stage VC

Category (ARL) ||(Pre-Seed / Seed / Series A) (SeriesB/ C /D)

Advanced Keep the “incumbent advantage”  |[Not only “scale what works”, but

Conductors lens, but adjust for market timing. |“own the cycle”. Late-stage

(HTLS) (ARL 9) |The upgrade cycle is long, but the |investors should underwrite
replacement wave (aging grid, companies that have converted the
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Technology
Category (ARL)

Imperatives for Early-Stage VC
(Pre-Seed / Seed / Series A)

Imperatives for Late-Stage VC
(SeriesB/ C /D)

reconductoring push, permitting
constraints) creates real whitespace
even at high ARL. Early-stage VC
can back entrants that are better
timed and slightly better on metrics
utilities care about in a once-per-
cycle decision: ampacity uplift per
dollar, sag/thermal behavior, install
speed, reliability, and warranty
profile. You do not need a
chemistry breakthrough. You need
a product that makes procurement
feel low-regret. Also prioritize
entrants with channel strategy
(EPCs, utilities, OEM bundles)
because distribution is the moat
here.

market pull into backlog across
multiple utilities and regions.
Because this is a long-cycle, large
market, low-CAGR category,
traction should show up as multi-
year framework agreements, repeat
reconductoring programs, or
preferred vendor status. Diligence
should emphasize manufacturing
throughput, quality yields, install
partner coverage, and working-
capital discipline. A high-ARL
category still punishes weak
commercial execution, but it also
rewards entrants that land at the
right moment in the replacement
supercycle.

Dynamic Line
Ratings (DLR)
(ARL7)

High CAGR + mid-high ARL
creates a window-opening market.
Lower capex changes the game:
speed and integration win. Early-
stage VC should still target cost and
performance, but the bigger
differentiator is removing adoption
friction: accuracy, uptime, cyber
posture, fast install, minimal
maintenance, and clean integration
into EMS/SCADA and planning
tools. Focus on teams that can sell
well into utilities. Also, look for
strategies that align with
compliance pull (where DLR is
becoming harder to ignore). The
CAGR signal says: speed matters;
so, companies must build reference
corridors and utility case studies
early.

Late-stage VC should focus on
companies with proven PMF in
utilities that are culturally and
institutionally receptive to DLR.
Underwrite expansion within the
same utility (miles monitored per
customer), renewal rates, and
operationalization of DLR insights.
The >20% CAGR rewards scale
winners, but execution discipline
(sales cycle compression,
integration cost) is decisive.

Grid-forming
Inverters (ARL 7)

Mid-high ARL and moderate CAGR
indicate a category transitioning
from early adoption to
standardization. Early-stage VC
should back teams aligned with
regulatory pull (grid codes, stability
mandates) and with defensible
performance in weak-grid or high-
IBR environments. Differentiation
can be algorithmic, but winning
requires validation and credibility.

Late-stage VC can underwrite scale
once the technology is embedded in
OEM or integrator channels.
Expect reference projects, repeat
orders, and declining integration
friction. Exit dynamics are
attractive as inverter majors and
grid OEMs seek differentiated
SKUs rather than greenfield
innovation.
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Technology Imperatives for Early-Stage VC Imperatives for Late-Stage VC
Category (ARL) ||(Pre-Seed / Seed / Series A) (SeriesB/ C /D)

Also watch for companies that

reduce cost premium without

compromising stability.

Moderate ARL but low CAGR

implies demand exists, yet adoption Late-stage i tment is justified

is constrained by project complexity ale-.sf age mtvebs.l.me.n 11s Juzl 1

and lack of standardization. Early- only if repeatability 1s already

. . demonstrated. In a <10% CAGR

stage VC should avoid funding Ket wih will not K

Power Flow “more pilots” and instead back Market, gro WIL ROt mask
. . o1 execution weaknesses. Underwrite

Controllers companies that radically simplify time-to-deploy, utility-to-utility
(FACTS) (ARL 6) |[deployment: standardized POy,

substation packages, repeatable
engineering templates, and reduced
planning friction. The venture bet is
on making FACTS boring and
repeatable.

replication, financing structures,
and evidence that the solution
behaves like infrastructure, not
bespoke power engineering.

