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EXECUTIVE SUMMARY
New Mexico Energy Manufacturing (NEMCon), a New Mexico non-profit whose mission is to
create a manufacturing industry in New Mexico that will serve the value chain of the energy
sector, is a staunch champion of growing New Mexico’s economy and meeting a global demand
for energy through sustainable practices and products. NEMCon has recognized a need to
understand possible risks to achieving a successful energy transition in New Mexico as put forth
by NM governor Michelle Lujan-Grishom and signed in 2019 as the Energy Transition Act
(ETA). Failure to achieve the goals set forth in the ETA might introduce the possibility of losing
economic opportunities in the state unless there is a focused effort to address potential risks
to a transition and build a manufacturing industry in New Mexico to serve a global
market.
New Mexico has taken a bold stand to do its part in support of mitigating further deterioration of
global climate conditions. Bold action is also required to prepare for and take the necessary
steps to achieve the goals set. These actions should include demonstrating political will and
commitment, enacting suitable policies and regulations, effectively informing and engaging state
residents, providing substantial financial investments, and erecting an innovative power and
decarbonization infrastructure.
Advanced technology, the core competency that can serve as the basis for these actions,
is readily available in the national labs and universities in New Mexico, providing a
wealth of capability and capacity in the state. The critical technology assets produced at
these institutions are necessary to accomplish an energy transition that effectively transfers the
supply of energy from a largely carbon based, highly centralized, dispatchable power supply to
a renewable or carbon free, largely distributed, and variable power supply. A successful
transfer will require a large buildout of a new generation of transmission lines and the
deployment of many new devices for both bulk and distributed power systems, storage, and
dispatch. These new devices will monitor, control, and balance the power flows that may now
and in the future flow in ways not previously experienced.
New Mexico is a prime location for businesses to reside that manufacture these
devices. New manufacturing capabilities and applications, enabled by the technology of
additive and 3D manufacturing, will create additional opportunities that up until now have been
given little consideration. Traditionally, New Mexico has been unable to support a conventional
manufacturing industry due to the large amount of water needed for such an industry and New
Mexico’s fragile and limited water supply. Advanced additive manufacturing does not require
large amounts of water, but it is energy intensive. However, New Mexico is the state with the
lowest cost of renewable energy, making it a favored location to start and grow an energy
manufacturing business. These reasons and more, prove the state can very successfully
support an advanced manufacturing infrastructure of additive and 3D manufacturing.
This will unequivocally create many new commercial prospects for the state.
Since the principal factor in achieving a success is technology, NEMCon assembled
researchers from Sandia and Los Alamos National Labs, University of New Mexico, New
Mexico State University, and New Mexico Tech. Subsequently, several public and private
organizations and businesses also joined in. This collection of expertise came to be known as
the Advanced Technology Cooperative, and it delineated the most prominent and critical
elements of a power system as well as promising carbon mitigation constructs. This resulted in
the exploration of storage to address the intermittency of renewable energy, because energy
storage is probably the most significant factor in creating a sustainable power source of
8

renewable energy. It is the bridge to providing clean power on a global scale. Without
adequate energy storage, successful global energy transition is unachievable.
Additionally, the ATC examined technology that can control the movement of power while
following the necessary protocols for efficient energy consumption. This is an option in grid
modernization as viewed and applied from behind-the-meter management of power supply and
demand, and finally the capture of carbon along with utilization of this prolific material. The
analyses and exploration of these areas resulted in 4 white papers that we have arranged
in this document as a comprehensive paper on technology to assure a successful energy
transition.
The paper, Facilitating New Mexico’s Energy Transition: Overview of Energy Storage
Technologies and Opportunities (Ho, et al.), addresses the realization that there are
numerous technologies that can provide solutions for storing energy and providing reliable
access to energy on demand. In this section, the reader will find a review of energy storage
technologies, along with any deficiencies they may have, and possibilities for being
manufactured in New Mexico or being designed and having their construction managed from
New Mexico. Table 3 provides a summary of the analyses and conclusions drawn about each
technology.
The paper, Non-Wires Grid Alternatives: Behind-The-Meter (Lavrova, et al.), speaks to the
demand side of energy management. The paper explores an innovative means of incorporating
flexibility in power consumption to achieve a great deal of energy efficiency in a manner not
often considered. The biggest successes will occur with adequate consumer education and
incentives to use the technology. However, financially and environmentally conscious
consumers will welcome the opportunity to manage their power access and consumption. The
paper also considers the possibility of manufacturing and assembling the technology’s
components and systems in New Mexico.
The paper, New Mexico Energy Manufacturing: Power Electronics Whitepaper (Atcitty, et
al) describes the operational role of a set of critical functions in a power system. The complex
electronic components that perform these functions are known as power electronics, and they
are the key enablers in the production, conversion, delivery, and utilization of electrical energy.
Greater and more efficient performance of power systems will require advancements and
enhancements in these electronic components and will necessitate new and advanced
materials to realize appreciable improvements. There are many technology devices identified in
the paper that could potentially be manufactured in New Mexico. However, some will require a
substantial investment in the value stream of manufacturability to make them commercially
viable, but great possibilities exist and should be considered and acted upon. With the
progression and advancement of additive and 3D manufacturing, these possibilities are
limitless.
The final but extremely important paper, Carbon Capture, Usage and Storage (Balch, et al)
provides a thoughtful pathway for neutralizing our saturated carbon economy and environment.
The paper explains how decarbonization can play a critical role in energy storage given a
geologic framework such as exists in New Mexico. The production of hydrogen from methane
emissions with CO2 as a by-product can provide additional commercial opportunities as well as
environmental benefits, and this is described as well. Agricultural and industrial usage of CO2
continue to be researched and investigated.
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INTRODUCTION
It is said, “A Rising Tide Lifts All Boats.” But will that be true for New Mexico? As the Advanced
Technology Cooperative (ATC), a think tank and research prospector for NM Energy
Manufacturing, contemplated technologies for commercialization in New Mexico, they
discovered enormous opportunity. Mitigation efforts to alleviate global warming, international
commitment to the Paris agreement, a fundamental desire for clean energy, and growing
product realization through applications and methodologies in Advanced Manufacturing all work
together to create big possibilities for New Mexico to reap lasting economic benefits. New
Mexico can drive and then lead a tide of innovation and novel technology, which will create new
opportunity for state-wide, economic growth.
Toward that end four groups were formed in the ATC to look for opportunities to make advanced
technology products for a global energy market. The groups consisted of subject matter experts
(SMEs) from Sandia National Laboratories; Los Alamos National Laboratory; the University of
New Mexico; New Mexico State University; New Mexico Tech; New Mexico Energy, Mineral and
Natural Resources Department (EMNRD); New Mexico Public Regulatory Commission (PRC);
Public Service Company of New Mexico (PNM); El Paso Electric; several private corporations;
and other New Mexico businesses. The four systems areas studied by the groups were longduration, electric-energy storage; power electronics; grid alternatives; and carbon capture,
storage, and utilization (CCUS).
The groups met to identify potential challenges for New Mexico to meet its 2045 energy goals,
with conversations guided by and discoveries made within the context of economic development
and growth for the state. They discussed roadblocks in their specific areas of interest that might
prevent a successful New Mexico energy transition by 2045, and they subsequently investigated
technology solutions that support transition success and that might be appropriate for
commercialization in New Mexico.
The collective and informed opinion of the ATC is that new and advanced technology is required
for each area to facilitate an effective energy transition. Importantly, with the developments in
advanced manufacturing, many of the technology products can be manufactured in New Mexico
and sold globally. The conversations, research, debates and planned investments are important
to achieving effective electric power systems, and the associated technology outcomes are
critical for reaching New Mexico’s energy transition goal and addressing the global Energy
Transition. Therefore, the purpose of this paper is to share information about some of the
technology hurdles and their potential resolutions while informing readers about the
commercialization potential for New Mexico, which can subsequently reach and serve a global
market.
The tide of increasing opportunity through technology is rising all over the world as countries
look for ways to reduce their carbon footprint. For electrification and innovative mobility options,
there are currently many more fits than starts. However, most analysts believe that this erratic
movement will be replaced by focused activity moving at warp speed as soon as some of the
most critical challenges are met. So, the time for New Mexico to prepare is now. Albeit there
are some significant challenges to be addressed on many fronts.
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First and foremost, there are some enormous capital challenges. McKinsey analysts see the
need for at least $50 trillion (1) to be invested in reducing fossil-fuel and other greenhouse gas
emissions by 2050. This amount of capital will require all hands-on-deck, and everyone must
be invited to take a seat at the “table”. Our national economic model has been where available
capital materializes from decisions made by capital purveyors and industrialists. Although that
model has worked well in the past, it may be time to include folk outside of those two
stakeholder groups. A diverse set of reliable stakeholders should come together to exercise the
necessary due diligence and steadfastness so the existing, working model will ensure beneficial
outcomes for all - now and into the future.
In parallel, there are unique technical challenges that come with the uncertainty growing around
how to best plan for and implement a successful (all goals met) energy transition. Some of the
questions that highlight the technical challenges include:
1. How do we ensure a robust power system that gives consumers a reasonable
level of assurance of power dependability when energy is sourced exclusively
from renewable sources, which are intermittent and sometimes unavailable for
extended periods of time? The energy storage team of the ATC strongly supports a
sustainable solution with select, long-duration power storage applications.
2. How do we envision and subsequently build a more flexible and resilient electric
grid that satisfies the needs of consumers, utility companies, other power
providers, and regulators? The grid alternatives team of the ATC decided to consider
this challenge from a consumer-management perspective, where the consumer
possesses all of the necessary tools to manage and conserve power. And they identified
several promising solutions for consumer-managed applications, which could have
application for both in-front-of meter and behind-the-meter.
3. Are there meaningful modifications, new technology and innovation needed to
ensure various power electronic sub-systems can circulate power from integrated
sources to consumers in a fashion acceptable to all stakeholders? The power
electronics team of the ATC examined numerous possibilities and selected the most
plausible solutions for New Mexico commercialization.
4. Are there alternative ways to extract and use the vast amounts of remaining,
carbon-based materials, making it possible to provide new, green or almost-green
products for the betterment of human life and the planet? The CCUS team of the
ATC carefully explored opportunities in Hydrogen production and identified sure benefits
for New Mexico to commercialize H2 production.
Additionally, there are policy issues and concerns that were not addressed but are critical none
the less. There are also issues around how to best transform legacy systems and operations
into carbon neutral mechanisms in an economically feasible manner. So, what systems or
components need to be upgraded, decommissioned, dismantled, revived, and/or replaced?
What needs among them can only be filled with new or brokered technology? And when these
questions are answered and decisions are made, another question will remain - should
businesses, manufacturers, distributors, and others organize around an inevitably transformed
supply chain?
“Investors, corporate players, and policy makers will need to collaborate
to scale emerging technologies, many of which not only require large sums
of upfront capital but also have high technical risks and uncertain cash flows.
All of these challenges also come with the pressures of delivering projects
11

on aggressive timeline, as required by regulators and individual company
commitments,“(2)
The complexity is clear and understanding all the requirements for an effective energy transition
is a very strenuous exercise. However, the four groups of subject matter experts in the ATC
judiciously addressed the four system areas and requirements to support a transition to carbonneutral power. The individual papers included in this document will provide examples and
rationale for New Mexico entrepreneurs to manufacture and distribute products in support of the
energy sector or to become suppliers to those that do. Taking advantage of this rising tide will
create a New Mexico grown industry in energy manufacturing, which will create and support
numerous, stable, high-paying, next-generation jobs. But will New Mexico have the will and
political strength to do so?

1,2. Tip Huizenga, Koen Vermeltfoort, and Kassia Yanosek, Introduction: Navigating decarbonization and
energy transition in the guilt world, July 2021, https://www.mckinsey.com/businessfunctions/operations/our-insights/navigating-decarbonization-and-energy-transition-in-the-built-world
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LONG DURATION ENERGY STORAGE

An overview of large-capacity, long-duration energy storage solutions that can enable
higher penetrations of intermittent renewable energy with increased grid stability,
reliability, and resilience for New Mexico

13

Facilitating New Mexico’s Energy Transition:
Overview of Energy Storage Technologies and Opportunities
Clifford K. Ho, Thomas Conroy, J. Tracy Livingston, Hendrick Laubscher, Erik Spoerke, Walter Gerstle, Tito
Busani, and Mark Bibeault

1.

Introduction

Clifford K. Ho, Sandia National Laboratories, ckho@sandia.gov

1.1. Objective
The objective of this work is to develop a set of papers and reports that will aid in New Mexico’s
transition to 50% carbon-free electricity by 2030 and 100% carbon-free electricity by 2045 as
part of NM’s Energy Transition Act (ETA SB489), which was signed into law in 2019. These
white papers will be used as a tool by members of the New Mexico Energy Manufacturing
Consortium and Advanced Technology Cooperative (ATC) to inform legislators and industry
regarding opportunities in 1) Carbon Capture, Utilization, and Storage (CCUS), 2) Energy
Storage, 3) Power Electronics, and 4) Grid Alternatives to help facilitate the NM Energy
Transition Act. This paper presents an overview of available energy storage technologies with a
particular focus on manufacturing opportunities and workforce development in New Mexico.

1.2. Problem Statement and Need
Increasing penetrations of intermittent renewable energy sources (e.g., photovoltaics (PV) and
wind energy) motivated by NM’s ETA have increased the need for energy storage technologies
to accommodate daily periods of overgeneration and peak loads. These diurnal energy-storage
requirements are categorized in this paper as short-duration and span periods from seconds to
hours with capacities ranging from kilowatts to gigawatts. Previous studies have suggested that
the decreasing costs of batteries and associated technologies may enable battery systems to meet
the short-duration needs of the grid with high penetrations of intermittent renewable energy
systems [1, 2]. However, recent studies have shown that long-duration energy storage (days to
weeks) will be needed to accommodate 100% renewable (or carbon-free) energy generation [3].
In addition, long-duration energy storage will be needed to increase the security and resilience of
the electrical grid in the face of increasing natural disasters and intentional threats while
maintaining power quality to meet a diverse set of customers.
Figure 1 shows a chart of current energy storage technologies as a function of discharge times and
power capacity [4]. Applications include reserve and response services (~1–100 kW), transmission and
distribution support grid (~100 kW–10 MW), and bulk power management (~10 MW–1 GW). The
required discharge time generally increases with larger capacity energy storage applications. Li-Ion
batteries have gained in popularity for energy storage applications up to ~4 hours as costs have
significantly decreased in recent years. However, alternative energy storage technologies are needed to
economically address large-capacity, long-duration applications (~1 – 100 GWhe).
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Figure 1. Discharge time and capacity of various energy storage technologies (adapted from [4]).
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2. Architectural Model for a Decarbonized Grid
Thomas Conroy and J. Tracy Livingston, Kinetic Power, tconroy@kineticpowerco.com
Historically electric grid systems were built with “firm” or “dispatchable” energy generation
resources architected to respond to peak customer loads that were industry and residential
weather driven. As we transition to decarbonized grid systems with energy supplied principally
by “variable” wind and solar resources, we find that both energy supply and demand are now
weather-driven. The dynamics introduced by variable generation resources together with variable
demand renders the design of cost-optimized and reliable grid systems highly challenging.
Before suggesting a decarbonized portfolio architectural (DPA) model to govern our analyses, it
is prudent to articulate a set of goals for our N.M. electrical grid system decarbonization project:
•
•
•

Reach a fully decarbonized electricity supply footprint as soon as economically and
technically feasible.
The future decarbonized state should meet MCEP: most cost-effective portfolio.
Reach the future state at the lowest transition cost.

The stated goals are not mutually independent or absolute, so tradeoffs will likely need to be
made among these goals. An important point is to acknowledge the trade-offs that are being
chosen.
The purpose of this paper is to propose a DPA model that defines “functional categories”
required for a future decarbonized grid. These categories are defined by technical capabilities
and are explicitly technology neutral.
Successfully defining a DPA model will provide:
•
•

•

A framework to evaluate total system costs and reliability, both of which must be
fundamental metrics for evaluation of acceptable grid systems.
A framework to evaluate different technology solutions on a directly comparable basis.
Discussions today often conflate technologies with different functionalities and
applications that are not interchangeable, and result in confusing apples vs. oranges
comparisons.
A framework to identify optimal pathways to transition from today’s grid state to the
desired future decarbonized state. Without a decarbonized architectural model that
provides flexibility in defining end-state grid alternatives, politically (vs. economic or
technical) driven decisions may drive near-term actions that are counter-productive to
achievement of the stated goals.

A decarbonized portfolio architecture (DPA) model is proposed along with technology
characteristics by functional category.
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2.1. Architectural Model
The DPA model functional capabilities are broken down as shown in .
•
•
•
•
•

Power generation assets…where the energy comes from.
Operating reserve or “grid stability” assets. This category covers technologies which
provide short duration, typically less than 30-minute, grid stability functionality.
Diurnal storage assets. Provide diurnal daytime/nighttime 24-hour grid balancing
functionality.
Seasonal storage assets. The definition of seasonal storage used in this model is 50 to 200
hours of energy storage duration.
Transmission, distribution, and control systems: Storage assets applied to the grid can
provide a highly controllable “bi-directional” functionality that was rarely used or
assumed in historic grid architectures. Control systems to manage the new system
dynamics must also be developed and implemented.

