Resilient Power: The Economic and Strategic Future of National Electric Grids,
Microgrids, and Nanogrids

By Dr. Jeff Kleck

Meeting local energy demands and ensuring electric grid resiliency as the energy landscape
transitions toward more distributed and sustainable solutions, remains a critical challenge.
Microgrids—localized energy systems capable of operating autonomously or in conjunction
with the national grid—offer a pathway to enhance resilience, dynamically scale capacity,
integrate renewables, and improve energy efficiency. By optimizing local generation (often
from low-carbon sources), storage, and load management, microgrids can serve as a bridge
between the overused centralized utility-scale power systems of today and future
decentralized grid models.

This paper examines the basic mechanisms of microgrids, the current state of U.S. emissions
relevant to distributed generation, the economic feasibility of deploying microgrids for both
critical infrastructure and broader community use, and emerging technologies that may
further drive down costs. Additionally, it explores the impact of microgrids on grid stability as
demand increases, energy market dynamics, and broader decarbonization strategies. As we
work toward lower emission targets, understanding how microgrids can complement both
utility-scale generation and end-user demands is critical for shaping a sustainable and
resilient energy future.
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How A Microgrid Works
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Understanding Microgrids — Mechanisms and Applications

Microgrids stand as self-sufficient energy systems, encapsulating a network of distributed
energy resources (DERs). These DERs can include a variety of renewable generation sources
like solar photovoltaic (PV) arrays and wind turbines, as well as other sources like combined
heat and power (CHP) units, and energy storage components. All of these are integrated with
control systems and a localized power distribution network.

A key feature of microgrids is their operational flexibility. They can seamlessly integrate and
operate in conjunction with the traditional, centralized power grid. However, they also possess
the critical capability to disconnect and function autonomously in what is known as "island
mode." This island mode operation is especially valuable during power outages, grid instability
events, or when the main grid is compromised. This versatility and resilience make microgrids
suitable for a wide array of applications across diverse sectors and environments.

1.

Community microgrids are self-contained energy systems that serve a localized group of
residential or commercial buildings. These microgrids typically integrate a mix of DERs,
such as rooftop solar PV panels, battery energy storage systems (BESS), and demand
response (DR) programs. The incorporation of DR programs allows the microgrid to adjust
energy consumption patterns in response to grid conditions or pricing signals, further
enhancing efficiency and grid stability. Using the Blue Lake Rancheria as a model,
community microgrids can expect 20-25% energy savings, compared to the national grid.

In addition to these conventional DERs, some community microgrids are exploring the
integration of Small Modular Reactors (SMRs). SMRs are advanced nuclear reactors that
are smaller and more flexible than traditional nuclear power plants. They offer the
potential to provide a stable and carbon-free source of baseload power for the microgrid,
ensuring a reliable energy supply even when renewable energy sources are intermittent.

Nanogrids, on the other hand, represent the smallest scale of localized energy grids,
serving individual homes or buildings. Similar to community microgrids, nanogrids often
incorporate solar PV panels and battery storage. However, due to their smaller scale,
nanogrids may also include other DERs, such as small wind turbines or CHP systems. The
integration of these DERs, coupled with intelligent energy management systems, can
enable nanogrids to achieve significant energy savings, varying greatly based on
residential energy costs. Furthermore, nanogrids can offer homeowners greater control
over their energy consumption and costs, as well as increased resilience during grid
outages.

Both community microgrids and nanogrids represent a significant shift away from the
traditional centralized grid model towards a more distributed and decentralized energy
system. This transition offers numerous benefits, including enhanced grid resilience,
improved energy efficiency, reduced carbon emissions, and greater consumer choice. As
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renewable energy technologies continue to advance and costs decline, the adoption of
community microgrids and nanogrids is expected to accelerate, playing a crucial role in
the future of the electric grid.

Explanation of Cost Savings by Source:

Transmission and Distribution Loss Avoidance: Energy doesn't need to travel as far in
microgrids because it is produced closer to where it is consumed.

Peak Demand Avoidance: By having a small, modular microgrid, end-users can more easily
shift their power purchases to times of day where power costs are lower and generate

their own power at cost.

Power Sales Back to grid: Microgrids can sell power to the main grid when there is more
energy production than consumption.

Other: Tax credits, outage mitigation, etc.