Solid-state
Transformers
(SST) (ARL 5)

Low ARL combined with a small
market size cap venture outcomes.
Early-stage investment is justified
only in highly selective cases where
the technology can expand the
addressable market, not merely
compete within it. The venture
wedge must be performance-
driven: materially higher power
density, faster response,
multifunctionality (conversion,
protection, power quality), or native
compatibility with emerging
paradigms such as DC grids, EV
fast-charging hubs, or distributed
energy interfaces. Early entry is
critical (typically at pre-seed, seed),
underwriting that category-level
ARL improves by the time
commercialization is reached.

Late-stage capital is difficult to
justify unless the company has
already proven category expansion,
not just technical viability.
Investors should require evidence
that deployments are pulling
budget from adjacent
infrastructure categories rather
than competing on transformer
replacement alone. Underwrite
cost-down visibility, field
reliability, and repeatable
deployment in at least one non-
traditional use case. Absent these
signals, SSTs remain better suited
to strategic or patient capital than
conventional growth equity.

Superconducting
Grid (ARL 5)

Large market but low ARL means
early-stage VC must be wedge-
driven, not category-driven. Focus
on companies that focus on ultra-
dense urban corridors,
underground constraints, or right-
of-way-limited applications where
power density is uniquely
monetizable. Early capital should
target technologies that offer

system-level simplification

Late-stage VC is appropriate only
with external risk absorption
(regulated utilities, public capital,
or sovereign support). Despite a
significant 2030 market, adoption
remains conditional. Underwrite
contracted projects, public backing,
and standardized deployment
playbooks. Without these, the
category still is a risky bet.
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Technology Imperatives for Early-Stage VC Imperatives for Late-Stage VC
Category (ARL) ||(Pre-Seed / Seed / Series A) (SeriesB/C /D)

(cryogenics, installation,
operations), not incremental
performance.

6.0 Conclusion

This report set out to do three things for climate-tech investors. First, it narrowed the
problem space to the two hardware domains that now gate decarbonization: energy storage
(beyond Li-ion and other mature technologies) and Transmission & Distribution Grid
Enhancing Technologies (GETs) (which can unlock capacity faster than building new lines).
Second, it applied the DOE-derived Adoption Readiness Level (ARL) to evaluate technologies
as themes, not individual products, because the decisive risks in grid hardware are
ecosystem-level. Third, it synthesized everything into a Grid Technology Map, plotting each
category's adoption readiness against its 2030 market potential, using CAGR as a secondary
signal.

The map makes a VC-relevant point that traditional "tech maturity" lenses miss: the best
opportunities are not always the most innovative technologies, but the technologies whose
adoption pathways are already opening. High-ARL categories with meaningful market size,
such as Advanced Conductors and parts of the LDES stack like Thermal Storage and Sodium-
ion, are no longer "does it work?" bets. They are commercialization and distribution games
where incumbents have advantage, but the market is large enough that well-timed entrants
with real differentiation can still win.

The middle of the readiness spectrum contains the most "classic venture" terrain, but it splits
into two different archetypes. One group has improving adoption pathways and credible pull
(for example, DLR and grid-forming inverters), where the main challenge is institutional
adoption, integration, and sales cycle execution, not physics. The other group (for example,
iron-air and flow) has compelling system value but remains constrained by projectability and
operational complexity.

At the low-readiness frontier, the map is a warning against confusing market narrative with
investability. Technologies such as hydrogen storage, superconducting grids, and solid-state
transformers can have large theoretical upside or transformational performance, but ARL
correctly forces the question: who absorbs the adoption risk, and on what timeline? These
categories are not conventional growth-equity opportunities. They are option-value bets that
require patient capital, non-dilutive support, balance-sheet partners, or government-backed
infrastructure pathways.

The practical takeaway is that ARL and market scale together define the appropriate capital
strategy. High ARL rewards execution and distribution. Mid ARL rewards de-risking
repeatability. Low ARL requires external risk absorption and a category-expansion thesis.
The Grid Technology Map therefore acts as a capital allocation tool.