Figure 2. The proposed architectural model with category names, functionality, and (a noncomprehensive) list of carbon/non-carbon assets which can provide the defined category
functionality.

Comments on the DPA model:

•

•
•

The smaller arrows show important cross-functional category capability: 10+/- hour
diurnal assets can meet operating-reserve requirements, but the opposite is not possible.
Likewise, season storage assets can provide diurnal and operating reserve functionality,
but the opposite is not possible.
Seasonal storage and diurnal assets may incur incremental capital and/or operating costs
in order to provide instantaneous/short duration operating reserve functionality.
Diurnal storage assets: It is widely acknowledged by leading grid decarbonization
researchers that diurnal storage capabilities are not sufficient to achieve an economic and
reliable decarbonized grid.
17

•

•
•

•

Seasonal storage assets: Seasonal storage assets are required to achieve system annual
economic optimization due to the large seasonal variations (and negative correlations)
between solar/wind output and customer electricity demand.1 2 3 4 The definition of
seasonal storage is somewhat arbitrarily chosen: the required durations for different use
cases are driven by a complex interplay of load and wind/solar portfolio profiles, extreme
weather event planning, and cost curves doe differing durations.
Operating and diurnal storage assets invested in today may become stranded with the
implementation of cost-effective seasonal storage assets, since seasonal assets can fulfill
all three functionality categories.
Transmission, distribution, and control systems: If applied strategically, storage assets
can potentially reduce expensive transmission requirements by as much as 2/3. For these
reasons, transmission and distribution systems need to be included in any DPA
evaluation.
The objective is to optimize the overall system, including the transmission system, from a
cost and reliability standpoint.

The analytical and technology challenges to grid decarbonization are substantial. A primary
driver of those challenges is the inclusion of weather-related wind and solar generation as
opposed to the “dispatchable” resources used historically.
Large seasonal variations and non-correlation between wind/solar generation output and electric
demand lead to the conclusion that seasonal storage resources will be required for economic and
reliable grid systems. Investing in technologies today that are unlikely to play a large role in a
DPA can result in stranded assets and corresponding reduced resources to accomplish our
decarbonization objectives. A simple technology-neutral decarbonized portfolio model is
presented to bring consistency and discipline to the analysis of future decarbonized grid systems.
The technology-neutral model enables consistent and valid future grid scenarios to be evaluated.

2.2. N.M.’s seasonal load & solar/wind production mismatch
A scenario showing New Mexico’s solar/wind seasonal production vs. load mismatch is
presented in Figure 3below. The blue line indicates monthly wind + solar production as a % of
annual monthly average. The orange line shows PNM’s monthly load based on their 2018 8760
hourly data.
The specifics of the scenario presented are:
▪
▪
▪

Annual load: 8,000 TWH
Annual combined solar and wind production: 8,000 TWH
Generation portfolio:
o Solar: 1,637 MW (70%) located in Deming (40%), ABQ (30%), and Bisti (30%).

1

The design space for long-duration energy storage in decarbonized power systems. Supported by National
Science Foundation, MIT Energy Initiative, 3/29/21
2

Long Duration Energy Storage for California’s Clean, Reliable Grid. Strategen Consulting, Berkeley, CA, 12/08/20

3

Storage Requirements and Costs of Shaping Renewable Energy Toward Grid Decarbonization, Ziegler, Mueller,
Pereira, Song, Ferrara, Chiang, Trancik, 9/18/19
4

Long-Duration Electricity Storage Applications, Economics, and Technologies, Albertus, Manser, Litzelman,
1/15/2020
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o

Wind: 710 MW (30%) located in eastern N.M.

Monthly wind + solar production minus load (as % of monthly load)
-12%
6%
26%
49%
26%
-3% -17%

-19%

-5%

8%

-9%

-22%

Figure 3. N.M. solar/wind production vs. load mismatch example: Sources: PNM 2018 8760 load
profile, PNM. Wind and solar production metrics by location: NREL SAM tool generated data.

The maximum solar/wind overproduction on a monthly basis is 49% in April, and the maximum
underproduction is 22% in December. The imbalances extend for up to four sequential months. Without
seasonal storage that can shift overproduction among months, the wind and solar nameplate capacities
need to be sized to meet energy needs on the day with the largest mismatch between load and
production. A seasonal storage capability provides an optimization capability between the solar/wind
monthly production, load requirements, and seasonal storage energy cost/kWh.
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3. Overview of Energy Storage Technologies
3.1. Compressed Air Energy Storage
Hendrick Laubscher, Sandia National Laboratories, hlaubsc@sandia.gov
3.1.1. Introduction
Compressed Air Energy Storage is one of a few technologies that is considered to be a technoeconomically viable and non-battery energy storage alternative. This technology relies on the principle
of storing energy in the form of potential energy of a gaseous media (air) under pressure. The growing
share of intermittent renewable-energy sources such as wind and solar requires short- and long-term
energy storage to guarantee reliable power supply. Currently, pumped hydroelectric storage (PHS)
accounts for more than 99% of worldwide bulk energy storage capacity [1]. In the year of 2013, there
were only two CAES power stations in commercial operation in the world; a 110 MW plant in McIntosh,
Alabama, commissioned in 1991 and a 290 MW plant in Huntorf, Germany built in 1978 [2]–[4]. Both
plants store air underground in excavated salt caverns produced by solution mining. Since underground
salt formations are in relatively few locations geographically and are specifically not present in the
Pacific Northwest, this puts a geological constraint on where these plants can be built at the low-cost
option. Alternative methods of creating man-made reservoirs below the surface of the earth are
pursued as a mitigation to the location’s dependence. Advanced adiabatic compressed air energy
storage (AA-CAES) is so far the only alternative to PHS that can compete in terms of capacity and
efficiency and has the advantages of lower expected capital costs and less strict site requirements [4],
[5].

3.1.2. Technology overview
The working principle of CAES relies on an available storage volume that can withstand the
pressure of the compressed air, in the range of 7 bar to 60 bar [3], [4]. Natural caverns in
mountains or underground salt lined reservoirs are two types of natural infrastructure that can be
used as the storage volume. Figure 4 shows an engineered solution of the underground storage
containment, which has the potential to be more flexible with installation location. A
manufactured engineering solution is much less dependent on geological location, making this
technology a flexible solution. During times when there is surplus generating capacity available
on the electricity grid, energy storage resources are typically charged by converting the electrical
energy to the energy form the storage technology can accommodate. In the case of CAES,
electrical energy is converted to compressed air via suitable compressor technologies. During
periods when energy is needed again, the compressed air is expanded in a gas turbine to extract
the kinetic-mechanical power from the high velocity pressurized fluid for the purpose of power
generation.
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Figure 4: Huntorf CAES plant; (1) compressor train, (2) motor-generator unit, (3) gas turbine and (4)
underground compressed air storage; image from a paper published on the Huntorf CAES plant in
Germany [3].

To reduce the required cavern volume for a given storage capacity and to reduce thermal stresses in the
cavern wall, the air flowing into the cavern should be at a low temperature. In diabatic compressed air
energy storage (D-CAES), this is achieved by rejecting the thermal energy generated by the compression.
This necessitates that the air flowing out of the cavern/pressurized container during discharging is
reheated to prevent ice buildup in the turbine during expansion [4]. In the existing D-CAES plants, the
reheating is achieved by burning fossil fuels. It is the need to reheat the air prior to expansion in the
turbine that is responsible for the relatively low cycle efficiencies of about 45–50% of D-CAES plants.
According to Geissbühler et al. [4], the round trip energy efficiency can be significantly increased by
making use of the adiabatic principle: ”By contrast, in AA-CAES the thermal energy generated by the
compression is stored in a solid media thermal energy storage (TES), which increases cycle efficiencies to
about 60–75%, see Budt et al. [6] and Sciacovelli et al. [7].” The same amount of heat that is generated
during compression is stored and used for heating the expanding process. This combination of TES and
CAES have proven to have a significant positive impact on the overall cycle efficiency of this energy
storage technology. Figure 5 and Figure 6 indicates the schematic layout of the AA-CAES integrated with
TES.
In addition to conventional turbo compressor technologies, there are alternative positive displacement
mechanisms demonstrated that can make use of the pumping of water, displacing air in an enclosed
container in an alternating manner and subsequently increasing the air pressure in a pressure vessel. For
this unique CAES system layout, conventional water pumps and hydro-electric turbines are used,
combined with water to convert the energy. This is lowering the technology risk significantly, since
standard, off the shelf equipment is used for this application [8].
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Figure 5: Schematic of the pilot plant by Geissbühler et al. [4]

Figure 6: Schematic of the dimensions and structure of the TES. The cross, circle, square, and triangle
symbols indicate the locations of resistance temperature detectors, image from (RTDs) by Geissbühler et
al. [4].

3.1.3. Energy Storage Solutions Addressed
CAES in general is well suited for large scale and specifically longer storage duration applications. This
technology has the potential to provide longer energy storage periods that can be weeks of even
months of storing energy for later use. This form of energy storage phase is typically referred to as the
seasonal energy storage capacity [9]. Round trip efficiency of this energy storage technology is good
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compared to other non-battery energy storage solutions, comparable with round trip efficiencies of
PHS.
Given the bulk material used in these systems mainly consist of air and water, this technology is very
clean and environmentally friendly. Land usage can be minimized and this form of energy storage can
elegantly be integrated below the ground surface and leaving space available for other use. A big drive
for this low cost potential is the usage of abundantly available materials and equipment.

3.1.4. Challenges toward Implementation
One of the main challenges is the low number of operational demonstration projects. This places this
technology in a high risk category for investors from the return on investment perspective. Utilities are
very conservative in nature and do not have a risk appetite to try a new technology that does not have
an extensive track record. The focus for utilities is to maintain a level of reliability obligation to the
consumers, while making the economics work out for both the utility and the consumer. With new
carbon free mandates entering the energy scene at a fast rate, electricity providers are forced to adopt
renewable energy generation sources. With the intermittent nature of renewable energy (the bulk being
solar photovoltaic and wind), there is a growing need for cost effective, reliable and environmentally
clean energy storage technologies. The main player in the short duration energy storage field today is
Lithium-ion batteries, which is seen as the bankable solution for near term of the energy transition
needs. This does have its limitations in the sense that it cannot provide for the larger energy capacity
needs predicted to go low-carbon/100% renewable.
Due to the large gas-tight storage volume required for this technology, making use of existing natural
caverns underground or inside a mountain immediately places constraints of where this technology can
be implemented. These natural caverns are not necessarily co-located with the location where energy
storage is needed. At a technology readiness level of 8 [10], CAES is a viable option, but not the lowest
risk option for electrical utilities to adopt.

3.1.5. Technology & Strategic Opportunities in New Mexico
The use case where there naturally occurring underground caverns or mountainous caverns are locally
available pose the opportunity of installing a CAES system. This enables developers to make use of
existing infrastructure to help keep the capital costs down of such a project. Environmental impact, land
availability and strategic location of such caverns relative to the existing power grid are the major
factors to determine the success. The combination of solid media TES with the CAES systems to increase
the round trip efficiency has great possibility in New Mexico. The local abundance of natural rocks
suitable for this application can contribute to a localized solution.
The more realistic and practical application for CAES is the technology where an engineered solution is
supplied and installed underground for the storage capacity containers. This provides potential
developers and utilities with the option to choose the most optimal location to implement energy
storage capacity where it can be most impactful on the exiting but evolving power grid. CAES with an
engineered storage solution is also scalable to the capacity requirements of the end user, providing the
necessary flexibility.

3.1.6. Required improvements in cost and performance to make commercially deployable
Traditional CAES needs improvements on the conventional compressor designs to be able to run reliably
for long durations under high temperature conditions [11]. Manufacturing cost effective engineered
storage vessels, adhering to local and international pressure vessel codes is a one of the hurdles in
getting CEAS to the commercial market. The improvement of round trip energy efficiency by
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implementation of low cost thermal energy storage technologies can be seen as the most impactful
improvement in terms of the energy recovery ability of such a system. The method of compression used
can be improved to be near adiabatic conditions, significantly minimizing the need for thermal
management.