Community Microgrids Cost Savings by Source

= Transmission and
Distribution Loss Avoidance

u Peak Demand Avoidance

= Power Sales Backto Grid

Other

References and Data Sources:
Schatz Energy Research Center: Blue Lake Rancheria microgrid; 2025
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2. Military Base Microgrids
Large, controllable loads and on-site generation can be managed optimally to reduce costs
and enhance energy security. SMRs are an ideal fit due to their logistical simplicity, power
demand independence, and 15-35% energy savings yielded. Large, controllable loads and
on-site generation present significant opportunities for optimization. By effectively
managing these resources, it's possible to achieve substantial cost reductions and bolster
energy as well as national security. SMRs emerge as a particularly suitable solution in this
context. Their logistical simplicity, independence from external power demands, and the
potential for energy savings in the range of 15-35% make them an attractive option for
on-site generation. This can lead to enhanced grid resilience, reduced reliance on external
energy sources, and a more sustainable and cost-effective energy infrastructure.

Military Base Microgrids Cost Savings by Source

® Transmission and
Distribution Loss Avoidance
m Peak Demand Avoidance

m Power Sales Backto Grid

Other

References and Data Sources:
NREL: Phase | Microgrid Cost Study: Data Collection and Analysis of Microgrid Costs in
the United States; 2018
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3.

Industrial Microgrids

When large amounts of power are consumed for specific processes, putting the power
consuming facility on a microgrid with DERs can substantially lower energy costs yielding
a 20-25% energy savings. For processes that are very power intensive, such as an Al data
center or a desalination plant’, a co-sited reactor is a sensible option for a DER. When
large amounts of power are consumed for specific processes, such as those found in
industrial manufacturing or data centers, establishing a microgrid with DERs can lead to
substantial reductions in energy costs, potentially reaching 20-25% savings. This is
achieved through a combination of factors, including reduced transmission and
distribution losses, the ability to match energy generation with demand more precisely,
and the potential for utilizing waste heat or other byproducts of the industrial process.

For processes that are particularly power-intensive, such as Atrtificial Intelligence (Al) data
centers or desalination plants, the integration of a co-sited power generation source, such
as a nuclear reactor, can be a highly effective strategy. This approach not only provides a
reliable and consistent source of power but also enables greater control over energy costs
and can significantly reduce the carbon footprint of the operation. Additionally, the waste
heat generated by the power plant can potentially be harnessed for other purposes, such
as heating or cooling, further increasing overall efficiency and mirroring the benefits of a
CHP facility.

Overall, the strategic implementation of microgrids and DERs, especially in combination
with co-sited power generation for power-intensive applications, represents a significant
opportunity for enhancing energy efficiency, reducing costs, and promoting environmental
sustainability across a wide range of industrial and commercial sectors.

' For more information, see OPEN paper: “Desalination in the United States: A Sustainable Solution for
Water Scarcity,” OPEN
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Industrial Microgrids Cost Savings by Source

® Transmission and
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References and Data Sources:
NREL: Phase | Microgrid Cost Study: Data Collection and Analysis of Microgrid Costs in
the United States; 2018
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4. Remote or Islanded Microgrids
For regions far from centralized grid infrastructure, microgrids that rely on renewable
sources with storage or backup diesel generators can offer more reliable and
environmentally friendly power compared to shipping in fuels. SMRs are emerging as an
option here, yielding 30-50% energy savings. The overwhelming majority of these cost
savings are due to being able to replace diesel as a fuel source. In areas located far from
the established infrastructure of centralized grids, microgrids present a compelling
alternative. These microgrids, powered by renewable energy sources, and supported by
storage solutions or backup diesel generators, can deliver electricity that is both more
dependable and environmentally conscious than the alternative of transporting fuels over
long distances.

SMRs are increasingly viewed as a viable option in this context, offering substantial energy
savings in the range of 30-50%. The primary driver behind these cost savings is the ability
of SMRs to replace diesel as a fuel source. This substitution not only reduces the
economic costs associated with fuel transportation and logistics but also diminishes the
environmental impact linked to diesel combustion, including greenhouse gas emissions
and air pollution.

Furthermore, the decentralized nature of microgrids, coupled with the compact footprint of
SMRs, enhances the resilience of the power supply in remote areas. This resilience is
particularly crucial in the face of natural disasters or disruptions to the main grid, where
microgrids can operate independently and maintain essential services.