In a grid era where bottlenecks have shifted beyond generation, the winning investors will be
those who underwrite both adoption and novelty. ARL provides the durable lens for that
underwriting, and this map provides a structured way to keep updating the thesis as
readiness, regulation, and market pull evolve.
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7.0 Appendices

Appendix A: Detailed ARL Framework and
Calculation Method

To evaluate adoption readiness, we use the Adoption Readiness Level (ARL)
methodology developed by the U.S. Department of Energy. This framework systematically
scores technologies on a set of factors that collectively indicate how prepared the technology
is for widespread commercial adoption (as opposed to just technical readiness).

ARL Dimensions Framework
There are 17 dimensions, grouped into four broad categories, assessed for each technology:
Value Proposition (3 dimensions):
e Delivered Cost — The levelized or upfront cost competitiveness of the technology
relative to alternatives

e Functional Performance — The technical capabilities and performance metrics and
whether they meet grid requirements

e Ease of Use / Complexity — How easy the system is to deploy and operate, including
complexity of integration or maintenance

Market Acceptance (3 dimensions):
e Demand Maturity / Market Openness — The extent of current market pull or
openness to the technology
e Market Size — The scale of the addressable market, present and near-term

e Downstream Value Chain — Readiness of the value chain and business model for
deployment

Resource Maturity (6 dimensions):

e Capital Flow — Availability of funding and investment for projects or companies

e Project Development & Integration — The maturity of processes to deploy the
technology

¢ Infrastructure — Compatibility with existing physical infrastructure or ease of
infrastructure development

e Manufacturing & Supply Chain — Maturity of manufacturing processes and supply
chains

e Materials Sourcing — Availability of critical raw materials or inputs

¢  Workforce — Availability of skilled workforce to produce, install, and operate the
technology

License to Operate (5 dimensions):
e Regulatory Environment — The extent to which regulations and codes permit or
support the technology

e Policy Environment — Government policies, incentives, or mandates that support or
hinder the technology
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e Permitting & Siting — The difficulty of obtaining permits and suitable sites for
projects

e Environmental & Safety — The environmental impact and safety profile relative to
incumbent solutions

¢ Community Perception — Public acceptance and stakeholder support

Scoring Methodology

For each dimension, the technology is rated Low, Medium, or High risk. We convert
qualitative ratings into numerical scores:

¢ Low risk = 3 points (favorable status, little barrier to adoption)
¢ Medium risk = 2 points (moderate concerns)
e High risk = 1 point (significant concern or unresolved issue)

Each of the 17 dimensions is weighted equally. We calculate an average score across all
dimensions for the technology, then multiply by 3 to scale the result to a 3—9 range.

Mathematical formula: ARL = floor(3 x (average score per dimension)), capped at 9
In practice:

¢ ARL 7-9 signifies deployment-ready or already being adopted at scale
¢ ARL 6 indicates moderate readiness

e ARL 3-5 signals low readiness for adoption at scale

By applying this ARL framework, we can quantitatively compare very different technologies

on a common adoption scale.

Appendix B: Detailed ARL Assessments for Energy

Storage Technologies
Table B1: Thermal Energy Storage - ARL 8

Category Dimension Rating  Justification

Value Delivered Cost Low CSP + TES proven $40—60/kWh;

Proposition Solana (280MWe 6hr), Crescent
Dunes (100MWe 10hr) operational

Value Functional Low 10—15hr+ proven; molten salt

Proposition Performance 600°C; 90%+ round-trip efficiency

Value Ease of Use / Low Mature two-tank molten salt

Proposition Complexity systems; operations similar to
thermal plants

Market Demand Maturity / Medium | 2 US CSP+TES deployments;

Acceptance Market Openness Moltex GridReserve 1,500MWh
developing

Market Market Size Low $6.24B (2025); grid/industrial heat

Acceptance primary
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Market Downstream Value Low Clear solar/industrial integration;

Acceptance Chain utilities/developers aligned

Resource Capital Flow Low Proven CSP capex model;

Maturity acceptable ROI

Resource Project Development, = Low Solana/Crescent Dunes

Maturity Integration, demonstrate repeatable delivery
Management

Resource Infrastructure Low Integrates into existing power

Maturity generation sites

Resource Manufacturing & Low Mature tank/heat exchanger supply

Maturity Supply Chain chains

Resource Materials Sourcing Low Solar salt (NaNO3/KNO3)