3.1.7. Summary
Overall, CAES technologies do not have the widely demonstrated track record that many other bulk
energy storage technologies have, with only two commercially operating plants that have more than 20
years of operational experience. The low-cost potential and modular installation mode does provide a
range of advantages for commercial adoption. For implementation in the future New Mexico energy
resource mixture, CAES can play a role for certain grid services, potentially being deployed at strategic
interconnection nodes on the transmission grid to aid with power congestion on existing infrastructure.
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3.2. Electrochemical (Battery) Storage
Erik Spoerke, Sandia National Laboratories, edspoer@sandia.gov
Batteries are arguably the fastest growing energy storage market under development currently,
with the majority of the commercial market share represented by lithium ion batteries (LIBs).
While batteries have clear market opportunity in electric vehicles and portable electronics where
the high energy density and power density of batteries makes them attractive, and where the
relatively short duration of storage (typically 2-6 hours of available storage) is not a prohibitive
limitation. There is growing interest in applying batteries for grid-scale applications, where they
are envisioned as tools for improving grid reliability and enabling more widespread integration
of renewable energy sources. These goals are particularly important for New Mexico to reach its
ambitious goals of a carbon-free energy economy by 2045.
Although the portable electronics and electric vehicle battery markets are heavily dominated by
LIBs, for grid-scale applications, it is not clear that LIBs should similarly dominate the
technology landscape. Below are described several battery chemistries in various states of
development and deployment. Specifically, the descriptions focus on Lithium-Ion, Lead Acid,
Zinc-Based, Sodium-Based, and Redox Flow Batteries, though it should be noted there are other
emerging battery variations not covered here which may still be developed into commercially
relevant and competitive batteries. Here, though, an effort has been made to provide a general
description of each battery and its utility along with a critical assessment of the virtues and
limitations of each system, including battery safety, lifetime, and sustainability or recyclability.
Generally speaking, just about all batteries operate with similar basic principles. The battery has
two chemically distinct electrodes (an anode and a cathode) separated from each other by an
electrically insulating, but ionically conductive separator. An ionically-conductive “electrolyte,”
which may be solid or liquid, connects the anode and cathode. When the battery discharges, the
materials at the anode are reduced, producing electrons that run to the cathode through an
external circuit (performing electrical work along the way), while charge-balancing ions move
from the anode to the cathode through the electrolyte inside the battery. When the battery is
charged, this process is reversed. The nature of the reduction and oxidation chemistry in the
battery determines the theoretical voltage of the cell, while the amount of electrochemically
accessible material in the anode and cathode determine the capacity of the cell. Together the
voltage and the capacity define how much energy can be stored in the battery. The efficiency
with which these reactions can take place determines how fast you can discharge (or charge)
electricity, which defines the power of the battery. How many times you can effectively charge
and discharge (cycle) the battery before the materials degrade to a state of inadequate function
determines the lifetime of the battery.
3.2.1. Lithium Ion Batteries (LIBs):
LIBs are the dominant battery energy storage technology today, with their impact reflected by
recent awarding of the Nobel Prize in chemistry to the inventors of this technology. At the end
of 2018, the United States had 862 MW/1236 MWh of grid-scale battery storage, with LIBs
making up over 90% of operating capacity. LIBs have leveraged an extensive history in
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consumer products and growing utility in electric vehicles. As these batteries have matured,
characteristics such as high energy density and power, high efficiency, and low self-discharge
have made them attractive for extension into alternative applications, such as grid-scale storage.
The cathode in LIBs is generally a transition metal oxide (e.g., LiCoO2 or LiFePO4) capable of
efficient intercalation/insertion of Li+ ions. Identifying high voltage cathodes with variable
composition and structure, capable of efficient electrochemical cycling remains an area of active
research. The anode is, commercially typically graphitic carbon, though efforts to introduce
anodes such as Li-Si or Li metal with higher energy density or lithium titanates (LTO) with high
power capabilities are being pursued both academically and industrially. The electrolytes used in
LIBs are often based on lithium salts (e.g., LiPF6) dissolved in flammable organic electrolyte
solvents. These flammable electrolytes are the source of one of the most significant concerns
over the use of these batteries both in consumer electronics and more significantly, in large-scale
applications.
The nature of LIB chemistry affords a remarkably high voltage (often 3-4V) and a some of the
highest energy densities of batteries today (100-265 Wh/kg or 250-670 Wh/L, depending on the
specific battery chemistry). The chemistry does, however, come with some significant
drawbacks, especially for large-scale applications. The lifetime of LIBs is a source of
considerably disagreement in the battery industry. Depending on the use (or abuse) cycles of
these batteries and environmental conditions, LIB lifetimes can be unpredictable. Parasitic
reactions and the degradation of electrode materials, interfaces, and electrolytes can lead to
limited lifetimes. Storage and/or use at temperatures outside an optimal range of ~15-35C, can
also lead to accelerated battery degradation, particularly over time. These restrictions on battery
performance require significant control over the thermal environment of large-scale batteries
(generally requiring cooling), and the battery management systems (BMS) should be carefully
designed to control the charge state and kinetics of battery usage. When carefully designed,
some LIBs are expected to cycle in excess of 2,000 cycles over the course of 10 years. This
level of extended performance, however, is yet to be demonstrated consistently in grid-scale
applications, to the best of the author’s knowledge.
There are several other concerns over the widespread use of LIBs for grid-scale storage. First is
the issue of battery safety. The degradation or failure of internal battery components can lead to
“runaway” thermal events, including explosive fires and the release of toxic, hazardous
byproducts. While chemistries based on LiFePO4 cathodes, for example, show a much lower
tendency to undergo these reactions, their lower voltages (and energy densities) often lead
customers to the use of more volatile high voltage systems. Numerous examples overseas in
Europe and Asia as well as select examples in the U.S. have shown that grid-scale installations of
these batteries are susceptible to catastrophic failure, resulting from highly localized (potentially
single cell-level) battery defects of malfunctions. Attention to these issues remains a major
priority in both academic and industrial research, and new solutions to improve the safety of
these systems are expected. How these solutions ultimately impact the cost of such systems is
not yet clear.
In addition to the battery performance, the supply chains associated with the LIBs are a concern
to note. First, the vast majority of LIBs are manufactured outside the U.S. (most in China or
Korea), creating a potential technical vulnerability. Next, the resources needed for high
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performance LIBs (sources of Li, and Co, in particular) are also external to the U.S. and are often
located in geopolitically undesirable locations. Third, the overall availability of resources in
terms of natural resources and manufacturing capacity are a significant concern for LIB
deployment for large-scale systems. Unlike, for example, flow batteries that would only really
be used for large scale systems, the demand on LIBs includes consumer products and a rapidly
growing electric vehicle market. If resources become limited, it may not be practical to assume
that sufficient LIBs will be available for integration into new systems in the timeframe needed.
Finally, there is a significant issue coming to bear in terms of battery disposition. While
carefully managed LIBs can arguably be maintained for extended lifetimes, many consumer
electronics have much more limited lifetimes (on the order of 2-3 years). At present, there is no
practical or economically viable approach to LIB recycling. The expectation of disposing of
batteries from combined consumer electronic, electric vehicle, and grid-scale sources of LIBs
raises potentially significant environmental questions about the expanded use of these materials
for grid-scale applications.
Despite the challenges associated with LIB utilization, the excellent performance of these
batteries and the committed efforts of researchers to resolve many of the issues confronting LIBs
strongly suggests that these batteries will be at least a significant part of the battery-based energy
future. That said, the emergence (or re-emergence) of other battery technologies may also be
expected to relieve some of the load LIBs currently aim to carry in the emerging energy future.
3.2.2. Lead-Acid (PbA) Batteries:
Lead-acid batteries are arguably the oldest (~150 years) and most technologically resilient
rechargeable batteries on the market today. Although they have a relatively low energy density
(30-50 Wh/kg), moderate efficiencies, and potentially high maintenance needs, the low cost of
these functional systems has made them one of the most common batteries used to support
renewable energy integration (e.g., photovoltaics). They consist of a lead anode and a lead oxide
cathode, both immersed in an aqueous sulfuric acid electrolyte (with a polymer separator). When
the battery is discharged, oxidation and reduction reactions with the sulfuric acid lead to the
formation of lead sulfate at both electrodes. Charging reverses these processes, but the formation
of large sulfate crystals (sulfation) can lead to irreversible degradation of the system.
There are a number of different variations on PbA batteries.
Addition of calcium, antimony, or carbon to the electrodes is used to improve corrosion
resistance, mechanical properties, lifetime, and other performance metrics of the batteries.
Valve Regulated Lead Acid (VRLA) Batteries (or Sealed Lead Acid) are sealed to reduce solvent
(water) evaporation and prevent spillage. Because gas (O2 and H2) generation is a common
electrochemical and thermal byproduct in these batteries, many common PbA batteries have
unsealed vent caps to allow gas escape This also leads to evaporative escape of water from the
electrolyte and opens the possibility of acidic spills. VRLAs have a sealed cap that only releases
under high pressure. While this configuration prevents spilling and evaporation and reduces
maintenance requirements, it does require additives (e.g., catalysts or catalytic surfaces) to
reverse hydrolytic gas generation in the cells.
Other modifications to battery structure can be made to tune the battery. For example, Start
Lighting and Ignition (SLI) batteries are designed for high current, but low depth of discharge.
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Alternatively, Deep Cycle batteries are engineered to allow much more complete discharge, but
support lower currents.
“Ultrabatteries” are modified PbAs that incorporate carbon supercapacitor plates near the lead
electrodes to improve high-rate charge-discharge performance. This supercapacitor "shield” not
only improves high rate performance, but can extend cycle life by a factor of 10.
While PbAs are commonly used in automotive and other mobile applications, from a larger-scale
perspective, they can be used in both off-grid (e.g., traffic signal and lighting, railroad
communications, uninterruptable power supply (UPS), and telecommunications) and gridintegrated applications (e.g., renewable integration, load smoothing, time-shifting, etc.)
These batteries are among the lowest cost systems, owing to inexpensive materials and relatively
simple battery design, but they are sensitive to temperature extremes, and battery lifetimes are
often short. Depending on how deeply a battery is discharged, cycle life can be limited to the
hundreds or extend to over 1000 cycles.
These batteries generally utilize low-cost, widely available materials. While they are
significantly recyclable, potential environmental concerns around the use of lead can be a factor
in choosing a battery. In the U.S., despite being heavy (transportation costs), access to domestic
manufacturing and recycling makes these commercially relevant technologies, particularly if the
lifetime limitations and performance can be improved through new technological advances.
3.2.3. Zn-Based Batteries:
There are several Zn-based battery chemistries already in or near commercial development with
promise for eventual widespread utility, including zinc-manganese oxide (Zn-MnO2), zinc-nickel
(Zn-Ni), and zinc-air (Zn-air). Each of these systems takes advantage of low-cost, energy dense,
abundant zinc anodes, coupled with different cathode chemistries for each battery type. As
aqueous batteries, they do not use flammable organic solvent electrolytes, and they are either
highly recyclable or environmentally friendly enough for common waste disposal. As with other
aqueous batteries, the accumulation of gas products inside the batteries must be managed, for
example, though relief valves.
While Zn-Ni batteries have been common in applications such as digital cameras, which require
a relatively high voltage, the lifetime of these batteries can be limited, due to irreversible
structural or chemical changes to the metal electrodes during battery charge-discharge cycles.
The relatively high cost of Ni has been seen as a potential limitation of these batteries for gridscale applications, but the high recyclability of the dual metal electrodes makes them potentially
attractive if the technical and economic challenges can be addressed.
Historically, Zn-MnO2 and Zn-air batteries have been used as primary (non-rechargeable
systems). Zn-air batteries are well-known in hearing aid batteries, but their transition to
rechargeable systems requires development of improved cell designs and efficient, cost-effective
catalysts needed to enable slow oxygen (from air) reduction and evolution reactions during
battery cycling (discharge/charge cycles). NantEnergy in Scottsdale, AZ, has developed and
deployed scalable Zn-air systems on the scale of hundreds of kWh with expected function of
approximately 3 years before significant maintenance is expected.
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Zn-MnO2 batteries, the basic chemistry of common, household AA or AAA batteries, for
example, represent promise for grid-scale energy storage. The domestic company, Urban
Electric Power in Pearl River, NY, has developed a secondary (rechargeable) Zn-MnO2 battery
chemistry, currently suitable for in grid-scale, residential, and backup-power applications. As of
June 2019, Urban Electric Power had installed 210 kWh of residential systems, 488 kWh of
small-scale commercial systems, and 2.8 MWh of large-scale commercial systems. Continued
development of these materials to increase the effective, long-term utilization of the anode and
cathode capacity are expected to decrease the cost of these batteries to well-below target
$100/kWh metrics.
3.2.4. Sodium-Based Batteries:
Sodium is the sixth most abundant element on Earth, and it is not only widely distributed around
the world, but it is already processed on industrial scales, making sodium an attractive
component of cost-effective, large-scale systems. There are several relevant sodium-based
battery technologies either already commercially deployed or in advanced development. These
include both molten sodium and sodium-ion batteries, though the deployment of molten sodium
batteries is presently more advanced than that of emerging sodium-ion systems.
Molten sodium batteries include both sodium sulfur (Na-S) batteries and sodium-metal halide
(most commonly sodium-nickel chloride – Na-NiCl2) batteries, also known as ZEBRA batteries.
Current designs employ a molten sodium anode, an ion-conducting ceramic separator/electrolyte,
and a molten (or molten-solid mixture) catholyte. The solid-state electrolyte serves as both an
ionic conductor and an important physical separator between the molten electrodes. To maintain
the molten state of the anode and catholyte as well as to maintain high ionic conductivity of the
solid state separator, these batteries typically operate near 300C.
Molten Na-S batteries, which employ a molten sodium anode, a molten sulfur catholyte, and a
β”-Alumina separator are produced on large scale by NGK, Insulators (Japan). They are valued
for high energy density (300-400 Wh/L), scalability (tens to hundreds of MWs), good round-trip
cycling efficiencies (~80%), and 6-7 hour discharge durations with less than 1 second response
times. As robust, self-contained systems, they are considered “maintenance-free” over the course
of 10-15 years, with expectations of 4,000-4,500 total cycles (80% depth of discharge). As of
early 2020, NGK reported 560 MW/4,000 MWh of storage in more than 200 sites worldwide,
with some of these installations operating successfully for more than 10 years.
Na-NiCl2 (ZEBRA) batteries also contain a molten sodium anode and a β”-Alumina separator,
but the catholyte contains electroactive nickel particles supported in a molten salt of NaAlCl4.
These batteries have a practical energy density of 150-190 Wh/L, an expected lifetime of 35004500 cycles over 15-20 years, an expected discharge duration of 2-4 hours and a round-trip
efficiency of 80-85%. Currently manufactured by FZSoNick, Inc (Switzerland), they are used for
energy backup, mobile applications, and energy storage (e.g., renewables integration and
controlled electricity transmission). The have deployed approximately 100 MWh of storage with
roughly 2MAh of backup storage capacity (particularly focused on telecommunications backup).
The biggest drawback to these batteries is the high initial cost of the systems, which is most
significantly tied to their high temperature operation. High temperature operation requires
higher cost, more robust materials, and a deliberate thermal management strategy. In addition,
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the nickel content of the ZEBRA batteries is a significant cost of these systems, though the
battery is highly compatible with recycling efforts, and the molten salt chemistry is nonflammable and does not exhibit hazardous runaway reaction behaviors in failed systems. In
contrast, the sulfur cathode of the NaS batteries is lower cost, but uncontrolled mixing of molten
sodium and molten sulfur can produce a hazardous, toxic fire. Significant (and somewhat costly)
engineering of the system has been employed to minimize this risk in current NGK systems. For
long-term applications, the stable, extended lifetimes of molten sodium batteries would be
expected to offset the ostensibly higher initial battery costs, compared with other, less durable
systems, but market dynamics have not yet favored the widespread deployment of these
batteries.
Sodium-Ion batteries (NaIBs) also take advantage of abundant, low-cost sodium, but operate
more like traditional lithium-ion systems, but without the limitations of dependence on Li and
other selectively limited transition metals. The batteries utilize liquid electrolytes and rely on the
intercalation or insertion of sodium ions into anode and cathode materials such as carbons,
transition metal oxides, and supramolecular materials such as Prussian blue analogs (PBAs).
While similar in concept to LIBs, the material requirements of utilizing larger, heavier, lower
potential sodium ions require some continued development to make competitive batteries. Still
there has been progress toward NaIB development. The California startup, Natron Energy, has
worked to develop 8kW hour PBA-based battery units for backup power. Companies in China
(e.g., HiNa) and the UK (Faradion) are producing larger multi-kWh prototypes. “Saltwater
batteries” that are touted as safe, environmentally friendly aqueous NaIBs are currently sold as
Greenrock Saltwater Batteries by BlueSky Energy (Austria). These technologies are developing
rapidly, and they are expected to compete in select markets with Li-ion systems in coming years.
3.2.5. Redox Flow Batteries:
Redox flow batteries (RFBs) represent a class of readily scalable technologies, suitable for gridscale storage. These unique batteries are composed of energy-storing liquid electrolytes (a
posolyte for the cathode and a negalyte for the anode), which are pumped through a powergenerating electrochemical cell and into large storage tanks. In this case the electrochemical
reactions are performed on materials dissolved (usually) in these electrolytes. Despite a common
underlying design, myriad electrolyte chemistries and electrochemical cell designs have been
investigated, with only a few successfully commercialized. One of the chief advantages of this
system is that the power and energy inherent to the system are decoupled. The power of the cell
is determined by the configuration of the electrochemical cell and the efficiencies of the
reactions. Because you can store enormous volumes of electrochemically active posolyte and
negolyte outside the electrochemical cell, though, that means the available capacity (and
associated energy) in the system can be tailored. This is a powerful configuration that potentially
allows for high power, but also large capacity, storage.
It is estimated that there are over 100 different companies developing different RFBs with unique
electrolyte formulations and cell configurations. The most commonly developed systems are
acidic aqueous systems including the original iron-chromium (Fe-Cr), the most prevalent all
vanadium (VFRB), the lower cost, solid-liquid hybrid all iron (FeRFB), and the solid-liquid
hybrid zinc-bromine (Zn-Br). Among the most commonly commercialized systems are VFRBs
and Zn-Br systems. VRFBs take advantage of a cell voltage of 1.6V and an energy density of
roughly 20 Wh/L, and have been deployed at varying scales with the largest a 200
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MW/800MWh system in Dalian, China (Rongke Power). Companies such as RedFlow
(Australia) and EnerVault (California) has deployed the slightly higher voltage (1.8V), higher
energy density (60-70Wh/L) Zn-Br systems in residential and industrial systems on the scale of
hundres of kWh.
Ultimately, RFBs are challenged by potential high cost of active materials (such as vanadium),
complexity (and cost) of system design, or long-term reliability or their active materials. It
should be noted, however, that in cases such as VRFBs, the expense of vanadium can be at least
partially offset over time through recycling and reutilization of the vanadium electroactive
species. The long term reliability is often tied to undesirable side reactions, that can be
exaggerated with large volumes of reagent or poor electrochemical reversibility of the active
species. Reagents crossing over membranes can also lead to irreversible reactions and loss of
system capacity, and significant research is ongoing to limit reagent crossover in new separator
designs. To decrease the effective cost ($/kWh) of the batteries researchers are endeavoring to
collectively increase the solubility of active species in the electrolytes, identify low-cost, highly
cyclable electroactive species for the electrolytes, and increase the voltage of the batteries, for
example using high voltage (3+ volt) organic electrolyte systems.
With so many commercial enterprises in play and an expected demand for the flexible type of
large-scale storage RFBs promise, it is expected that these batteries will likely play a significant
role in grid-scale storage, particularly as technological advances address the challenges outlined
above.
3.2.6. Additional resources for further details about battery technologies:
K. Mongird, et al. “2020 Grid Energy Storage Technology Cost and Performance Assessment.” 2020.
DOE/PA-0204.
K. Mongird, et al. “Energy Storage Technology and Cost Characterization Report.” 2019. Pacific Northwest
National Laboratory. PNNL-28866.
Y. Preger, et al. “Lithium Ion Batteries.”
https://www.sandia.gov/ess-ssl/eshb/
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E.D. Spoerke, et al. “Sodium-Based Battery Technologies.” 2020 U.S. DOE Energy Storage Handbook.
https://www.sandia.gov/ess-ssl/eshb/
M. Lim and T. Lambert. “Rechargeable Zinc Batteries.” 2020 U.S. DOE Energy Storage Handbook.
https://www.sandia.gov/ess-ssl/eshb/
L. Small, et al. “Redox Flow Batteries.”
https://www.sandia.gov/ess-ssl/eshb/
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3.3. Flywheel Storage
Walter Gerstle, Professor Emeritus, University of New Mexico, gerstle@unm.edu
3.3.1. Introduction
So far, facilities with many small flywheels have been used for momentary grid frequency
regulation and for balancing sudden changes between supply and consumption. Beacon Power
opened a 20 MW / 5 MWh flywheel energy storage plant in Stephentown, New York in 2011
using 200 flywheels, and a similar 20 MW system at Hazle Township, Pennsylvania in 2014. A 2
MW / 0.5 MWh flywheel storage facility in Minto, Ontario, Canada opened in 2014. The
flywheel system, developed by NRStor, uses 10 spinning steel flywheels on magnetic bearings.
In 2017, Amber Kinetics, Inc. agreed to deliver to Pacific Gas and Electric a 20 MW/80 MWh
flywheel energy storage facility to be located in Fresno, CA. None of these flywheels are of the
size that are useful for long-term, utility-scale energy storage. The EDF and Stornetic Flywheel
system near Paris and the Beacon Power flywheel system in Stephentown, NY, are depicted in
Fig. 1.

EDF and Stornetic Flywheel System,
Paris

Beacon Power Flywheel System,
Stephentown, NY
Fig. 1 – Small-scale flywheel systems, with many flywheel units.