References and Data Sources:
ACPE: Alaska Center for Power and Energy; 2025

By localizing electricity production and consumption, microgrids not only boost reliability but
also reduce transmission losses. Their economic viability depends on the load profile,
generation mix, regulatory frameworks, and available incentives for clean energy technologies.

Microgrids for Energy Production - Local Generation and Resilience:

Microgrids are especially attractive for critical facilities (hospitals, emergency services, data
centers) that require high reliability. By integrating local energy resources—such as natural
gas, solar PV, wind turbines, or nuclear—microgrids reduce the risk of power disruption from
centralized transmission and distribution networks. Additionally, they can incorporate
advanced controls, forecasting, and optimization software to dynamically match local
generation with load, thereby cutting operational costs and emissions. Microgrids, by enabling
localized electricity production and consumption, offer a significant advantage in terms of
enhanced reliability and reduced transmission losses. This decentralized approach to power
generation and distribution proves to be particularly effective in mitigating the risks
associated with disruptions in centralized transmission and distribution networks. The
economic viability of microgrids is contingent upon a multitude of factors, including the
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specific load profile, the diversity of the power generation mix, the prevailing regulatory
frameworks, and the availability of incentives aimed at promoting the adoption of clean energy
technologies.

These localized power grids are especially attractive for critical facilities such as hospitals,
emergency services, and data centers, where an uninterrupted power supply is of paramount
importance. By integrating local energy resources, which may include natural gas, solar
photovoltaic (PV) systems, wind turbines, and potentially even nuclear power, microgrids can
effectively minimize the risk of power outages stemming from disruptions in the main grid.

Furthermore, microgrids can leverage advanced control systems, forecasting algorithms, and
optimization software to dynamically match local electricity generation with real-time load
requirements. This intelligent management of power resources not only ensures a consistent
and reliable power supply but also contributes to a reduction in operational costs and a
decrease in greenhouse gas emissions. The flexibility and adaptability of microgrids make
them a promising solution for enhancing the resilience and sustainability of our energy
infrastructure, particularly in the face of increasing challenges posed by climate change and
the growing demand for clean and reliable energy.
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Key Players in the Development of U.S. based Microgrids:

These organizations, ranging from established corporations to pioneering startups, are
actively driving microgrid innovation in the United States:

Capacity Range
Company Technology Focus (MW) Deployment Status
Distributed Automation &
ABB Storage 1T - 20 Pilot & Commercial
Bloom Energy Fuel Cell-Based Microgrids 0.2 - 10 Commercial & Review
Hybrid Energy Mgmt
Hitachi Energy Systems 0.5 -15 Development
Design & Simulation
Microgrid Labs Software N/A Development & Pilot
PowerSecure Turnkey CHP & Backup
(Southern Co) Systems 1 =50 Commercial
Rockwell Automation Industrial Automation,
Supervisory Control and
Data Acquisition N/A Commercial &
Ongoing
Protection & Control
S&C Electric Systems 1T -10 Commercial &
Ongoing
Scale Microgrid Modular Renewable Pilot & Early
Solutions Microgrids 0.1 - 10 Deployment
Smart Control & Energy
Schneider Electric Mgmt T - 50 Commercial &
Ongoing
Integrated Microgrid
Siemens Solutions 0.5 -100 Commercial &
Ongoing
Tesla Battery Storage & Solar 0.25- 20 Commercial &

Ongoing
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Notes on Technology Focus, Capacity Range (MW), and Deployment Status of select leading
companies:
e Technology Focus:
o Microgrid Control & Management: ABB, S&C Electric, Rockwell Automation, Schneider
Electric, Siemens
o Distributed Energy Resources (DERs): Bloom Energy, Hitachi Energy, Tesla. Backup &
Resilience Solutions: PowerSecure (Southern Co), Scale Microgrid Solutions
e Capacity Range: Approximate typical capacities, reflecting a wide spectrum of microgrid
applications (residential, commercial, industrial, critical infrastructure)
e Deployment Status: Varies from conceptual/pilot projects to fully commercial installations.