Maturity abundant

Resource Workforce Low Power plant operations workforce

Maturity applicable

License to Regulatory Low Established under power

Operate Environment generation codes

License to Policy Environment Medium | Investment Tax Credit incentives;

Operate developing vs battery storage

License to Permitting & Siting Low Standard industrial facility

Operate

License to Environmental & Low No emissions; non-toxic salt

Operate Safety

License to Community Low Industrial visibility; minimal

Operate Perception opposition

Table B2: Sodium-ion Batteries - ARL 8

Category Dimension Rating  Justification

Value Delivered Cost Low Na abundant, 11-24% cheaper

Proposition than LFP by 2035; $150—
250/kWh 2025

Value Functional Medium = 30% lower energy density than

Proposition Performance lithium-ion; 175 Wh/kg CATL;
500+ cycles; —40/+70°C range

Value Ease of Use / Low Drop-in lithium-ion replacement;

Proposition Complexity existing Balance of Plant

Market Demand Maturity / Low Major manufacturer mass

Acceptance Market Openness production; 70% Energy Storage
System focus

Market Market Size Medium @ $1.82B (2025) ESS growth

Acceptance

Market Downstream Value Low Can build on Li-ion's supply chain

Acceptance Chain for SDES
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Resource Capital Flow Low Major manufacturer 30+ GWh
Maturity lines; Western funding
Resource Project Development, Low Pilot-to-commercial proven by
Maturity Integration, major players

Management
Resource Infrastructure Low Uses Lithium-ion BOP; existing
Maturity facilities
Resource Manufacturing & Medium = New production lines 2025
Maturity Supply Chain
Resource Materials Sourcing Low Abundant sodium; no
Maturity cobalt/nickel
Resource Workforce Low Battery manufacturing
Maturity transferable
License to Regulatory Medium = Battery standards evolving
Operate Environment
License to Policy Environment Low Inflation Reduction Act 30%
Operate credit; China incentives
License to Permitting & Siting Low Standard battery facility
Operate
License to Environmental & Low Aqueous non-flammable
Operate Safety
License to Community Low Positive cost-effective storage
Operate Perception

Table B3: Zinc-based Batteries - ARL 7

Category Dimension Rating  Justification

Value Delivered Cost Low Zinc abundant; <$160/kWh

Proposition target competitive vs LFP

Value Functional Performance Low Non-flammable aqueous;

Proposition 100% DoDj; 3—12hr duration
proven

Value Ease of Use / Complexity = Low Water-based; minimal

Proposition thermal management vs Li-
ion

Market Demand Maturity / Medium | Safety applications emerging;

Acceptance Market Openness urban deployment interest

Market Market Size Medium = $1.10B (2025); safety-critical

Acceptance deployments

Market Downstream Value Chain = Medium | Existing Li-ion BOP

Acceptance applicable; emerging EPC
relationships

Resource Capital Flow Medium | VC funding available; utility

Maturity pilots funding
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Resource Project Development, Medium = Early deployments 2024—
Maturity Integration, Management 2025; processes standardizing
Resource Infrastructure Low Compatible with standard
Maturity utility infrastructure

Resource Manufacturing & Supply Medium | Production lines scaling 2025;
Maturity Chain supply maturing

Resource Materials Sourcing Low Zinc abundant; no supply
Maturity constraints

Resource Workforce Medium | Battery manufacturing
Maturity experience transferable
License to Regulatory Environment Low Non-flammable classification
Operate benefits permitting

License to Policy Environment Low IRA credits available; state
Operate incentives emerging

License to Permitting & Siting Low Easier urban permitting vs Li-
Operate ion

License to Environmental & Safety Low Inherent safety advantage;
Operate non-flammable