For daily time-shifting and long-duration seasonal energy storage, we require a flywheel of an
entirely different size scale. With flywheels, the kinetic energy stored scales with the fourth
power of the flywheel radius. Energy is lost primarily through bearing friction, air resistance, and
auxiliary vacuum and bearing fluid pumping losses. These facts lead to the conclusion, for longduration utility-scale energy storage, that large flywheels are necessary.
Table I shows aspects of several of the most developed electrical energy storage technology
candidates, in which utility-scale energy storage is evaluated on the basis of capital expenditure
(CAPEX, dollars per kilowatt-hour of electric energy), round-trip electrical efficiency, energy
loss per day, as well as the year first utilized at utility scale. [Cole, Wesley, and A. Will Frazier,
2019] and [Byrne, Ray, 2018] provide additional background. Other zero-carbon energy storage
systems (cryogenic liquid air, hydrogen electrolysis, methane production, flow batteries, super
capacitors, etc.) are under development, but none are expected to be ready for utility-scale
commercialization within the next several years, when energy storage will be urgently needed.
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If a large flywheel (on the order of 9 m radius, 30 m height, 20 million kg mass), could be
constructed, it would provide round-trip electrical efficiency of about 90% at very low cost.
Such a large flywheel could provide 10 MW of electrical power for a duration of 10 hours (100
MWh of energy storage). The advantage of the large flywheel storage system is that, aside from
auxiliary pumps, there is essentially only one moving part, the flywheel, which doubles as the
rotor of a motor/generator. A techno-economic analysis indicates an estimated large flywheel
CAPEX cost of $75/kWhe.

Energy Storage
Type

Table I – Characteristics of Electrical Energy Storage Technologies
Percent
2020
Round Trip
Year First
Energy
CAPEX
Electrical
Commercialized
Notes
Loss per
($/kWhe)
Efficiency
at Utility Scale
Day

Lithium Ion
Battery

325

80% - 98%

~1%

2017

Pumped Hydro

165

65% - 80%

~2%

1907

Compressed Air

105

30% - 40%

~3%

1978

Thermal Energy

~100

30% - 40%

~3%

2015

Small Flywheel

1000

80% - 90%

100%

2001

Large Flywheel

~100

90%

4%

2025 (?)

Rare minerals needed
Topographically constrained
Lithographically constrained
With Concentrating
Solar Power
20-minute storage
time
Location
unconstrained

A large flywheel is attractive because the technology might involve commonly-used materials,
like steel, concrete, and carbon-fiber-reinforced polymer (CFRP). Costs can be minimized
because the flywheel design is completely replicable, and can be considered a commodity, unlike
pumped hydro and compressed air, which require completely new designs for each particular
facility.
Why have such large flywheels never before been constructed? Probably because of daunting
issues of financing and constructability – and because with fossil fuel plants, there was little need
for high power, long duration energy storage. Other reasons are that new technical solutions have
been required to deal with the bearing friction problem, practical construction methods for very
large rotors, and replacement of worn parts.
The constructability and other issues of a large flywheel energy storage system have been
recently addressed in a patent [Bergan 2018].
3.3.2. Technology Overview
Fly wheels store kinetic energy. A very nice overview of flywheel technology is given in
[Amiryar and Pullen 2017]. The flywheel is made to spin using an electric motor powered by
electricity. The rotating flywheel will gradually slow down due to frictional resistance of the
bearings and air resistance, but a flywheel supported by low-friction bearings in an evacuated
chamber can be designed to spin for a long time (like a freely spinning bicycle wheel or a child’s
top). The stored kinetic energy can later be transformed back into electrical energy using an
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electrical generator. The motor and the generator can be the same device: a motor/generator, and
the motor/generator made even be integral with the flywheel. An overview of the electronics is
described in [Amiryar and Pullen 2017].
3.3.3. Technology Challenges
To keep a flywheel fully charged and rotating at constant rotational velocity requires a steady
input of electrical power.
The amount of energy, E, stored in a flywheel is directly proportional to the mass moment of
inertia, 𝐽, about the axis of rotation, and the square of the rotational velocity, . The mass
moment of inertia 𝐽 is the second moment of the mass 𝑀 about the axis of rotation:
The mass moment of inertia is defined as 𝐽 = ∫𝑀 𝑟 2 𝑑𝑚;
1

(for a disk of mass 𝑀 and radius 𝑅 and constant thickness, 𝐽 = 𝑀𝑅 2 ), and the stored kinetic
1

2

2

energy is 𝐸 = 2 𝐽𝜔 .
What is the physical limit on how much energy can be stored in a flywheel? Because spinning
objects develop stresses due to the rotational inertial accelerations and associated body forces,
there will be stresses in the flywheel. If these stresses exceed the strength of the material of
which the flywheel is made, the flywheel material will fail catastrophically.
The maximum amount of energy 𝐸𝑚𝑎𝑥 that can be stored in a flywheel is:
𝜎

𝐸𝑚𝑎𝑥 = 𝐾𝑀 𝜌, where
𝐾 is the shape factor (𝐾 = 0.606 for a constant-thickness disk);
𝑀 is the mass of the disk (kg);
𝜎 is the tensile strength of the rotor material (Pa); and
𝜌 is the density of the rotor material (kg/m3).

So, we see that a strong, low-density, but very large flywheel will store the most energy. Such
flywheels could be constructed from graphite-reinforced-epoxy (GRE) composite materials, with
which the Air Force Research Laboratory in Albuquerque has significant experience. Such
flywheels must be constructed with high precision to avoid unbalanced dynamical forces.
For example, imagine a very large flywheel, say, 9m in radius by 30m high, made of GRE. For
such a flywheel, we estimate that
𝜎 = 420𝑀𝑃𝑎
𝑘𝑔
𝜌 = 2000 3
𝑚
𝐾 = 0.606
𝑉𝑜𝑙𝑢𝑚𝑒 = 30𝑚 × 𝜋 × (4.5𝑚)2 = 1900𝑚3
𝑘𝑔
𝑀 = 2000 3 × 1900𝑚3 = 3.8 × 106 𝑘𝑔
𝑚
𝐸𝑚𝑎𝑥 = 𝐾𝑀

𝜎
420𝑀𝑃𝑎
= 0.606 × (3.8 × 106 𝑘𝑔) × (
) = 4.8 × 1011 𝐽𝑜𝑢𝑙𝑒𝑠 = 133 𝑀𝑊𝐻𝑟
𝑘𝑔
𝜌
2000 3
𝑚
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Thus, we see that large flywheel energy storage is well-suited for daily time shifting at the utility
scale (capable of releasing 133MW for 1 hour). For seasonal energy storage, where a gigawatt of
power may need to be released over a period of a week or more, a large array of hundreds of
large flywheels might be feasible.
The energy loss of such a large flywheel depends upon bearing losses and air resistance, even in
a highly-evacuated chamber. To keep flywheels “charged” requires significant power input.
The parasitic losses of mechanical bearings are about 5% of the total storage capacity per hour
(71% loss per day) [Amiryar and Pullen 2017]. This factor is about 1% per hour (21% loss per
day) for electromagnetic bearings [Sabihuddin, Kiprakis, and Mueller 2014] and can be further
lowered to 0.1% per hour (2.3% loss per day; 15.5% loss per week) by using high temperature
superconducting bearings [Strasik et al. 2007]. For very large flywheels, we can expect even
lower parasitic losses.
Calculations indicate that for a large flywheel of the type described above, with hydraulic oillubricated bearings, one can expect approximately 5% stored energy loss per day; in other words,
to keep the flywheel fully charged with no discharging requires (0.05⁄𝑑𝑎𝑦) × (133 𝑀𝑊𝐻𝑟 ×
1𝑑𝑎𝑦⁄
24 𝐻𝑟) = 0.28 𝑀𝑊. This is a relatively low parasitic power requirement compared with
other technologies like pumped hydro, thermal energy storage, and even batteries.
The manufacture of very large flywheels is a challenging task that would require a significant
research and development effort. Such a project would be well-suited for New Mexico’s hightech research and development sector.
3.3.4. Technology Opportunities
A patent for a very large flywheel has been developed recently [Bergan 2018]. Very large
flywheels look promising for long duration energy storage because frictional energy losses
relative to stored energy become smaller as flywheel size increases. Although small flywheels
lose their stored energy in a matter of hours, calculations show that large flywheels can store
useful energy for days or even weeks.
Thus, the design and construction of very large flywheels is a technology opportunity. New
Mexico is a well-suited location to pursue this opportunity.
3.3.5. Relevance to NM and Energy Transition Act
New Mexico has many highly educated engineers and scientists who are capable of performing
the research and development necessary to produce large flywheel energy storage solutions. The
Energy Transition Act (ETA) requires that we produce zero-carbon electricity by 2045, and it is
a good bet that we will need to have the long-duration energy storage to meet the goals of the
ETA. Being the first to develop a new technology presents a commercial advantage (look at
Tesla, for example). Large flywheel technology is a business opportunity for New Mexico that
could well grow to serve nation-wide and worldwide markets, much as Unirac and Array
Technologies in Albuquerque have already done.
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3.3.6. Summary and Conclusions
Large fly wheels have good potential for storing long-duration utility-scale energy. To keep a
large flywheel fully charged requires a relatively low amount of parasitic energy. Flywheel
energy storage has one of the best round-trip efficiencies. The levelized cost of storage using
flywheels is expected to be quite low because the capital cost is low, the operations and
maintenance costs are low and the design lifetime is long. Flywheels can be manufactured as a
commodity product, and therefore the market will be large.
The main research and development challenges are in the design of low-friction magnetic or
lubricant-based bearings and in the design and construction of the rotor and the evacuated
flywheel housing. Also, the design of integrated motor/generator and associated electronics and
controls present design challenges. These are all engineering challenges; not questions of basic
science.
Design and development of large flywheels presents a great opportunity for New Mexico’s
economy and for the energy transition.
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3.4. Hydrogen Storage
Tito Busani, University of New Mexico, busanit@unm.edu
The idea of sustainable hydrogen energy has its roots in an old and fascinating book
‘’Mysterious Island’’ of Jules Verne in 1875, where the author suggested extracting energy from
water. While this was a sci-fi book, after 144 years, the International Agency for Energy (IEA),
presented at the G-20 summit in Osaka, the ‘’ The future of hydrogen: seizing today’s
opportunities’’ report, in which clearly has been stated that ‘’hydrogen is the key to sustainability
and to the 2050 zero carbon emission’’.
The sustainability challenge and the sustainability projects that are now approved and
encouraged from many political parties and around the world make hydrogen probably one of the
most sustainable energy options for the future if technical and economic challenges can be
addressed.
3.4.1. Hydrogen production
Hydrogen is produced by chemical and physical processes or by extraction from fossil fuel. The
extraction of hydrogen then can incur in a CO2 footprint, making the process less sustainable and
not acceptable for the 2050 carbon free technology. In this regard, industry usually identifies 3
types of hydrogen, using a color to easily indicate how pure, i.e. carbon free, technology is used
(see Table 1).
Table 1. Description of hydrogen production methods and color indicator.

Color Indicator
Green

Blue

Grey

Production method
Electrolysis of water using
renewable energies such as
wind or solar
Extracted from fossil fuels
with consequent CO2
storage
Extracted from Coal or other
fossil fuel with no CO2
storage

Carbon footprint
No CO2 Emission

Low CO2 emission

High CO2 emission

3.4.2. Historical drawbacks of Hydrogen Energy technology
Hydrogen is a clean combustion energy with no CO2 emitted during its combustion. The largest
limitation to use hydrogen as an effective energy source is the consequent development of
•
•
•
•

Production systems and no CO2 emission during its production
Storage
Delivery
Use

On top of those technical challenges, there are also local and national regulations. All these
limitations have created elevated costs of production, long period of implementation that have
slowed down hydrogen technology
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3.4.3. Hydrogen Storage challenges [1]
High-density hydrogen storage is a challenge for stationary and portable applications and remains a
significant challenge for transportation applications. Presently available storage options typically require
large-volume systems that store hydrogen in gaseous form. This is less of an issue for stationary
applications, where the footprint of compressed gas tanks may be less critical.
However, fuel-cell-powered vehicles require enough hydrogen to provide a driving range of more than
300 miles with the ability to quickly and easily refuel the vehicle. While some light-duty hydrogen fuel
cell electric vehicles (FCEVs) that are capable of this range have emerged onto the market, these
vehicles will rely on compressed gas onboard storage using large-volume, high-pressure composite
vessels. The required large storage volumes may have less impact for larger vehicles, but providing
sufficient hydrogen storage across all light-duty platforms remains a challenge. The importance of the
300-mile-range goal can be appreciated by looking at the sales distribution by range chart on this page,
which shows that most vehicles sold today are capable of exceeding this minimum.
On a mass basis, hydrogen has nearly three times the energy content of gasoline—120 MJ/kg for
hydrogen versus 44 MJ/kg for gasoline. On a volume basis, however, the situation is reversed; liquid
hydrogen has a density of 8 MJ/L whereas gasoline has a density of 32 MJ/L, as shown in the figure
comparing energy densities of fuels based on lower heating values. Onboard hydrogen storage
capacities of 5–13 kg hydrogen will be required to meet the driving range for the full range of light-duty
vehicle platforms.
To overcome these challenges Fuel Cell Technology Office (FCTO) is pursuing

Figure 1: Comparison of specific energy (energy
per mass or gravimetric density) and energy
density (energy per volume or volumetric
density) for several fuels based on lower
heating values. [1-4]

two strategic pathways, targeting both near-term and long-term solutions. The near-term pathway
focuses on compressed gas storage, using advanced pressure vessels made of fiber reinforced
composites that are capable of reaching 700 bar pressure, with a major emphasis on system cost
reduction. The long-term pathway focuses on both (1) cold or cryo-compressed hydrogen storage,
where increased hydrogen density and insulated pressure vessels may allow for DOE targets to be met
and (2) materials-based hydrogen storage technologies, including sorbents, chemical hydrogen storage
materials, and metal hydrides, with properties having potential to meet DOE hydrogen storage targets
Figure 1. [1]
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Large Mass Hydrogen storage technologies
A vast multitude of possible hydrogen storage options exist, so it makes sense to organize these into
categories in this report [2]. Finding an optimal categorization system is not trivial, and researchers
appear to use slightly different systems [3] . The categorization that will be applied here is based on the
nature of the interaction between the stored hydrogen and the storage vessel or material and is
graphically represented in Fig. 2 [2]. We will present a simple description of the most used technologies
available.

Figure 2: Categorization of Hydrogen storage technologies

a)

Storage of pure hydrogen

The storage of hydrogen in pure, molecular form can be achieved in the gas or liquid phase. These are
the only types of hydrogen storage that are currently employed on any significant scale. The storage of
liquid hydrogen in the space industry and the large salt cavity storages in Texas, USA, and Teeside, UK,
are notable examples.
b)

Storage of compressed hydrogen gas

A compressed hydrogen gas storage system has two main components: the storage compartment(s) and
the compressors needed to achieve the storage pressure. The storage of compressed hydrogen can be
situated either above or below ground level. Investment costs are significantly higher for aboveground
options on larger scales, as is generally the case for the storage of gases, and is, therefore, usually not
preferred. Large amounts of hydrogen are already stored underground: the already mentioned salt
cavity storages in Teeside, UK, and Texas, USA, have proven the applicability of the approach. While
other types of underground storages of hydrogen have been suggested, salt cavities are the most
suitable for a number of reasons, including low construction costs, low leakage rates, fast withdrawal
and injection rates, relatively low cushion gas requirements, and minimal risks of hydrogen
contamination. However, not all regions have the proper geological prerequisites for salt cavity storage,
or even less preferred underground storage options, such as depleted oil or gas fields, and aquifers.
Naturally, alternative solutions for the large-scale storage of hydrogen, underground or aboveground,
have to be sought in such regions.
c)

Liquid hydrogen

In addition to compression, the density of pure hydrogen may also be increased via its liquefaction
(condensation). Liquefaction has the advantage that very high hydrogen storage densities can be
attained already at atmospheric pressure: the density of saturated liquid hydrogen at 1 bar is 70 kg/m3.
Liquid hydrogen has mainly been evaluated as a hydrogen distribution medium, where its high density is
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a substantial advantage. The primary concern for the storage of liquid hydrogen is the energy-intensive
liquefaction process.
d)

Adsorption of hydrogen

The storage of hydrogen via adsorption exploits physical van der Waals bonding between molecular
hydrogen and a material with a large specific surface area. Due to the weakness of the van der Waals
bonding, low temperatures and elevated pressures must typically be applied to achieve significant
hydrogen storage densities using adsorption. Many adsorbents have been suggested for hydrogen
storage: porous carbon-based materials, metal-organic frameworks (MOFs), porous polymeric materials,
and zeolites, just to name some of the most prominent examples. In contrast to the storage of
compressed gaseous or liquid hydrogen, there is relatively little experience with the application of
adsorbent-based hydrogen storage; most developed adsorption-based storage vessels have yet only
been on the laboratory scale. the most significant challenges of an adsorption-based hydrogen storage
system will be heat management. Efficiency of >80% are required for storage, which are not possible in
absorption modern techniques yet.
e)

Metal hydrides.