Microgrids for Industrial Processes

Industries with continuous or large energy demands—chemicals, food processing,
metallurgy—stand to benefit from microgrids by balancing loads, improving reliability, and
leveraging combined heat and power units. For such facilities:

e On-site Heat/Electricity: CHP or micro modular reactors (MMRs)? can deliver process
heat and electricity.

e Peak Load Management: Shifting high-intensity processes to off-peak times or
high-renewable generation periods lowers operating costs and grid stress.

e Resilient Operations: Autonomy ensures production continuity during main grid
outages, which is critical for sensitive processes.

In many industrial settings, the scale of the operation can justify the capital cost of advanced
microgrid solutions, especially if combined with renewable power purchase agreements
(PPAs) or local renewable generation to offset carbon emissions.

Microgrids for Transportation

Microgrids can become a transformative piece for transportation infrastructure moving
forward, as Electric Vehicles, and needed Electric Vehicle charging stations become more
prevalent.

e Electric Vehicle (EV) Charging: By pairing solar generation, nuclear, etc. with EV
charging stations, microgrids reduce demand spikes.

Decoupling vehicles from fossil fuels—through electrification or hydrogen—further amplifies
microgrid benefits, especially when local generation is low-carbon.

2 For more information, see paper: “Small Modular Reactors: Redefining the Future of Decentralized
Energy in the United States,” OPEN
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The Role of Direct Microgrid Integration and Future Outlook

Microgrids are evolving from isolated energy systems into interactive components of the
broader grid ecosystem, playing an increasingly pivotal role in the future of energy.

Feature Microgrid Alone Grid Alone Hybrid Integration
Resilience Localized, islandable Broad-scale Highest: mutual
redundancy backup
Energy Storage Needs | High Medium Reduced (mutual
balancing)
Load Management Dynamic, local Centralized Coordinated, optimized
Outage Response Islanding Load shedding, Fast, flexible recovery
rerouting
Renewables High at small scale Medium to high Maximized
Integration
Cost Efficiency Depends on scale Economies of scale Optimized through
synergy
Infrastructure:

Through bidirectional energy flows, microgrids can actively exchange power with the national
grid, leveraging advanced Energy Management Systems (EMS) to respond in real-time to
market signals, carbon pricing, weather conditions, and load fluctuations.

This integration enables a hybrid model where microgrids and the centralized grid function
symbiotically—each reinforcing the other’s resilience. During normal operations, microgrids
can export excess locally generated power, alleviating peak demand on the main grid.
Conversely, in times of local generation shortfall, they can draw from the grid, potentially
reducing or even eliminating the need for expensive on-site storage.

Importantly, this cooperative model creates a form of “resilience reciprocity.” Microgrids
provide backup for the grid by offering fast, localized energy during disruptions or congestion,
while the grid enhances microgrid reliability by serving as a fallback during extended outages
or renewable intermittency. This mutual support makes the hybrid architecture more resilient
than either system alone.

With climate-driven extreme weather events increasing in frequency and intensity, this
islanding capability—where microgrids can operate independently during crises—will become
an essential tool in national energy security planning. Hybrid grid—microgrid systems are
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especially attractive for critical infrastructure, rural areas, and disaster-prone regions, where
downtime has life-threatening consequences.

Bidirectional energy flows, facilitated by advancedEMS, enable microgrids to actively engage
with the national grid. This dynamic interaction allows microgrids to respond in real-time to a
variety of factors, including market signals, carbon pricing, weather conditions, and load
fluctuations. This real-time responsiveness not only optimizes the operation of the microgrid
but also contributes to the overall stability and efficiency of the national grid.

The integration of microgrids with the centralized grid creates a symbiotic relationship where
each system reinforces the resilience of the other. This hybrid model allows for a seamless
exchange of power between the two systems, depending on the prevailing conditions and
demands. During periods of low demand or excess local generation, microgrids can export
surplus power to the main grid, thereby reducing strain on the centralized system and
potentially lowering electricity costs for consumers. Conversely, during periods of high
demand or local generation shortfall, microgrids can draw power from the main grid, ensuring
a continuous and reliable supply of electricity to local consumers. This flexibility in power
exchange not only enhances the reliability and resilience of both systems but also creates a
more efficient and cost-effective energy infrastructure.