License to Community Perception Low Safety narrative positive
Operate acceptance

Table B4: Flywheel Energy Storage - ARL 7

Category Dimension Rating  Justification
Value Delivered Cost High Very high capex $1,200—
Proposition 1,500/kWh; offset by low
LCOS
Value Functional Performance Low Millisecond response;
Proposition unlimited cycles; 25+ year life
Value Ease of Use / Complexity = Low Mature technology; standard
Proposition maintenance procedures
Market Demand Maturity / Medium | Niche frequency regulation
Acceptance Market Openness market; proven deployments
Market Market Size High $0.48B (2025); limited to
Acceptance ancillary services
Market Downstream Value Low Clear utility procurement
Acceptance Chain pathways; proven integrators
Resource Capital Flow Low Proven ROI for frequency
Maturity services; utility funding
Resource Project Development, Low Beacon/STORNET
Maturity Integration, deployments demonstrate
Management repeatability

Center for Business and the Environment at Yale | 2026

31




Resource Infrastructure Low Standard substation
Maturity integration
Resource Manufacturing & Supply =~ Low Mature rotor/bearing supply
Maturity Chain chains
Resource Materials Sourcing Low Steel/composites standard
Maturity materials
Resource Workforce Low Mechanical engineering skills
Maturity available
License to Regulatory Environment = Low Established under grid services
Operate codes
License to Policy Environment Medium = Limited policy push vs
Operate batteries
License to Permitting & Siting Low Standard industrial facility
Operate permitting
License to Environmental & Safety Low Vacuum enclosure safe; no
Operate emissions
License to Community Perception Low Industrial equipment; no
Operate opposition

Table B5: Flow Batteries - ARL 7
Category Dimension Rating  Justification
Value Delivered Cost Medium = $300-500/kWh capex;
Proposition competitive LCOS for LDES
Value Functional Performance Low 8—12hr+ duration proven; zero
Proposition degradation 20+ years
Value Ease of Use / Complexity = Medium  Electrolyte circulation
Proposition complexity; specialized O&M
Market Demand Maturity / Medium = Global CSP/grid projects;
Acceptance Market Openness LDES market opening
Market Market Size Medium @ $1.05B (2025); LDES focus
Acceptance
Market Downstream Value Medium = Sumitomo/Invinity established
Acceptance Chain relationships; growing EPC
Resource Capital Flow Low Project finance proven; utility
Maturity partnerships active
Resource Project Development, Medium = Multiple global deployments;
Maturity Integration, processes repeatable

Management

Resource Infrastructure Low Standard utility connection
Maturity compatible
Resource Manufacturing & Supply | Medium @ Stacks/tanks scaling;
Maturity Chain electrolyte sourcing key
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Resource Materials Sourcing Medium = Vanadium supply adequate;

Maturity novel chemistries emerging

Resource Workforce Medium @ Specialized electrochemistry

Maturity skills needed

License to Regulatory Environment =~ Low Established under battery

Operate storage codes

License to Policy Environment Low IRA credits; emerging state

Operate incentives

License to Permitting & Siting Low Standard battery facility

Operate permitting

License to Environmental & Safety Low Non-toxic electrolytes; proven

Operate safety profile

License to Community Perception Low Mature technology; positive

Operate acceptance

Table B6: Iron-Air Batteries - ARL 6

Category Dimension Rating  Justification

Value Delivered Cost High Target $20/kWh at scale;

Proposition currently $100+ per kWh in
pilots; still unproven at
commercial scale

Value Functional Medium = 100+ hour discharge

Proposition Performance demonstrated in labs; low round-
trip efficiency (~50—60%) limits
applications

Value Ease of Use / Medium = Large footprint; specialized

Proposition Complexity thermal management; operational
complexity high

Market Demand Maturity / Medium @ Utilities interested in multi-day

Acceptance Market Openness reliability; early pilot deployments
limited

Market Market Size Medium = $1.50B (2025); potential upside

Acceptance with grid reliability focus

Market Downstream Value Medium | Integration into utility operations

Acceptance Chain still developing; limited EPC
experience

Resource Capital Flow Low Investment flowing from VCs and

Maturity DOE support

Resource Project Development, Medium | First deployments 2024—2025;

Maturity Integration, repeatability not yet proven

Management
Resource Infrastructure High Requires specialized site
Maturity preparation; large land footprint
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Resource Manufacturing & Medium = Pilot manufacturing lines