Hydrogen is chemically bonded in the metal hydrides. Releasing efficiency is below 50%.
f)

Chemical hydrides

Like the metal hydrides, the chemical hydrides chemically bond hydrogen. However, since the chemical
hydrides consist of lighter elements, their properties are radically different from those of the metal
hydrides. The most significant difference is, perhaps, that the chemical hydrides are generally liquids at
normal conditions, thereby simplifying their transport and storage as well as heat and mass transfer
during dehydrogenation and hydrogenation processes.
Several of the chemical hydrides suggested for hydrogen storage, such as methanol, ammonia, and
formic acid, are currently bulk chemicals commonly synthesized from natural gas. In other words, the
utility of these chemicals goes beyond the storage of hydrogen. The fact that these chemicals are
already widely produced is advantageous in the sense that much of the necessary infrastructure
required for their production, handling, and transport is already in place. Also, producing these bulk
chemicals using hydrogen sourced from the electrolysis of water, rather than from the reforming of
natural gas, is therefore not only useful for storing hydrogen but is also a way of reducing fossil fuel use
in the production of bulk chemicals. It should also be noted that some of the chemical hydrides have
also been suggested as alternatives to hydrogen, rather than as hydrogen storage materials. Generally
hydrogen storage using chemical hydrides is low and so required large and costly facilities
g)

Liquid organic hydrogen carriers

Liquid organic hydrogen carriers (LOHCs) are different materials characterized by their reversible
dehydrogenation and hydrogenation and their liquid state in both hydrogenated and dehydrogenated
forms. Dehydrogenation as well hydrogenation involves a noble metal catalyst

3.4.4. What has changed in the past few years?
Until 2018 we used to talk about hydrogen and renewable energies and a ‘’must’’ in order to produce
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‘’clean hydrogen’’ (i.e. blue or green). The cost of wind or solar energy has decreased notably in the past
decade, creating a strong argument to produce hydrogen from separating the H from the oxygen in the
water. The energy is supplied by the wind and solar, which are also carbon free technologies. However,
there is also the understanding that, many sectors of our manufacturing hardly can be decarbonized by
the 2050, without introducing complex and unknown processes in the manufacturing line. In other
words, it seems neither feasible nor economically sustainable. For example: long distance transportation
on sea and land; industry that requires high temperature processes. In this regard hydrogen constitute a
perfect reagent for the high temperature combustion processes and also for transportation.
A good example is the Swedish project Hybrit started in the 2016, which aim to replace the fossil fuel
used with hydrogen in the steel manufacturing industry.

3.4.5. What are the opportunities for NM?
NM has 2 great advantages: the large amount of natural gas as well a state with high solar irradiation
and dry climate, allowing a very low cost solar energy production. These considerations effetely
translate into:
•

•
•
•

Hydrogen production from natural gas with also high storage of CO2. Favorable CO2
storage potential exists in San Juan County, and this offers a competitive advantage
relative to most other western sites having less favorable subsurface geology. In fact,
adjacent to the Libertad site is an EPA Class II acid gas injection well, and that well
has in recent years reported tens of thousands of tons of CO2 injected into the
permitted subsurface. It is believed that there are many potential San Juan County
candidate sites for Class II or Class VI wells for CO2 storage that could support
production of blue hydrogen.
Hydrogen production from water splitting (i.e. electrolysis)
Hydrogen production for commercial and residential heating: natural gas and=hydrogen
can be mixed, up to 20%, with natural gas and be transported using the existing gas lines
See Developing a Regional Hydrogen Economy Anchored by Power Generation in
San Juan County, New Mexico Submitted by Libertad Power Project, LLC
(Libertad) to the New Mexico Energy Transition Act Commission (ETAC) ETACRFI_09_2020

3.4.6. What is missing in NM?
•
•
•

•

So far, no economically sub-surface Class II or Class VI storage are identified in NM and
no hydrogen production industry exists in NM
NM seems to not have any plan for hydrogen storage beyond the studies in San Juan
County
NM renewable energy production can be a great opportunity for Hydrogen production
and storage. However, it seems that the energy authorities are not investing in this
direction.
Cost analysis of hydrogen production/storage cycle is needed for New Mexico

3.4.7. What’s happened around the world?
A study prepared by the NAVIGANT consulting, hired by the 7 major gas producers in Europe, shows that
the injection of green hydrogen of 217 billion cubic meter will allow the European Union to meet the
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carbon free by 2050 with a saving for the final consumer, both industry and families, of 217 billion Euros
/year, equivalent to ~$600/person/year.

3.4.8. Conclusions
Hydrogen storage technologies require a considerable input of electricity for hydrogen to be released.
This fact is essential if the intended purpose of hydrogen storage is to minimize the cost of hydrogen
produced via the electrolysis of water based on intermittent renewables. In such an application,
hydrogen is generally produced and sent to storage during times of low electricity prices and released
from the storage at times of high electricity prices. Thus, the electricity demand of the release process is
weighted heavier due to the associated higher electricity price.
Beyond physical, thermodynamic, and economic arguments, it is also important to realize that the initial
successful choice of a large-scale hydrogen storage technology is likely to significantly impact the further
developments of a hydrogen infrastructure, since few full-size alternatives exists globally. The
production and storage of large amounts of hydrogen for one application may well catalyze other actors
to move in a similar direction due to reasons of economy of scale and availability. Therefore, possible
synergies between applications or industries should be taken into account at an early stage, at least
regionally. One example of such a synergy may be between an industrial application of large-scale
hydrogen storage and a hydrogen distribution network for fuel cell vehicles.
It won’t be economically possible to have hydrogen storage without hydrogen production capabilities
and vice-versa.
NM has a great advantages for moving towards hydrogen production as it can leverage 1) renewable
energy sources and 2) using the existing gas pipeline for hydrogen transportation through the state.
However, storage and its cost and the lack of studies of natural storage capabilities, are the largest
threat to the development of this technology in NM.
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3.5. Pumped Hydro Storage
Mark Bibeault, Los Alamos National Laboratory, bibeault@lanl.gov
3.5.1. Introduction
The movement of water has been utilized by humans for thousands of years from the early
Greeks, to the industrial revolution of Europe and America, to today with hydroelectric
generation and pumped hydro storage. Hydroelectric uses water once as it falls through gravity
from a natural water source to generate electricity. Pumped hydro on the other hand utilizes the
same water multiple times over to store electricity. While both fundamentally utilize the weight
of water moving through gravity, each accomplishes different objectives. The earliest known
use of pumped storage technology was in Switzerland in 1882. The first unit in North America
was the Rocky River Pumped Storage plant, constructed in 1929 on the Housatonic River in
Connecticut. The primary development of pumped hydro in the United States occurred in the
1960s, 1970s, and early 1980s in parallel with the construction of a large number of nuclear
power stations to take advantage of excess off-peak energy from these large (thermal or nuclear)
generators and store the energy for release during peak demand. These units were single speed,
but in the 1990s adjustable-speed generation units were introduced to modulate input pumping
power and provide significant quantities of frequency regulation (primarily in Japan) [1]. Today
over 22 GWs power and approximately 250 GWh storage are deployed in the US alone [2].
Table 1 lists the 10 largest of 40 pumped hydro projects in the United States.
Problem statement and value proposition: with variable wind and solar renewable energy
sources growing, how can pumped hydro contribute towards enabling New Mexico towards
meeting 100% of its renewable energy goals in concert with the new energy economy?
3.5.2. Technology Overview
Pumped Hydro in general is a mechanical means of storing energy as potential energy in a
gravity field. Water is pumped uphill from a lower body of water to a higher elevation body of
water when electricity is plentiful, held in place for a certain period of time (typically hours to
days, but may be longer), and then released downhill through a turbine to generate electricity
when needed. In practice, a reversible Francis pump/turbine connected by rotary shaft to an
electric motor/generator either pumps or produces electricity. The amount of energy available to
store in one installation is related to the volume of water at elevation available. The round trip
efficiency is typically greater than 80%. The rate of energy transfer (i.e. power) is directly
proportional to flowrate between the bodies of water. Total system energy losses are dependent
on power conversion equipment losses, pump/turbine losses, and proportional to length of
penstock and average fluid velocity (a direct function of penstock diameter).
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Table 1: 10 Largest Pumped Hydro Projects in the US (Representing 71.6% of Installed Energy Storage Capacity) [3]
Location

Power
Capacity (MW)

Storage
Capacity
(MWh)

Bath County Pumped Storage
Station

Northern corner of Bath County, Virginia, on the southeast
side of the Eastern Continental Divide

3,003

24,000

Ludington Pumped Storage
Power Plant

Ludington, Michigan on Lake Michigan

1,872

19,548

Raccoon Mountain PumpedStorage Plant

in Marion County, Tennessee, just west of Chattanooga

1,652

36,344

Castaic Power Plant

Los Angeles County, California, on the West Branch of the
California State Aqueduct

1,566

12,470

Helms Pumped Storage Plant

50 mi (80 km) east of Fresno, California in the Sierra
Nevada Mountain Range's Sierra National Forest

1,200

17,500*

Blenheim-Gilboa Hydroelectric
Power Station

Blenheim / Gilboa, Schoharie County, Catskill Mountains,
New York

1,160

17,400

Rocky Mountain Hydroelectric
Plant

10 miles (16 km) northwest of Rome in the U.S. state of
Georgia

1,095

5,475**

Northfield Mountain

5.5 miles (8.9 km) up the Connecticut River from Turners
Falls Dam in Erving and Northfield, Massachusetts

1,080

8,482

Muddy Run Pumped Storage
Facility

Drumore Township, Pennsylvania

1,071

12,200***

Bad Creek Hydroelectric
Station

8 miles (13 km) north of Salem in Oconee County, South
Carolina

1,065

25,560

14,764

178,979

Project Name

Subtotals

*Estimated for hydraulic height of 495 m, 90% of production efficiency, and 10% of upper reservoir volume.
**Estimated for hydraulic height of 187 m, 90% production efficiency, and 90% of upper reservoir volume.
**Estimated for hydraulic height of 120 m, 90% production efficiency, and 41.5 M m3 upper reservoir volume.

Table 2 highlights the fundamental energy equations for pumping and production mode derived
from first principles [4]. Note that efficiencies for pumping and production are applied
differently because of a change in the direction of energy flow for each machine. A pump places
energy into the working fluid, while a turbine extracts energy from the working fluid. Because
the pumping and production processes take place in series for pumped hydro, the full system
round trip efficiency is the product of the pumping efficiency and the production efficiency to
satisfy first law requirements. Pumping is typically less efficient than production.
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Table 2: Defining Energy Equations for a Pumped Hydro Facility

Energy

Pumping

Production (Turbine)

P𝑡𝑝

P𝑡𝑡

𝜌𝑔ℎ𝑉
𝜂𝑝

𝜂𝑡 𝜌𝑔ℎ𝑉

Where:
P = Constant electric power directly drawn from grid for pumping mode, or directly given to grid for
production mode, W
𝑡𝑝 = Duration of pumping at constant electric power, seconds
𝑡𝑡 = Duration of production at constant electric power, seconds
𝜌 = Density of water, kg/m3
𝑔 = Gravitational constant, m/sec2
ℎ = Hydraulic head between upper and lower body of water, m
𝑉 = Volume of water moved between upper and lower reservoir, m3

The technology readiness level of pumped hydro is 10 as the technology is already developed
and deployed. With over 100 years of operating experience, pumped hydro has repeatedly
shown its worth towards providing operational grid flexibility and transmission deferral.
However the technology does face challenges towards implementing new projects due to total
project costs, long permitting durations, and environmental concerns.
Closed-loop versus open loop systems are two basic pumped hydro design options that offer
different advantages (see Figure 1). Closed–loop may be located away from direct water sources
at less environmentally sensitive areas, affording easier permitting. Open-loop, with one
reservoir built above an existing natural water source or as part of a dam retrofit, offers unique
opportunities to provide long duration and even seasonal storage to aid the renewable transition
and help secure water supplies for downstream users through timed charging and water release
over periods of months. Both options can utilize adjustable speed technology.
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Figure 1. View of open-loop and closed-loop pumped-storage hydropower design options [5].

Within the two design options, there are two implementation approaches for pumped hydro. The
first is conventional pumped hydro [6]. This is the approach that has currently been successfully
employed to date; larger type projects that take full advantage of economies of scale, with
massive reservoirs that are capable of 10 GWh or more of energy storage per installation and
able to release for 10 hours or more at full power. These projects took up to approximately 10
years to permit and build, and were deployed primarily to work with baseload coal and nuclear
power plants that cannot readily change their output levels to match load [7].
The second approach is newer and is named Modular Pumped Hydro (MPH) [8] [9]. In this
divide and conquer approach, size and multiple locations enable deployment. Locating pumped
hydro with synergistic considerations for interfacing with industrial or community processes is
performed upfront as part of the design process. More opportunities away from environmental
sensitive areas are possible, smaller energy and power ratings better align with localized energy
management, allow more practical financing, reduce the need for new transmission, and allow
water management technics such as covering smaller surface areas of reservoirs. Multiple nontraditional water sources may be considered. Typical MPH designs would be closed-loop.
Multiple locations also has the added benefit of resilience against a single point failure due to
natural or human induced disasters.
3.5.3. Energy Storage Solutions Addressed
Pumped hydro in general is well suited to provide bulk energy storage. The size of reservoir
may allow for up to 12 or more hours of continuous release at maximum power (i.e. long-term
duration storage). Ramp rates are from zero to full power production in 10 minutes or less.
Ramping from full power production to storage mode may take slightly longer due to avoiding
water hammer effects. This ability allows hourly and daily shifting of energy, and black start
capability [10]. Due to very low energy losses with the system fully charged, seasonal storage is
possible with conventional pumped hydro if operated at below maximum power production
rating and/or due to inherent holding of water over time and not using it. Due to the induction
motors/generators, reactive power generation for the grid can be an important ancillary grid
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service provided by pumped hydro beyond just energy arbitrage [11]. Proper management of
reactive power is necessary to not waste energy in transmission [12].
Currently the existing fleet of pumped storage in the United States is only utilized 8% in the
winter and 17% in the summer [13] of the total 250 GWh [14], suggesting that across the country
available for immediate use exists approximately 225 GWh of excess storage capability.
3.5.4. Challenges Towards Implementation
Pumped hydro today is the largest deployed energy storage technology. This technology has
worked so well for so long that its performance is just expected. However, in many ways the
technology is its own worst enemy. Bad examples of displacing native peoples and farmlands, a
perception of unsightly and industrialized development, a water use perception, a real capital
cost issue, plus long lead times for permit applications make pumped hydro a hard “sell” for
further development. Further, the current regulatory and market environment is not favorable for
new developments in pumped hydro.
3.5.5. Technology & Strategic Opportunities
New developments in pumped hydro such as coatings for pump/turbines to address corrosion,
adjustable speed technology, water only bearings, control system architecture, fabrication
techniques for turbines, and materials for reservoir covers and liners have been taking place and
will continue. These will contribute towards future growth, but the approach of strategic sizing
and multiple locations for pumped hydro is expected to be the main driver for enabling new
deployments. Deploying multiple, modular sized projects (versus less of larger scale projects)
that consider synergistic locations interfacing with other industrial or community processes will
help to spread out costs, capitalize on new value streams, allow for easier, more feasible
individual project financing, work in concert with demand-side management to optimize capital,
allow for utilizing multiple non-traditional water sources, reduce the need for new transmission,
and contribute to the local economy beyond just grid services. For example, treating water for
use with pumped hydro may also be utilized in hydrogen production, agriculture will benefit
from more secure water supplies integrated with pumped hydro, an old mine may be repurposed
to store water and become a pumped hydro facility, produced water from the oil and gas industry
may be treated or brackish ground water alone may be utilized as a water source, and/or water
may be sourced from a municipal water treatment facility. Possible locations near the national
grid interconnects offer out-of-state revenue streams.
3.5.6. Required improvements in cost and performance to make commercially deployable
Pumped hydro is a very mature bulk storage technology that offers round trip system efficiencies
of up to and over 80%, operational lifetimes with minimal efficiency degradation of 5 or more
decades, minimum maintenance and operations costs, energy arbitrage and shifting, frequency
regulation, reactive power, and black start ancillary services. These great capabilities of pumped
hydro exists today, however they do not come cheap. The initial capital costs for full project
permitting/construction/commissioning approach 5 $/W [15], and lead times for permitting alone
can take 4 or more years. Improvements in construction costs are not expected due to the capital
nature of the projects.
In order for future growth in pumped hydro to take place, multiple areas must be addressed
simultaneously. First, the conventional approach from the past needs to change. This includes
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properly locating and sizing multiple installations to allow for feasible budgeting and
construction schedules, creating new performance value streams through synergistic interfaces
with local economies, and properly accounting for these performance value streams in economic
models. Second, the existing regulatory framework and market structures must be updated to
encourage new development. This includes and is not limited to establishing an alternative,
streamlined licensing process for low-impact pumped storage hydropower, improving integration
of Federal and state agencies into the early-stage licensing processes for pumped storage
hydropower, and facilitating an energy market structure where transmission providers benefit
from long-term agreements with energy storage facility developers [16].
Table 3 is a summary of pumped hydro relevance to New Mexico and the 2019 Energy
Transition Act. New Mexico will need to decide if the great performance provided by pumped
hydro is worth the investment. Negative perceptions will need to be overcome.
Table 3: Rubric Assessment of Pumped Hydro Relevance to New Mexico and 2019 Energy Transition Act
Category

Guidance

Rating

Comments

Technology Readiness Level (Time
to Market)

1 is "5" and 5 is "9"

5

Very mature technology, deployed for
over 100 years.