The cooperative model between microgrids and the national grid fosters a form of “resilience
reciprocity.” Microgrids, with their ability to rapidly generate and distribute power locally, can
serve as a backup for the main grid during disruptions or periods of congestion. This localized
energy support can help to mitigate the impact of outages and ensure critical services remain
operational. On the other hand, the grid provides a reliable fallback for microgrids during
extended outages or periods of renewable energy intermittency. This mutual support
mechanism enhances the overall resilience of the hybrid architecture, making it more robust
and dependable than either system operating in isolation.

The islanding capability of microgrids, which allows them to operate independently from the
main grid during emergencies, is becoming increasingly crucial in the face of climate-driven
extreme weather events. This self-sufficiency can be a lifeline during crises, ensuring that
essential services and critical infrastructure can continue to function even when the main grid
is compromised. Hybrid grid-microgrid systems are particularly valuable in areas where grid
outages can have severe consequences, such as hospitals, military bases, and disaster-prone
regions. By providing a localized and resilient source of power, microgrids can play a vital role
in national energy security planning and disaster preparedness.
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Policy and Market Drivers:

e Net Metering and Feed-in Tariffs: These mechanisms incentivize microgrid owners to
export excess power to the grid, often through a vehicle known as a Power Purchase
Agreement (PPA) which are typically upwards of 10 years long, making distributed
generation more economically viable.

e Resilience Mandates: Events like wildfires, hurricanes, and public safety power shutoffs
are accelerating demand for self-reliant, decentralized energy solutions.

e Federal and State Incentives: Tax credits (e.g., ITC for solar and storage), grants (e.g.,
DOE's Microgrid R&D funding), and tailored financing mechanisms are lowering capital
barriers and encouraging adoption across commercial, military, and community sectors.

Challenges to Integration - Despite the promise, several barriers remain:

e Interconnection Complexity: Regulatory hurdles, inconsistent utility requirements, and
lengthy permitting timelines can delay or deter microgrid-grid coupling.

e Financing and Ownership Models: Microgrid projects can be complex to finance, especially
when navigating between utility ownership, third-party investment, and community co-ops.

e Regulatory Uncertainty: Lack of clarity around compensation for ancillary services (e.g.,
frequency regulation, voltage support) and evolving tariff structures can undercut
microgrid value streams.

e Lack of Industry Standard

Policy & Market Drivers vs. Integration Challenges

Category Drivers Challenges

Market Net metering, feed-in tariffs Evolving value for ancillary services

Policy Resilience mandates, energy security Regulatory inconsistency across states

Financial Federal/state tax credits, grants Complex financing models

Operational | Improved EMS & controls Utility interconnection delays
Conclusion:

Microgrids present a compelling opportunity to address both resiliency and decarbonization
goals. While still maturing, their cost trajectories are moving favorably, especially for
solar-plus-storage systems and highly efficient CHP units. As energy demands increase and
climate events intensify, microgrids—much like CCUS? in the utility-scale space—will help
shape how communities, industries, and even large transportation hubs secure reliable, clean
power. Balancing policy decisions, technological advancements, and market incentives will
determine how effectively microgrids enhance U.S. energy security and independence in the
coming decades. Microgrids, localized grids with the capacity to operate independently or

® For more information, see paper: “The Economics of Carbon Capture, Utilization & Storage,” OPEN
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connect to the larger grid, offer a promising solution to the dual challenges of energy
resilience and decarbonization. The economic appeal of microgrids is strengthening, driven by
the decreasing costs of key components such as solar panels, energy storage systems, and
highly efficient CHP units.

As energy demands continue to escalate and the frequency and severity of climate-related
events intensify, microgrids are poised to play an increasingly vital role in ensuring reliable and
clean power for diverse applications. These include not only communities and industrial
facilities but also critical infrastructure like large transportation hubs. In this respect,
microgrids can be seen as analogous to Carbon Capture, Utilization, and Storage (CCUS)
technologies in the utility-scale power sector, both offering innovative pathways to enhance
grid stability and reduce carbon emissions.

The ultimate effectiveness of microgrids in bolstering U.S. energy security and independence
will hinge on a delicate interplay of policy decisions, technological advancements, and
market-based incentives. Strategic policy interventions can create an enabling environment
for microgrid development, while ongoing technological innovation can further enhance their
performance and cost-competitiveness. Market incentives, such as tax credits or feed-in
tariffs, can also play a crucial role in accelerating microgrid adoption.