Maturity Supply Chain operational; scale-up in progress

Resource Materials Sourcing Low Iron and salt abundant; no supply

Maturity constraints

Resource Workforce Medium @ Training programs emerging;

Maturity specialized expertise limited

License to Regulatory Medium | NFPA/IEEE standards developing

Operate Environment

License to Policy Environment Low IRA incentives available; strong

Operate policy support

License to Permitting & Siting Medium  First-of-a-kind permitting

Operate challenges; streamlining emerging

License to Environmental & Low Safe, non-flammable; minimal

Operate Safety environmental concerns

License to Community Medium = Growing awareness; "rust"”

Operate Perception narrative requires education

Table B7: Hydrogen Storage - ARL 5

Category Dimension Rating  Justification

Value Delivered Cost High $200-350/kWh unsubsidized;

Proposition high round-trip losses (~40%)
limit economics

Value Functional Medium = Multi-day/seasonal proven in

Proposition Performance pilots; low efficiency limits
energy arbitrage

Value Ease of Use / High Complex electrolysis/fuel cell

Proposition Complexity systems; specialized hydrogen
operations

Market Demand Maturity / Medium @ Strategic reserve interest;

Acceptance Market Openness industrial hydrogen synergies
emerging

Market Market Size Medium = $17.50B (2025); primarily

Acceptance policy-driven market

Market Downstream Value Medium = Oil & gas component integration;

Acceptance Chain utility interest limited broadly

Resource Capital Flow Low Government subsidies essential;

Maturity IRA support substantial

Resource Project Development, Medium @ Early pilots 2023+; limited

Maturity Integration, operational performance data

Management
Resource Infrastructure High Requires salt caverns or
Maturity specialized storage; geographic

constraints severe
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Resource Manufacturing & Low Electrolyzer/fuel cell supply
Maturity Supply Chain scaling rapidly globally
Resource Materials Sourcing Low Water abundant; no critical
Maturity input constraints
Resource Workforce Medium = Oil & gas expertise transferable;
Maturity new skill gaps emerging
License to Regulatory Medium = Hydrogen codes developing;
Operate Environment pilot permitting complex
License to Policy Environment Low Massive subsidies essential;
Operate strategic reserve mandates
License to Permitting & Siting High Cavern availability
Operate geographically limited;
geological surveys required
License to Environmental & Medium = Hydrogen safety codes mature;
Operate Safety public perception concerns
License to Community Perception | Medium  Hydrogen narrative mixed;
Operate storage safety questions

Appendix C: Detailed ARL Assessments for Grid
Enhancing Technologies
Table C1: Advanced Conductors (HTLS) - ARL 9

Category Dimension Rating Justification

Value Delivered Cost Low 2x capacity vs ACSR on existing

Proposition towers; 30% loss reduction

Value Functional Low SCE Big Creek 936—1,520A

Proposition Performance (+63%); AEP 447 miles ACCR
proven

Value Ease of Use / Low Reconductoring standard;

Proposition Complexity existing infrastructure
compatible

Market Demand Maturity / Low 95% of utilities upgrading

Acceptance Market Openness transmission; clear market pull

Market Market Size Low $4.5B (2025); all transmission

Acceptance lines reconductoring opportunity

Market Downstream Value Low Proven utility business model;

Acceptance Chain established EPC relationships

Resource Capital Flow Low Proven ROI; utilities fund

Maturity internally

Resource Project Development, Low AEP 447 miles, SCE 411 miles

Maturity Integration, proven processes

Management
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Resource Infrastructure Low Uses existing towers and rights-
Maturity of-way

Resource Manufacturing & Low ACCC/ACSS standard products;
Maturity Supply Chain mature supply

Resource Materials Sourcing Low Aluminum/composite standard
Maturity materials

Resource Workforce Low Trained lineworkers ready;
Maturity existing skillset

License to Regulatory Low FERC transmission approval
Operate Environment established

License to Policy Environment Low Grid modernization support clear
Operate

License to Permitting & Siting Low Existing right-of-way; minimal
Operate new permitting

License to Environmental & Low COz2 emissions reduction
Operate Safety narrative positive

License to Community Perception = Low Invisible upgrade; no community
Operate opposition