Degree of Capital Intensity (Costs:
Facility, Equipment, Labor)

1 is most and 5 is least

1

Big capital cost at beginning provides
opportunities for local jobs.

Ability to Close Cap (between
current state and where we need to
be)

Level of ability, where 1 is "barely making
a difference" and 5 is "revolutionize"

5

Approach will be crucial.

Range of Markets: Ability to
leverage across multiple
product/geographic markets

1 "will impact a single location or
represents 1 unique capability" and 5 "will
impact 5 or more locations and
capabilities

5

Approach will be crucial.

Return on Investment: where
potential outcome is great than
level of effort

1 is 3 years or less payback period and 5 is
over 30 years payback period

5

Steady guaranteed performance over
decades.

Regulatory Constraints

1 is few or no legislative actions required
and 5 is "many legislative actions required
for use"

4

Streamline licensing process, encourage
ancillary services market, and facilitate
energy storage with transmission
markets.

3.5.7. Summary
Pumped Hydro technology has the opportunity to provide bulk long-term duration, fast ramping,
reactive power, shifting, seasonal storage, and black start capabilities for New Mexico to meet its
renewable energy goals. The technology is well deployed with great performance parameters in
longevity, minimum O&M costs, high round trip efficiency, all while providing ancillary and
arbitrage services. An intentional synergistic approach of sizing and locating new Pumped hydro
technology will most likely be the key towards new developments. Old negative perceptions
must be recognized, but are possible to be avoidable or minimized. Project size, in terms of
power rating and energy rating, will enable deployment. Multiple locations coupled with
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interfacing with local economic processes (such as energy and agriculture) will enable proper
valuation, reduce the need for new transmission, and work in concert with demand-side
management techniques. Regulations and market structure changes must allow for this new
approach.
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3.6. Other Gravimetric Storage
Walter Gerstle, Professor Emeritus, University of New Mexico, gerstle@unm.edu

3.6.1. Introduction
Anyone who has ridden a bicycle up a hill, burning the calories from a large pancake breakfast,
understands that the exhausting work of peddling uphill will be rewarded by an exhilarating ride
back down. When resting on top of the hill, the bicycler has stored energy that can be used to
coast back down effortlessly – and if no brakes are applied, partway up the next hill.
The Earth’s gravity can be used to store energy for later use. Pumped hydro storage (PHS) is one
of the ways that the gravitational energy of water can be stored for later use. PHS is discussed in
a separate section of this report.
Another way to use the potential energy of gravity is to elevate solid matter when power is
plentiful and cheap, and then to release the stored energy when power is scarce and in high
demand. This section discusses gravity energy storage (GES) of heavy solids like rocks,
concrete, and iron. An elevated mass is said to have gravitational potential energy.
Energy Vault has developed a demonstration pilot project that uses a free-standing steel tower
capped by six cranes that lift blocks of concrete, as depicted in Fig. 1. Thirty-five-ton composite
blocks are lifted by cables, using a motor/generator, and potential energy is stored by the
elevated blocks. The blocks are then slowly returned to the ground and the potential energy lost
from each block is converted electricity using the motor/generator. Control software ensures that
the bricks are placed appropriately. The Energy Vault plant capability ranges of 20 to 80 MWh
storage capacity with 4MW to 8MW of continuous power discharge for 8-16 hours. The system
is suited to storing limited amounts of energy for long time periods with little energy loss and
very fast response times.

Fig. 1 – Images from the Energy Vault website: https://energyvault.com/136-gravity-based-energystorage-system/ .

In 2020, ARES Nevada, an affiliate of Advanced Rail Energy Storage (ARES), announced the
groundbreaking for its first GravityLine TM merchant energy storage facility, depicted in Fig. 2.
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The 50 MW facility, located in Pahrump Nevada, is designed to provide 15 minutes of regulation
services at full capacity, so it stores 12.5 MWh of energy.

Fig. 2 – Visualization of ARES Rail-Based Gravity Energy Storage System. https://aresnorthamerica.com .

As shown in Fig. 3, Gravitricity plans to pull one or just a few very heavy masses up and down
abandoned, kilometer-deep mine shafts. These masses, each one weighing between 500 and
5,000 tons, move at about a meter per minute, producing megawatt-level output. The method
lends itself to applications that need large amounts of power quickly and for a short duration,
such as dealing with second-by-second fluctuations in the grid and maintaining grid frequency.
Multiple-weight systems might be suited to long-duration energy storage.
Proving the second-to-second response is a primary goal of a 250-kilowatt concept demonstrator
that Gravitricity is building in Scotland. Its 50-metric-ton weight will be suspended 7 meters up
on a lattice tower. Testing should start during the first quarter of 2021. Full generation will occur
within less than a second of receiving a signal.

Fig. 3 – Gravitricity is using abandoned mine shafts for its gravity energy storage systems. See
https://gravitricity.com .
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3.6.2. Technology Overview
The basic physics of gravitation energy storage is very simple. The potential energy 𝐸 of a mass
is equal to its weight 𝑊 times its height ℎ: 𝐸 = 𝑊 × ℎ. Because motors and generators are
approximately 95% efficient in converting mechanical energy to electrical energy, the round-trip
efficiency of a gravity storage system is (95% charging) X (95%discharging) = 90%.
Water has a weight density 𝛾 of 62.4 pounds per cubic foot (PCF), concrete weighs 145 PCF,
granite weighs around 168 PCF, and iron weighs 490 PCF. As weight 𝑊 = 𝑉 × 𝛾, the higherdensity materials require proportionately less volume 𝑉 to store equal energy 𝐸. However, the
higher-density materials are more expensive, so it is important to conduct a techno-economic
analysis to determine which alternative is most cost-effective.
It is desirable to provide a large height difference ℎ. This height difference can be in the form of
a man-made tower, in the form of a man-made bore hole, or in the form of a natural
topographical feature of the landscape. A man-made tower must be strong enough to resist the
forces of nature like wind and earthquakes, and this structure can be quite expensive. Bore holes
are expensive to drill, but a few abandoned mine shafts, while not plentiful, may be used
economically. Naturally-occurring elevation differences are plentiful in New Mexico, but not in
many other parts of the world.
Motor/generators and associated electronics appear to be commercially available as commodity
items. Thus, gravitational energy storage is at a high level of technology readiness.
3.6.3. Technology Challenges
Gravity energy storage is one of the simplest forms of energy storage. It is being commercialized
now. However, GES is not well-suited to storing massive amounts of energy because the
acceleration of gravity 𝑔 = 9.81 𝑚⁄𝑠 2 is quite weak. Weight 𝑊 = 𝑀𝑔, so to provide sufficient
weight 𝑊 requires a very large amount of mass 𝑀. The gravitational energy stored in a cubic
meter of concrete lifted 500 m is small compared with the thermal energy stored in the same
block of concrete whose temperature is raised by 500 C.
If the economics works, fields of many towers of the Energy Vault (Fig. 1) type could be
developed, or many hills of the ARES (Fig. 2) type could be developed with GES. There would
certainly be objections from the neighboring communities to such large-scale disruption to the
viewscape and the landscape.
There are likely few if any available appropriate abandoned mine boreholes of the Gravitricity
type (Fig. 3) in New Mexico. Additional challenges include high winds, which could cause
swaying and instabilities during lifting of blocks in Energy Vault’s system. Seismic activity
could also cause challenges for gravimetric storage technologies.
3.6.4. Technology Opportunities
GES is easy to implement if the market exists for small amounts of rapidly dispatchable energy
storage. However, for large amounts of long-duration energy storage at the utility scale, it does
not seem that GES is viable.
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3.6.5. Relevance to NM and Energy Transition Act
As a means for voltage regulation to compensate for variable wind and solar changes at the
minute-by-minute or even hour-by-hour time scale, GES provides a technology-ready solution.
The response time is very swift with GES. However, other technologies appear to be better
suited for long-duration seasonal energy storage.
3.6.6. Summary and Conclusions
Gravitational energy storage is a well-developed technology: it has been used to power
grandfather clocks for hundreds of years. However, because Earth’s gravity is quite weak, a huge
amount of mass would be required to provide significant amounts of long-duration energy
storage. This would require the construction of many towers, the development of many slopes
with rail energy storage systems, or the excavation of many expensive mine shafts.
It is difficult to imagine that GES will be able to provide the amount of long-duration energy
storage that appears to be required by New Mexico’s Energy Transition Act.
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3.7. Thermal Energy Storage
Clifford K. Ho, Sandia National Laboratories, ckho@sandia.gov

3.7.1. Introduction
Thermal storage technologies have the potential to provide large capacity, long-duration storage
to enable high penetrations of intermittent renewable energy, flexible energy generation for
conventional baseload sources, and seasonal energy needs. Thermal storage options include
sensible, latent, and thermochemical technologies. Sensible thermal storage includes storing heat
in liquids such as molten salts and in solids such as concrete blocks, rocks, or sand-like particles.
Latent heat storage involves storing heat in a phase-change material that utilizes the large latent
heat of phase change during melting of a solid to a liquid. Thermochemical storage converts heat
into chemical bonds, which is reversible and beneficial for long-term storage applications.
In addition to electricity generation, thermal storage can play a role in industrial process-heat
utilization ranging from low-temperature applications < ~150 °C (e.g., drying, sterilizing, food
processing) to high-temperature applications > 400 °C (e.g., production of cement, steel,
chemicals). We believe that renewable heating and thermal storage for industrial process-heat
applications will play an important role in decarbonizing the entire energy sector in the future.
3.7.2. Technology Overview
3.7.2.1 Molten-Salt and Sensible Heat Storage
Sensible storage relies on a temperature difference within the storage medium to enable useful
work to be performed, such as using hot molten salt to heat water and generate steam to spin a
turbine for electricity production. Molten salt is the principal storage medium used in
concentrating solar power (CSP) plants. The molten salt, typically consisting of a mixture of
sodium nitrate and potassium nitrate, is heated to nearly 600 °C by concentrated sunlight and
stored in large tanks. When needed, the hot salt is pumped to a heat exchanger to generate steam
to spin a turbine/generator for utility-scale electricity production. There are nearly 30 GWhe of
thermal energy storage capacity in CSP plants either operating or under construction around the
world. Figure 7 shows an image of the 280 MWe Solana Generation Station near Gila Bend,
Arizona, which has 1.5 GWhe of molten-salt thermal storage in six pairs of hot and cold storage
tanks. The molten salt is heated using concentrated sunlight from arrays of parabolic troughs.
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Figure 7. Image of the 280 MWe Solana Generation Station near Gila Bend, Arizona, with 1.5 GWh e
of molten-salt thermal storage in six pairs of hot and cold storage tanks. Image from B. Kelly
presentation at the Long Duration Energy Storage Workshop.

Molten salt is also being used in a pumped thermal energy storage system being developed by Malta,
Inc., a spinoff from Google X. Pumped thermal energy storage uses electricity in a heat pump to transfer
heat from a cold reservoir to a hot reservoir similar to a refrigerator. When electricity is needed, the
heat pump is reversed to allow the heat from the hot reservoir to drive a heat engine and spin a
turbine/generator. The large potential temperature differences between the hot and cold reservoirs can
enable highly efficient power cycles.
Other sensible thermal storage technologies include storing heat in solid materials. Siemens Gamesa has
developed a fixed packed-bed energy storage system they call Electric Thermal Energy Storage (ETES).
ETES uses electricity to heat volcanic rock to temperatures around 600 °C or higher. The stored heat can
be used to generate steam for electricity or process heat. Siemens Gamesa has deployed a pilot
demonstration of ETES with over 1,000 tons of rock that provides a thermal storage capacity of 130
MWh at temperatures of 750 °C.
Graphite Energy developed a 3 MWe CSP plant in Lake Cargelligo in New South Wales, Australia, that
used graphite blocks in the receivers on top of multiple CSP towers. The graphite blocks in the receiver,
irradiated by concentrated sunlight, served as both the storage system and boiler to generate steam for
power production.

EnergyNest, based in Norway, developed a concrete-based thermal energy storage system that
consists of an array of modular pipes filled with concrete and steel tubes. The tubes carry heattransfer fluid that can heat the concrete when charging and extract heat from the concrete when
discharging to power a turbine/generator or provide process heating. The system can
charge/discharge in ~30 minutes and the stored energy can last for several days with less than
2% heat loss per 24 hours for large-scale systems.
The National Renewable Energy Laboratory and Sandia National Laboratories are developing
moving particle-based storage systems. NREL is developing an electrically heated moving
particle thermal storage system that uses silica sand at $30 - $40 per ton with storage
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temperatures up to 1,200 °C, yielding reported storage costs ~$2/kWht. Sandia has developed
falling particle receivers for moving particle thermal storage systems that use ceramic particles
(~$1/kg) heated by concentrated sunlight with storage at temperatures up to ~800 °C for use in
supercritical CO2 Brayton particle cycles [1-3]. Other systems using particle-based CSP have
been reviewed in Ho et al. [4].
3.7.2.2 Latent Heat Storage
Latent storage involves storing heat in a phase-change material that utilizes the large latent heat
of phase change, for example, during isothermal melting of a solid to a liquid, which requires
heat, and subsequent freezing of the liquid to a solid, which releases heat, isothermally.
Molten silicon systems have been developed to exploit the large heat of phase change when
melting/solidifying silicon (~1800 kJ/kg). The Australian company, 1414 Degrees, has designed thermal
energy storage systems ranging from 10–200 MWh, and they began operating a prototype facility in
2019. The systems melt silicon at ~1400°C and recoup the latent energy during solidification to power
combined cycles.
Azelio is a company that uses molten aluminum as a phase change material. Electricity is used to melt
the aluminum, and the molten aluminum can then be used to generate heat to power a Stirling engine
for electricity production

On the opposite end of the temperature scale, Highview Power has demonstrated cryogenic
energy storage using “liquid air” at demonstration facilities with 2.5 kWh (300 kW peak power)
and 15 MWh (5 MW peak power) of energy storage. The system operates by using electricity to
cool air from ambient temperatures to -195°C using the Claude Cycle. The liquified air is stored
at atmospheric pressure in large vacuum-insulated tanks. The volume occupied by the liquid air
is ~1,000 times less than that of air at ambient conditions. When electricity is needed, the liquid
air is pumped at high pressures through a heat exchanger that exposes the liquid air to ambient
temperatures (or waste heat from an industrial heat source). The liquid air vaporizes, causing
sudden expansion, which spins and turbine/generator for electricity production. The heat
exchanger can consist of a gravel bed that serves as a cold store of low-temperature material after
giving up its energy to vaporize the liquid air. The low-temperature material can then be used to
help cool the air during the next refrigeration cycle.
3.7.2.3 Thermochemical Heat Storage
Thermochemical energy storage reversibly converts heat into chemical bonds using a reactive
storage medium. When the energy is needed, a reverse reaction combines the reactants, releasing
energy. Although a number of thermochemical energy storage processes have been evaluated
and tested, no commercial systems exist. Materials that have been evaluated for thermochemical
storage include carbonates, hydroxides, metal hydrides, oxides, ammonia, and sulfur.
Advantages of thermochemical heat storage is the potential for very long-duration storage with
minimal degradation or losses.
3.7.3. Technology Challenges and Opportunities

Table 2 summarizes key attributes, opportunities, and current challenges associated with the
different categories of thermal storage technologies.
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Table 2. Summary of thermal storage technologies

Sensible Heat Storage
[4-9]

Thermochemical
Storage
[6, 8, 10]

Latent Heat Storage
[5-7, 9, 10]

Storage
mechanism

Energy stored as
temperature difference in
solid (e.g., concrete, rock,
sand) or liquid media
(molten salt)

Energy stored using phase
change materials (e.g.,
salts, metals, organics)

Energy stored in
chemical bonds

Energy
Density

• ~200 – 500 kJ/kg (for
~200 – 400 °C
temperature differential)

• ~100 – 200 kJ/kg for
nitrate salts; ~200 – 500
kJ/kg for metals; ~1000
kJ/kg for fluoride salts

• ~300 – 6,000 kJ/kg

• Good for isothermal or
low T applications
• Can provide large
energy density with
combined sensible and
latent heat storage

• Large energy densities
• Small heat losses
• Potential for longterm storage
• Compact storage
system
• Oxide TCES Stable at
high temperatures (>
1000°C)

• Demonstrated large
energy capacity (~GWh)
Advantages
• Inexpensive media
and
Opportunities • Solid media does not
freeze and can achieve
>1000°C

Challenges

Maturity

Cost

• Requires insulation to
mitigate heat losses
• Lower energy density
requires larger volumes
• Molten salts freeze at
~200 °C.
High
• ~$1/kg for molten salts
and ceramic particles
• ~$0.1/kg for rock and
sands
• ~$1/MJ – $10/MJ
(system capital cost)

• Potential for corrosion
• For larger T, may need
cascaded systems (adds
costs and complexity)
• Low maturity
Medium
• ~$4/kg – $300/kg
• ~$10/MJ – $100/MJ
(system capital cost)

•
•
•
•

Higher complexity
Low maturity
Higher capital costs
May require storage
of gaseous products
Low

• ~$10/MJ – $100/MJ
(system capital cost)

3.7.4. Relevance to New Mexico and Energy Transition Act
Thermal storage technologies have been demonstrated and proven as a viable large-capacity,
long-duration energy storage technology in concentrating solar power applications, capable of
delivering gigawatt hours of electricity per discharge cycle. Despite the growth of CSP around
the world, development of CSP in the U.S. has largely stalled as renewable energy portfolios
prioritized the lowest cost renewable options (solar PV and wind) to satisfy power capacity
requirements. Energy storage and energy capacity factors of renewable energy systems were not
valued and prioritized relative to costs. However, CSP systems can provide lower cost renewable
electricity than solar PV plus batteries when large-capacity, long-duration systems are required
(~GWh) [11]. Because of the abundant solar irradiance in NM, deployment of CSP and thermal
energy storage can provide cost effective renewable electricity with large-capacity thermal
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storage, local workforce development, and utilization of locally sourced materials. In addition,
thermal storage technologies charged with electrical heating from renewable energy is also a
viable option for large-capacity, long-duration storage.
3.7.5. Summary
Thermal energy storage can be categorized into sensible, latent, and thermochemical technologies.
Sensible heat storage utilizes a difference in temperature in liquid and solid media as a heat source.
Molten salt is a common storage medium that has been deployed in CSP facilities around the world,
providing nearly 30 GWhe of storage capacity. Solid storage media include sand, ceramic particles,
gravel, graphite, concrete, and volcanic rock. Latent heat storage includes the heat of phase change.
Companies that implemented latent heat storage have used molten silicon, aluminum, and “liquid air”
as phase change materials. Thermochemical heat storage converts heat into chemical bonds using
processes and materials including carbonates, hydroxides, metal hydrides, oxides, ammonia, and sulfur.
While it has the greatest potential to provide ultra-long-duration storage solutions (weeks to months),
thermochemical storage is the least mature. In NM, opportunities exist to deploy CSP and thermal
storage to take advantage of high solar irradiance throughout the year.
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4. Summary
This report has provided an overview of energy storage technologies, challenges, and opportunities for
New Mexico. Table 3 provides a summary of these technologies and their advantages, challenges, and
relevance to NM.