By navigating these complex dynamics, policymakers and industry stakeholders can harness
the potential of microgrids to transform the U.S. energy landscape, fostering a more resilient,
sustainable, and secure power system for the future.

For more information on Small Modular Reactor technology and its role in decentralizing the
U.S. power grid, please contact Dr. Jeff Kleck at Jeff@OpenPowerEnergy.Net.

Citations

e Schatz Energy Research Center: Blue Lake Rancheria microgrid; 2025

e NREL: Phase | Microgrid Cost Study: Data Collection and Analysis of Microgrid Costs in
the United States; 2018
ACPE: Alaska Center for Power and Energy: 2025
U.S. Environmental Protection Agency (EPA), Inventory of U.S. Greenhouse Gas
Emissions and Sinks, 2022
U.S. Environmental Protection Agency (EPA), National Emissions and Removal, 2022

Federal Aviation Administration & Department of Energy (DOE) Reports on Microgrid
Implementation, 2023

Enerqy Information Administration (EIA), Annual Energy Outlook, 2023

Energy Information Administration (EIA), Electric Power Monthly, 2023

National Renewable Energy Laboratory (NREL), Distributed Enerqgy Resources and

Microgrid Studies, 2022—-2023

Published by Open Power & Energy Network; OpenPowerEnergy.Net; June, 2025 14


https://schatzcenter.org/blrmicrogrid/
https://www.nrel.gov/docs/fy19osti/67821.pdf
https://www.nrel.gov/docs/fy19osti/67821.pdf
https://acep.uaf.edu/media/265835/Tok%20Energy%20Case%20Study_Final_April2019.pdf
https://www.epa.gov/ghgemissions/inventory-us-greenhouse-gas-emissions-and-sinks-1990-2022
https://www.epa.gov/ghgemissions/inventory-us-greenhouse-gas-emissions-and-sinks-1990-2022
https://www.epa.gov/system/files/documents/2024-12/us-aviation-state-action-plan-2024-final.pdf
https://www.epa.gov/system/files/documents/2024-12/us-aviation-state-action-plan-2024-final.pdf
https://www.epa.gov/system/files/documents/2024-12/us-aviation-state-action-plan-2024-final.pdf
https://www.eia.gov/outlooks/aeo/
https://www.eia.gov/electricity/monthly/
https://www.nrel.gov/grid/distributed-energy-resource-management-systems.html
https://www.nrel.gov/grid/distributed-energy-resource-management-systems.html

The Author:

Dr. Jeff Kleck, an Adjunct Professor at the Stanford University School of Medicine, boasts a
distinguished career marked by technology leadership and commercial tech venture creation.
The current Chairman of the Open Power & Energy Network (OPEN), Dr. Kleck brings extensive
expertise across technology, academia, government, and industry. Dr. Kleck concurrently
serves as a Senior Advisor to the United States Government.

Contributors:

Erik Nelson, Engineering Intern, Open Power & Energy Network

Kate Pfeiffer, Director of Federal Policy and Strategy, Open Power & Energy Network
Matt Lungren, Health and Technology Advisor, Open Power & Energy Network
Steve Young, Engineering Fellow, Open Power & Energy Network

William McGrouther, Engineering Fellow, Open Power & Energy Network

Peer Reviewers:

Dr. Jared Dunnmon, a Non-resident Fellow at the Columbia Center on Global Energy Policy,
boasts a distinguished career marked by leadership in technological advancements and
strategic initiatives. A former University of Oxford Rhodes Scholar, Dr. Dunnmon brings a
wealth of expertise spanning Artificial Intelligence, Economics, Computing Science,
Mechanical Engineering, and Power and Energy Technologies.

Dr. Ryan Weed, a physicist and experimental test pilot, has a distinguished career defined by
advancements in aerospace innovation and nuclear propulsion technologies. A three-time
NASA Innovative Advanced Concepts Fellow, Dr. Weed founded Positron Dynamics. He
previously served at the Defense Innovation Unit (DIU). Dr. Weed holds a Ph.D. in Physics from
The Australian National University and a B.S. in Applied Physics from Columbia University.

<

Published by Open Power & Energy Network; OpenPowerEnergy.Net; June, 2025 15


https://openpowerenergy.net/open
https://openpowerenergy.net/open
https://openpowerenergy.net/open
https://openpowerenergy.net/open
https://openpowerenergy.net/open

	Citations 