Table C2: Grid-forming Inverters - ARL 7

Category Dimension Rating @ Justification

Value Delivered Cost Medium @ 20-30% cost premium over

Proposition standard inverters; declining
8.5—-8.9% annually

Value Functional Low Voltage/frequency support

Proposition Performance proven; black start capability
validated

Value Ease of Use / Medium = Advanced algorithms; not plug-

Proposition Complexity and-play; integration training
required

Market Demand Maturity / Low NERC/IEEE mandates clear;

Acceptance Market Openness regulatory pathway established

Market Market Size High $0.86B (2025); addressable

Acceptance market expanding with
renewables penetration

Market Downstream Value Medium | Supply chain aligning; VPP

Acceptance Chain standards still incomplete

Resource Capital Flow Low OEMs (Huawei, Sungrow,

Maturity Enphase) heavily invested

Resource Project Development, Low Mature solar/storage integration

Maturity Integration, playbooks

Management
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Resource Infrastructure Low Compatible with existing
Maturity distribution infrastructure
Resource Manufacturing & Low Power electronics mature;
Maturity Supply Chain scaling underway

Resource Materials Sourcing Low Standard semiconductor
Maturity components

Resource Workforce Low Solar/battery workforce ready;
Maturity training programs emerging
License to Regulatory Medium | Grid codes evolving; legacy
Operate Environment incompatibilities being resolved
License to Policy Environment Low IRA incentives; state renewable
Operate mandates

License to Permitting & Siting Low Standard interconnection
Operate procedures

License to Environmental & Low Safety standards established
Operate Safety

License to Community Perception = Low Distributed generation widely
Operate accepted

Table C3: Dynamic Line Ratings (DLR) - ARL 7

Category Dimension Rating  Justification

Value Delivered Cost Low $500K/line vs $1M/mile; 77% vs

Proposition 35% asset approval ratio (AAR)

Value Functional Low 77% congestion reduction ERCOT

Proposition Performance pilots; proven ERCOT/PJM/EU
deployments

Value Ease of Use / Low Software-only; SCADA

Proposition Complexity integration straightforward;
months to deploy

Market Demand Maturity / Medium = FERC Order 881 support

Acceptance Market Openness growing; proven use cases; US
incentives still developing

Market Market Size High $0.25B (2025); transmission

Acceptance operators only; DSO coordination
emerging

Market Downstream Value Medium @ Fits transmission operations;

Acceptance Chain new dispatch procedures
required

Resource Capital Flow Low Low capex; utilities adopt with

Maturity internal funding

Resource Project Development, Low Proven global TSO deployment;

Maturity Integration, replicable processes

Management
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Resource Infrastructure Low Uses existing grid infrastructure

Maturity only

Resource Manufacturing & Low Software-based; no physical

Maturity Supply Chain supply chain needed

Resource Materials Sourcing Low Data and sensors only; standard

Maturity electronics

Resource Workforce Medium = SCADA training required;

Maturity transferable IT skills

License to Regulatory Medium = FERC Order 881 evolving; U.S.