Table 3. Summary of Energy Storage Technologies.
Storage Technology

Compressed Air

Electrochemical

Flywheel

Hydrogen

Advantages
▪ Demonstrated
capability at large
scales
▪ Moderate round-trip
efficiency
▪ Good potential for
long-duration storage
▪ Mature technology
▪ Modular deployment
▪ Flow batteries can decouple energy capacity
from power capacity

▪ Simple mechanical
device
▪ Provides spinning
inertia
▪ Large flywheels can
store useful energy for
days
▪ Can be stored in large
capacities for long
periods of time
▪ Can be used for both
grid and
transportation
▪ Environmentally
friendly

Challenges

Opportunities for NM

▪ Low number of
demonstrations
▪ Unique geologic
resources
▪ Well integrity
▪ Repository integrity

▪ Suitable caverns and
geologic repositories exist
in NM for CAES

▪ Short duration (~4
hrs), safety, and rare
materials for Li-ion
batteries
▪ Limited cycles
▪ High cost of largecapacity, long-duration
systems
▪ Can require significant
power input
▪ Requires tight
tolerances and
precision for very large
flywheels

▪ Availability of renewable
electricity for charging.

▪ Low round-trip
efficiency of hydrogen
production and
storage
▪ High cost of new
infrastructure
▪ Leakage and safety of
hydrogen gas

▪ Hydrogen production
from natural gas with CO2
storage
▪ San Juan County seeking
to be hydrogen hub
▪ Use of existing gas
pipelines
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▪ Large flywheel design and
manufacturing (>100
MWh)

Storage Technology

Pumped Hydro

Advantages

Challenges

Opportunities for NM

▪ Mature technology
▪ Demonstrated large
capacity (~GWh);
>90% of U.S. grid
energy storage
▪ Good reliability with
long-duration
capabilities
▪ Black start, Reactive
Power and Grid Inertia
capability
▪ Low O&M costs
▪ Simple technology
▪ Can be sited widely
with modular systems

▪ Requires geologic
elevation differences
and water availability
▪ Regulatory
frameworks needs to
encourage
development
▪ High initial capital cost

▪ Geographic availability
▪ Modular pumped hydro
systems allows synergy
with local economies
▪ Opportunity to utilize
brackish/produced water

▪ Very low energy
density; requires many
towers, many rail
systems, or excavation
of many mine shafts
▪ Requires significant
amounts of mass
(volume) of storage
material
▪ Heat loss
▪ Large volumes
required
▪ Heat exchanger
performance and cost
▪ Latent and
thermochemical
storage are not
mature

▪ Geographic availability

Other Gravimetric

Thermal

▪ Sensible heat storage
(molten salt) is mature
technology
▪ Demonstrated large
capacity with
concentrating solar
power (~GWh)
▪ Low cost

60

▪ Concentrating solar
power and sensible
thermal storage are a
good fit for NM due to
high solar irradiance and
large areas of land
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GRID ALTERNATIVES

A view from the demand side of energy to provide options to optimize and modernize the
gird
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NON-WIRES GRID ALTERNATIVES:
BEHIND-THE-METER
“Deploying an Advanced Metering Infrastructure (AMI) is a fundamental early step to grid
modernization. AMI provides the framework for meeting one of the Modern Grid’s Principal
Characteristics – Motivation and Inclusion of the Consumer”
From: Strategy, NETL Modern Grid, "Advanced metering infrastructure."
US Department of Energy Office of Electricity and Energy Reliability (2008).

Introduction
This paper looks to the demand side of the electricity grid for opportunities for innovation and
product development and manufacturing in New Mexico. The demand side or consumer side of the
electricity grid has, from almost the very beginning of the grid, enjoyed the role of the master, always
being able to demand electricity whenever and at any amount the consumer desires, relying on the
supply or generation side to be the acquiescent servant meeting the master’s every need. The supply
side has been able to effectively play this role due to the seemingly unlimited supply of primary energy
sources (Hydrodynamic energy, energy from fissile sources, and chemical energy stored in biomass
and fossil fuels)
Converting primary energy sources to electricity requires the construction of energy conversion
devices, these devices have evolved into large, centralized power stations that are able to effectively
manage or throttle their primary energy sources to deliver just the right amount of electricity to the
consumers, no more and no less. The ability to throttle the primary or input energy into these power
stations is due primarily to the fact that all but the hydrodynamic energy has been stored inside the
earth for millions (fossil) or even billions (fissile materials) of years, making the energy from those
primary energy sources available on an effectively unlimited basis, limited only by the size of the power
station or the energy supply chain. If supply chains are temporarily disrupted, both fossil and fissile
energy supplies can be easily and cost effectively stored offering very high availability to the power
stations.
While hydro-electric power stations can be throttled as needed and often store very large volumes of
water in reservoirs behind the dams, they are still servants to the river flows into the reservoir and
thus to the natural precipitation along the river’s drainage system. If precipitation is lower than normal
during a certain time-period, the associated hydro-electric power station will be unable to deliver its
design level of peak power (MW) or energy (MWHs) over that dry period. The facility cannot
effectively mine water from past millennia to make up the difference. Other renewable energy electric
generation sources like solar PV and wind suffer similar limitations in their ability to mine past primary
energy resources to meet today’s needs.
Energy storage in the form of electro-chemical devices, (e.g. batteries), mechanical energy storage, or
thermal energy storage devices are assumed to be the answer to renewable energy generator’s
limitations, however, all commercial energy storage options are still fairly expensive, have finite storage
capacity and have to take into account roundtrip efficiency (charge/discharge energy losses). The
lifetime cost per KWh of many energy storage devices exceeds the current delivered retail cost of
electricity in most areas of the US and given that energy storage, other than clean fuels, has a finite
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capacity that is based primarily on the volume of materials, the cost of energy storage may remain high
for years to come. Very large mechanical and thermal storage systems may benefit from and economy
of scale, but also suffer from round-trip energy losses exceeding 10 percent. While storage is necessary
in a largely renewable generation world, energy efficiency and demand side management are also
required to offset the additional cost of storage and the inefficiencies inherent with storage devices.

1.1 NM demand side energy management potential
The energy and cost savings may vary depending on technology adoption rates, electrical system
state and age, geographical and climate conditions.
Specifically, for New Mexico, the energy consumption data for 2018 shows PNM summer peak 1956
MW, winter peak 1438 MW, 2018 average load 1299 MW) and a statewide (with the exception of Xcel
and EPE service territories) summer peak 3172 MW, winter peak 2515 MW.
Using estimates for potential energy and cost savings from [1], the US potential energy savings using
demand side management, Grid-Interactive Efficient Buildings (GEB) and Home Area Network
(HAN_ technologies can translate into over 600 TWhs of annual electricity savings and over 40 GW
of peak power demand reduction, representing potential electric grid cost savings in the billions of
dollars.

1.2 Demand side energy management
Today’s building and grid technologies and their associated data streams can help balance
consumption and optimize efficiency across the energy system. Demand side management and
demand side flexibility (also sometimes referred to as load flexibility), is the capability provided by onsite Demand Energy Resources (DERs) to reduce, shed, shift, modulate, or generate electricity.
Building-demand flexibility specifically represents the capability of controls and end-uses that can be
used, typically in response to price changes or direct signals, to provide benefits to buildings’ owners,
occupants, and to the grid as shown in Figure 1 [1].

Fig. 1. Illustration of a commercial GEB (or residential HAN), efficient components and communications.
Figure from reference [2]
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1.3 Demand side management technologies.
There are multiple technologies and systems enabling Demand-side management and Demand
flexibility. These building technologies and systems include HVAC, Water Heating, Smart Appliances,
Refrigeration, Lighting and Electronics, Windows and Opaque Envelope, Whole-Building Controls,
Sensors, and Analytics, and Home Area Networks. The main purpose of GEB and whole-building
controls is their ability to provide grid services (e.g., efficiency, load shed, load shift, load modulation),
described on Table 1.

Table 1. Ways in which GEB and residential HANs can interact with the grid and provide value to the grid.
Table from reference [2]

In this white paper, we will only describe a sub-set of those, which may be relevant to the
manufacturing opportunities.
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The Home Area Network (HAN) is a network contained within a customer's home or business that
connects a customer's qualified energy monitoring device to a smart meter. This connection allows
the customer to observe his or her real-time energy usage through the energy monitoring device. A
HAN interfaces with a consumer portal to link smart meters to controllable electrical devices. By
connecting an energy monitoring device to the smart electric meter, a customer can:
• Monitor real-time electricity usage (kWh) via in-home displays, apps or applets, so the
consumer always knows what energy is being used and what it is costing
• Evaluate home or business for high energy usage devices and activities to understand how
to develop energy-saving habits and make informed decisions about your energy use as shown
in Fig. 2.
Further energy management functions may include:
• Responsiveness to price signals based on consumer-entered preferences
• Set points that limit utility or local control actions to a consumer specified band
• Control of loads without continuing consumer involvement
• Consumer over-ride capability
The HAN/consumer portal provides a smart interface to the market by acting as the consumer’s
“agent.” It can also support new value-added services such as security monitoring.

Fig. 2. Example of HAN functionality and controls from NETL reference [2]

In general, it will be beneficial if customer HAN is accompanied by the Advanced Metering
Infrastructure (AMI), which empowers the customer and establishes utilities’ communications to the
loads. [2] AMI data will support Advanced Asset Management (AAM) in the following non-wires
alternatives:
• System operating information
• Asset “health” information
• Operations to optimize asset utilization
• T&D planning
• Condition-based maintenance
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• Engineering design and construction
• Consumer service
• Public health services (such as air quality management and similar)
• Work and resource management
Both HAN and AMI can enable (AAM), which greatly improves the performance of today’s asset
management programs [2] and uses information and controls available from HAN and AMI to
improve operating efficiency and asset utilization (assets owned by both the customer and utilities).
Further, HAN when coupled with current advanced sensor technology will improve indoor air quality
and protect occupants from pathogens. These would include improved CO2 monitoring; micromonitoring of HVAC assets to include filter cleanliness; evaluation of air exchanges; and potential
management of ultra-violet and ionization defenses. HAN may also be deployed to extend the benefits
associated with occupancy control of lighting, to include occupancy based HVAC setpoints.

1.4 Opportunity statement and value proposition
Each of the technology groups described above present an individual opportunity for added value.
Withing each group, further sub-groups of opportunities may be identified:
1. Advanced Metering Infrastructure (AMI)
a. Hardware components enabling AMI
b. Software and firmware enabling AMI
c. Cybersecurity platforms and framework enabling AMI
2. Home Area Network (HAN)
a. Plethora of consumer devices and customer-owned gateways/smart devices
b. Software and firmware enabling communication and controls of such devices within
HAN
c. Cybersecurity platforms and framework ensuring customer cybersecurity and privacy
3. Advanced Asset Management (AAM).
a. Hardware components enabling AAM
b. Software and firmware enabling AAM
c. Cybersecurity platforms and framework enabling AAM

2 Technology Overview
2.1 Technology readiness level (TRL) and deployment readiness
Technological solutions required for demand-side management functions are already consumeravailable (i.e. are already in TRL 10). Utilities and system operators in several states are already
deploying similar devices, platforms and software solutions

2.2 What energy supply/demand solutions does this technology address
As illustrated in Table 1, GEB and HAN solutions have the potential to address a variety of demand
management solutions on a variety of scales – from sub-second time scale, all the way to seasonal
solutions.
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3 Technology Opportunities
3.1 Opportunities space
Opportunities space includes a broad variety of technological, software and regulatory areas, all of
which converge on automation of building or home energy management, tailored to customers’
comfort levels and preferences. Specifically, the following areas are ready for innovation and
adoption:
1. Hardware solutions
2. Software solutions
a. Different communication bands and standards used in HAN technologies like –
ZigBee, Wi-Fi, Ethernet, Z-Wave, HomePlug, etc.
b. Applications, Apps and Applets enabling customers’ controls
3. Cyber-physical solutions, enabling greater cyber-security and privacy of the functions
described above
4. Regulatory and economic incentives.
Any of the areas listed above present an outstanding opportunity for innovation and manufacturing
in NM.

3.2 Required improvements in cost and performance to make this commercially
deployable
The best technological solutions will have a significant impact if and when they are affordable and
more accessible to the customer.
While the retail and/or wholesale costs of the HAN devices described above vary by the function
and manufacturer, they are priced to be within the purchasing power of an average consumer.
Performance of these devices already meets required performance criteria.
As a result, the primary barriers to adoption of the technology are mostly limited by the lack of utilityadopted programs which would enable full functionality of the devices and/or consumers’ lack
understanding of advantages, performance benefits, incentives.

3.3 Examples of technology and manufacturing opportunities for NM:
3.3.1 Smart meters and intrinsic sub-components.
A healthy manufacturing industry has already been established for manufacturing of the smart meters
themselves, with some of the well-known manufacturers leading the market share and some of the
key innovators in the market (such as Itron, Inc., Landis+Gyr Group AG, eMeter, ABB, Siemens,
Badger Meter, Inc., Xylem, Inc., General Electric (GE) Co., Neptune Technology Group Inc and few
others). According to one report, North American smart meter market has already plateaued [3].
However, there is still substantial opportunity for manufacturing and innovation of sub-components
within the smart meters. Manufacturing opportunities of these sub-components are closely interrelated with the manufacturing opportunities in Power Electronics sector, described in the companion
white paper. Specifically, opportunity exists for sensor components – such as current and voltage
sensors of variable rating(s) and accuracy, as well as power quality sensing and metering. Additionally,
devices such as Emporia, Rainforest, and Solid-State Industries may serve as an example of
manufacturing opportunities.
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Fig. 3. Examples of different smart meters by different manufactures, illustrating breadth of innovation.
Figure from ref [4]

3.3.1.1 Emporia Energy and Vue Utility Connect
Emporia provides an example of a broad suite of solutions of energy monitoring and control
(including flexible demand and demand response) for residential and light-commercial
buildings. An example of the suite of solutions, including individual sub-paned circuit
monitoring, smart plugs and EV charging infrastructure is shown in Figure 4 below, more
information is available at [6,7]. These solutions provide compatibility with AMI ZigBee®
enabled Smart Meters

Fig. 4. Examples of several products by Emporia (from reference [6])

3.3.1.2 Rainforest Automation EMU
Rainforest Automation provides an example of a HAN-enabled management system, interact
with Alexa and Google Assistants, for customer interaction with utility signals. For utilities,
solutions such as Rainforest [8] can provide opportunities for demand management and
individual load control, per customer’s settings and individual behavioral preferences.

Fig. 5. Examples of several products by Rainforest (from reference [8])

69

3.3.1.3 Solid-State Devices for Controls and Automation
A family of demand control, load management and powerline carrier equipment are another
good example of manufacturable components needed for smart grid functionality. Often
times, devices like these are called upon to create 15-minute interval data, within a client
application program that uses the Modbus protocol. 15-Minute interval data is the standard
format of the utility industry for load profiling and billing data, which are an essential
component for Grid-Interactive Buildings. For example, solid state devices from Solid State
Instruments [10] develop specific circuits, relays and similar components which integrate AMI
smart meters using Zigbee® radio technology from the meter's HAN network. Manufacturing
opportunities for components integration with legacy components may be a viable
opportunity for NM.