Operate Environment lags globally on incentives

License to Policy Environment Medium = Emerging incentives; limited

Operate transmission owner incentive
structures

License to Permitting & Siting Low No physical infrastructure

Operate changes

License to Environmental & Low Improves grid efficiency; no

Operate Safety safety concerns

License to Community Perception = Low Invisible operation; positive

Operate efficiency narrative

Table C4: Power Flow Controllers (FACTS) - ARL 6

Category Dimension Rating  Justification
Value Delivered Cost Medium = $2—5M per unit; substantial
Proposition substation integration costs
Value Functional Low Proven congestion relief 15—30%;
Proposition Performance technical validation complete
Value Ease of Use / High Complex control algorithms;
Proposition Complexity specialized operator training
required
Market Demand Maturity / Medium | Utility interest growing; project-
Acceptance Market Openness specific deployments emerging
Market Market Size Medium | $1.40B (2025); congestion-driven
Acceptance demand
Market Downstream Value Medium | Limited EPC standardization;
Acceptance Chain project-based delivery model
Resource Capital Flow Medium | Utility capex available; project
Maturity finance pathways developing
Resource Project Development, = Medium = Early deployments proven;
Maturity Integration, repeatability mechanisms
Management emerging
Resource Infrastructure Medium = Requires substation infrastructure;
Maturity integration moderately complex
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Resource Manufacturing & Medium = Power electronics mature;
Maturity Supply Chain integration services specialized
Resource Materials Sourcing Low Standard
Maturity semiconductor/conductor
materials
Resource Workforce Medium | Substation expertise abundant;
Maturity FACTS control specialists limited
License to Regulatory Medium | FERC approval pathways
Operate Environment established; case-by-case review
License to Policy Environment Medium = Grid modernization support;
Operate project-level incentives available
License to Permitting & Siting Medium | Substation coordination required;
Operate local permitting standard
License to Environmental & Low Standard electrical safety codes
Operate Safety fully applicable
License to Community Low Invisible infrastructure; no
Operate Perception community opposition

Table C5: Solid State Transformers (SST) - ARL 5

Category Dimension Rating  Justification
Value Delivered Cost High 5—10x cost premium vs
Proposition conventional transformers;
manufacturing at scale unproven
Value Functional Medium  Multi-function capability proven
Proposition Performance in labs; field reliability unproven
Value Ease of Use / High Advanced controls required;
Proposition Complexity specialized maintenance
expertise needed
Market Demand Maturity / High Very limited demand; niche DC-
Acceptance Market Openness grid and EV applications only
Market Market Size High $0.12B (2025); extremely small
Acceptance addressable market currently
Market Downstream Value High Manufacturing processes
Acceptance Chain immature; EPC capability very
limited
Resource Capital Flow High Requires deep-tech venture
Maturity capital; few commercial funders
Resource Project Development, High Pilot projects only; no repeatable
Maturity Integration, deployment processes
Management
Resource Infrastructure High Requires new substation
Maturity architectures; integration
concepts evolving
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Resource Manufacturing & High Silicon carbide manufacturing at
Maturity Supply Chain scale unproven

Resource Materials Sourcing Medium = SiC wafer supply highly
Maturity constrained; not abundant
Resource Workforce High Specialized power electronics
Maturity engineers extremely scarce
License to Regulatory High Standards for SST operation not
Operate Environment yet established

License to Policy Environment Low Emerging policy support; no
Operate specific incentives

License to Permitting & Siting Low Standard substation permitting
Operate processes applicable

License to Environmental & Medium  Safety profile unproven at
Operate Safety commercial scale

License to Community Perception = Low Invisible infrastructure; no
Operate community opposition expected

Table C6: Superconducting Grid - ARL 5

Category Dimension Rating  Justification

Value Delivered Cost High 5—10X cost premium vs copper

Proposition cables; cryogenic infrastructure
added

Value Functional Performance = Low 3—10x power density proven;

Proposition technical maturity high in pilots

Value Ease of Use / High Cryogenic systems complex;

Proposition Complexity specialized maintenance
required

Market Demand Maturity / Medium = Urban density constraint

Acceptance Market Openness applications; limited utility
interest broadly

Market Market Size Medium | $1.30B (2025); highly

Acceptance geography-dependent
deployments

Market Downstream Value High Limited EPC capability;

Acceptance Chain project-specific engineering
required

Resource Capital Flow Medium  Requires major utility or

Maturity government backing

Resource Project Development, High Early-stage projects only;

Maturity Integration, limited repeatability; long

Management timelines
Resource Infrastructure High Requires new underground
Maturity conduit infrastructure
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Resource Manufacturing & Supply = High HTS wire production limited;

Maturity Chain custom cable manufacturing
required

Resource Materials Sourcing High HTS materials supply

Maturity constrained; specialized
manufacturers few

Resource Workforce High Cryogenics experts extremely

Maturity scarce; specialized training
needed

License to Regulatory Medium = Underground cable standards

Operate Environment evolving; HTS codes developing

License to Policy Environment Low Limited specific incentives;

Operate project-specific support only

License to Permitting & Siting High Underground construction

Operate highly regulated; community
review intensive

License to Environmental & Safety = Medium = Cryogenic safety codes mature;

Operate public perception concerns

License to Community Perception Medium = Underground installation

Operate positive; cryogenic safety
questions
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