Fig. 6 Examples of

The MPG-1C Wireless Meter Pulse Generator for integration with legacy AMI smart
meters and a pulse isolation relay. Figure from ref [10]

3.3.2 Micro energy storage systems, (Thermal, Mechanical, Electrical, Electrochemical)
Thermal energy storage systems work either by raising or lowering the temperature of a material or
by inducing a phase change in a material. Thermal energy can be stored in this material on timescales
from hours to seasons based on the size of the system and can be used to meet heating or cooling
demands or to generate electricity through the creation of steam from stored heat. It can be
implemented using a range of technologies and approaches. For electricity generation, this
technology suite is typically utilized in larger-scale front-of-the-meter projects, often in combination
with generating technologies, such as combining molten salt thermal energy storage with
concentrating solar power (CSP) plants.
Mechanical energy storage systems, such as pumped storage hydropower (PSH), compressed air
energy storage, and flywheels, have historically been the most common forms of energy storage
around the world, in particular PSH. PSH uses electricity to pump water from a lower-elevation
reservoir to a higher-elevation reservoir and then releases the water from the high reservoir to turn
hydroelectric turbines to generate electricity at a later time. Compressed air energy storage systems
use electricity to store air in a reservoir, either in underground caverns or in aboveground containers.
The compressed air can then later be directed through a turbine to generate electricity. Flywheels use
electricity to accelerate a rotor in a very low friction environment and electricity can be extracted
from the flywheel by decelerating the rotor. Mechanical energy storage systems are typically utilized
in larger scale front-of-the-meter projects, with the exception of flywheels, which may be used
behind-the-meter as an uninterruptible power supply (UPS) in certain critical infrastructure settings
(e.g., hospitals).
Electrical energy storage systems store electricity either in the electric field of a supercapacitor or in
the magnetic field of a superconductor for extremely short durations. At a high level, most electrical
energy storage systems are capable of holding charges for long periods of time but can only discharge
at their full capacity for very short durations (e.g., seconds or minutes). In power systems,
supercapacitors are typically deployed as a UPS, in combination with other storage technologies such
as batteries to improve the response and operation of the storage system or to help buffer fluctuations
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in power supply or demand. Similar to supercapacitors, superconducting magnetic energy storage is
typically used in quick-response, very short duration applications, such as ensuring power quality.
These storage systems are relatively new and have seen limited deployment in the power system.
Furthermore, given their price and short durations they are not expected to play a large role in behindthe-meter settings except for isolated commercial and industrial customers with stringent power
quality needs.
Electrochemical storage systems use a series of reversible chemical reactions to store electricity in
the form of chemical energy. Batteries are the most common form of electrochemical storage and
have been deployed in power systems in both front-of-the-meter and behind-the-meter applications.
Various battery chemistries exist and are described in detail in a separate white paper.
Some of the storage technologies and their suitability are shown in Figure 7.

Fig 7. Storage technologies and suitable applications, Figure from ref [14]

3.3.3 Communications infrastructure
Any of the HAN, AMI, AAT or DER technologies described above, must employ open bi-directional
communication standards, yet be highly secure. It has the potential to also serve as the foundation for
a multitude of modern grid functions beyond AMI. Various architectures can be employed, with one
of the most common being local concentrators that collect data from groups of meters and transmit
that data to a central server via a backhaul channel. Various media can be considered:
• Power Line Carrier (PLC)
• Broadband overpower lines (BPL)
• Copper or optical fiber
• Wireless (Radio frequency), either centralized or a distributed mesh
• Internet
• Combinations of the above
Manufacturing, infrastructure and software development for all components listed above, is a
feasible value proposition for New Mexico.
3.3.3.1 Volttron
One of the examples of software and hardware solutions enabling HAN is VOLTTRON™
[111], developed by Pacific Northwest National Laboratories (PNNL). VOLTTRON™ is a
platform for solutions that independently manage Grid-Interactive Buildings, including
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heating, ventilation, and air conditioning systems, electric vehicles, distributed energy, entire
building loads, and more. The U.S. Department of Energy’s Building Technologies Office
was an early advocate of the technology and continues to support its development. The
technology has been successfully deployed in multiple projects and products, and efforts
continue to further develop, test, and advance its capabilities. This system will allow energy
customers, building owners, and utilities to realize better energy efficiency and reliability,
therefore, achieving smart grid objectives using non-wires alternatives. More information is
available on the VOLTTRON™ website [11]. Manufacturing of software and hardware
platforms similar to VOLTTRON™ is a feasible value proposition for New Mexico.
Furthermore, VOLTTRON™ is an open-source technology, he source code has been
released to the public and can be downloaded at GitHub. Therefore, additional innovation
in software arena is possible, leveraging open-source nature of existing platform.

Fig 8. Volttron platform, Figure from ref [11]

3.3.4 Front-of-the-meter (FTM) DERs and controls
FTM management of DERs and customer demand is an area primed for innovation and
transformative development. New opportunities are emerging – for example, recent FERC order
#2222 enables for participation in wholesale energy markets for DER operators starting from 1kW
[15]. At the same time, IOU’s , Co-Ops and other energy system operators will be burdened by a
need to interact, communicate and control each individual customer-owned inverter or micro-inverter.
Therefore, an opportunity space is to develop a set of solutions which may act as an aggregator (both
software and hardware space) and as an intermediary between individual customers, their equipment
(HANs, smart meters, smart inverters, etc) and IOUs.
An example of such application can be an aggregator-controlled and aggregator managed communitylevel storage systems.
Manufacturing, infrastructure and software development for components enabling FTM management
is a broad feasibility area for New Mexico innovation and manufacturing.
3.3.4.1 Animation of distribution-level transactive energy markets.
Distribution level (local energy markets) are in their nascent development stages; however,
they present a new set of operation and control paradigms. For example, how can
transmission and distribution system operators source grid flexibility services directly from
end users (and their individual DERs as small as 1kW) including residential customers? What
tariff designs could be used to engage and benefit participants (both producers and
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consumers) ? How to ensure traditional reliability, resiliency and quality of service of the
electric grid given new grid services model ?
Devices, hardware, controls and cybersecurity solutions in this area are primed for innovation
and manufacturing solutions.
3.3.5 DC microgrid infrastructure
The use of direct-current (DC) systems for medium- and high-voltage (MVDC and HVDC)
transmission of electrical power has recently increased. MVDC and HVDC applications range from
grid integration of DC components (e.g. solar cells, batteries, data centers, and office buildings) that
use DC power distribution systems to increase overall system efficiency.
3.3.5.1 Community residential (nano-scale) microgrid controllers
Combining FTM demand management with DC microgrids opportunities, is an example of
innovation in both hardware, software and cybersecurity at residential development scale,
sometimes called nano-grids. Such nano-grid communities may include a high penetration
of renewables (up to 100% ) and energy storage solutions and explore the cost-benefit
tradeoff between the microgrid availability and keeping costs low. A neighborhood controller
(such as BlockEnergyTM [12] or similar alternatives) can provide optimization of energy
demand and utilization of the overall community. At the same time, neighborhoods with a
tiered system of circuits will allow shedding non-critical loads in case of critical event.
Nano-grids will also be a job-multiplier, since job opportunities will be created at various
stages (planning, permitting, construction, installation, service and maintenance) of the
infrastructure lifecycle.
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3.3.5.1 DC appliances, and DC power electronics.
An overwhelming majority of all appliances and power electronics in the North America use
AC power as an external input but use DC power for internal processes and operation. There
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are s number of technical bodies in various advancement stages which are developing
engineering standards for consumer ready DC appliances, which are also affordable.
One example is Emerge Alliance’s technical standard on AC/DC dual input appliances [13].
The standard will include both the physical interconnection as well as electrical parameters
necessary to achieve this end. The goal is to allow manufacturers to produce one version of
a device that can utilize either AC or DC without internal modification of the circuitry
involved. The standard is intended to promote the greater use of DC power, when and where
available or appropriate.
Another example is DC circuit breakers and protection devices. In AC power network
applications, resettable circuit breakers (CBs) are a fundamental technology that is utilized
to ensure safe operation of the network during incidences of fault, via isolation of the faulted
portion of the network from the normally operating portion. While circuit breakers for AC
systems are ubiquitous, similar technology to enable the safe operation of high-voltage
direct-current (DC) systems is challenging.
Technology and manufacturing of DC power electronics and components can leverage
Sandia National Labs unique knowledge of wide band-gap semiconductor devices and
electronics

4 Relevance to New Mexico
According to DOE, buildings account for more than 70% of U.S. electricity use and at least one-third
of U.S. economy-wide CO2 emissions. Improving the way electricity is consumed and reducing the
overall amount of electricity consumption in buildings would significantly reduce energy costs to
consumers and facilitate the transition to a decarbonized economy. The tools described in this paper
are just a fraction of the potential existing and new tools that make up Grid-interactive efficient
buildings (GEBs). GEBs are energy efficient buildings with smart technologies characterized by the
active use of distributed energy resources (DERs) to optimize energy use for grid services, occupant
needs and preferences, and cost reductions in a continuous and integrated way. In doing so, GEBs
can play a key role in promoting greater affordability, resilience, environmental performance, and
reliability across the U.S. electric power system. Over the next two decades, national adoption of
GEBs could be worth between $100–200 billion in U.S. electric power system cost savings. By
reducing and shifting the timing of electricity consumption.
The value of GEBs and the associated tools represent new opportunities for development and
manufacturing of these tools here in New Mexico. Many tools for use in the electric power sector
have a very limited and highly regulated set of potential customers. However, the tools discussed in
this paper have an almost unlimited set of end use consumers who will be seeking tools to help manage
their power consumption as they increase their electricity usage through electrification of
transportation and home appliances, and as more utilities change rate structures to adapt to variable
generation sources.
It is the intent of the authors to develop a comprehensive argument for committing time and resources
towards growing manufacturing of these sectors in New Mexico. This analysis will focus on key factors
in support:
A. Political support. The ETA sends a message to industry that NM is committed to CO2
emissions reductions.
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B. Economic momentum. Business eco-systems are generally created as like-minded companies
concentrate in geographic areas. It is critical that NM communicate to potential
manufacturers, and leverage its recent successes including Mesa Del Sol, Netflix (who
considers itself a technology company), Descartes Lab, Kyros Power, Emera Technologies,
and the proposed ventures from Thea and Adacen.
C. Distributed energy and grid modernization leadership. For example, NM is the recipient of
the National Science Foundation “Smart Grid” grant award.
D. Quality of life and affordability
E. Renewable energy resources. According to the Ntl Renewable Energy Laboratory (NREL),
NM has the lowest aggregated cost of wind and solar power in the U.S.
F. Accessibility of national laboratories. Although national laboratories are equally responsive
to inquiries from all States, it is incontrovertible that greater proximity is an advantage.
G. Accessibility of key personnel and testbeds at research universities. In addition to potential
partnerships at the National Labs, this could include emerging opportunities at the NMSU
IDEAL Center, UNM Mesa Del Sol Microgrid, and the Santa Fe Community College
Nanogrid.
H. Accessibility to government personnel.

5 Technology Challenges
Existing barriers can be summarized as:
1. Purchasing and enabling HAN and AMI devices by customers. Some upfront costs will need
to be absorbed by either utilities and/or customers.
2. Communication networks and customer broadband access upgrades designed to support
additional smart grid functionalities.
3. Consumers lack understanding of advantages, performance benefits, incentives or a
combination of any of these. Consumers are hesitant to adopt energy-efficient technologies
if they do not understand the technology, do not perceive it as beneficial to their livelihood,
or have any other reservations. This is not a technological barrier but needs to be addressed
and adequately resolved never the less.

6 Summary
Key potential areas where NM has the R&D expertise, manufacturing know-how and workforce
include:
• Components
o Hardware
o Software
• Control Systems
• Cybersecurity solutions
• Workforce training and education
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6.1 Key takeaways
The US potential energy savings using demand side management, Grid-Interactive Efficient Buildings
(GEB) and Home Area Network (HAN_ technologies can translate into over 600 TWhs of annual
electricity savings and over 40 GW of peak power demand reduction, representing potential electric
grid cost savings in the billions of dollars.
There are multiple technologies and systems enabling Demand-side management and Demand
flexibility that include HVAC, Water Heating, Smart Appliances, Refrigeration, Lighting and
Electronics, Windows and Opaque Envelope, Whole-Building Controls, Sensors, and Analytics, and
Home Area Networks.
Improving the way electricity is consumed and reducing the overall amount of electricity consumption
in buildings would significantly reduce energy costs to consumers and facilitate the transition to a
decarbonized economy.
Communication networks and customer broadband access upgrades designed to support additional
smart grid functionalities must be implemented. Additionally, consumers lack the understanding of
advantages, performance benefits, incentives or a combination of any of these for the benefits of
Demand-side management and Flexibility to be fully realized.
We endeavored here to establish three important reasons why NM could attract HAN and AMI
manufacturing:
1. These technologies solve important gaps in the infrastructure that are required to substantially
achieve our de-carbonization goals.
2. Demand for these products has been constrained by the current regulated marketplace.
3. New Mexico offers key attributes of expertise, research capacity, and renew energy resources
to attract investment.
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POWER ELECTRONICS

An examination of components in the complex system of electronics, used to control
and manage the movement of power from source to consumption.
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POWER ELECTRONICS: Command and Control

1. Introduction
1.1. Any relevant history or unique background for power electronic technology or
key driving forces:
Power conversion systems (PCS), sometimes referred to as power electronics, are a key enabling
technology for numerous energy systems such as photovoltaics, battery energy storage, and wind
energy. The PCS is a collection of hardware and software responsible for safely and efficiently
converting electric power according to a specified requirement. The PCS application areas are very
diverse and numerous, ranging from a low-power consumer electronics such as cell phone chargers
to utility-scale such as grid-tied energy storage system. PCS are at the core of research &
development and commercialization efforts in integration of renewable energy, distributed energy
resources, transportation, and electric utility grid modernization. The major electrical components of
a PCS are semiconductor switches, capacitors, magnetic devices such as inductors and transformers,
and a controller as shown in Fig. 1.

Fig. 1. Basic block diagram of a PCS interfacing source (e.g. battery, solar, wind) and a load (e.g.
electric grid, customer).
PCS are composed of inter-related hierarchy of materials, components, subsystem, and systems.
R&D efforts in PCS can be categorized into these four salient layers as shown below in Figure 2.
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Fig. 2. PCS R&D Spectrum.
Trends in PCS R&D efforts favor higher processing power capabilities and smaller physical size.
A power electronic inverter converts DC power from an energy resource—such as wind, PV or
batteries—to AC power for export into an AC power system. Inverters can also be designed for
bidirectional operation. A typical power electronic inverter consists of a DC side, which contains a
DC-link; a set of switching semiconductor devices that mimic ideal switches; and a grid-side passive
filter that prevents switching harmonics from propagating into the grid. The input side of the DClink interfaces either directly with an energy source or might be connected to additional power
electronics-like DC/DC converter(s).

1.2. Opportunity statement and value proposition
Power Electronics is a key enabling technology in the production and conversion, delivery and
utilization of electrical energy. Power electronics is the accepted solution to connecting renewable,
non-carbon, resources such as solar, wind, batteries, fuel-cells, etc. to the grid. Additionally, power
electronics is also seen as an independent element that provides control over energy flow through
the grid. Other major sectors of the economy impacted by power electronics are transportation, and
end use with smart appliances.
The global power electronics market was valued at $38B in 2020 and is expected to grow in the
coming decades. The global market growth is driven by the increasing trends in electric and hybrid
vehicles. In addition, the popularity of renewable and distributed energy resources for future grid is
bolstering additional market growth over the next few years. The ETA requires development of all
available renewable resources (4000+MW) for in-state and regional energy needs. Power electronics
required for this development provides an immediate initial market for NM manufactured power
electronics.
End-use equipment such as electric vehicle chargers, refrigeration, HVAC, and dc grids represent a
nascent market for power electronics. For example, variable flow/speed systems for HVAC can
benefit from power electronic controllers and this market should be considered as a potential
manufacturing opportunity relevant to both grid modernization and meeting the ETA challenges.
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2 Technology Overview
2.1. How does it work? Summarize current state of the art and TRL. Deployment
readiness.
Today’s grid utilizes rotating turbine-generators to convert the energy from nuclear, water and fossil
sources to alternating current electricity. The energy is converted and flows through the grid to
points of utilization in a just-in-time fashion to meet ‘demand’. Renewable resources and electricity
storage change this picture significantly. The energy available from renewable resources varies by
time of day and season and the objective is to use as much of available energy as possible. Further,
wind-turbines operate over a range of speeds, and solar and fuel-cells produce energy with dc
(direct) voltage and current. The challenge is to convert energy to a form compatible with the grid,
i.e., altermatic current at a constant frequency, and to be able to control the amount of energy as
dictated by the resource and required by the end user. Power electronics, today, is the preferred
means for both objectives.
Power electronics uses semiconductor switches (as opposed to rotating equipment or conventional
analog electronics) to convert electrical energy from one ‘format’ to another. The three key types of
conversion are, alternating current(ac) to direct current(dc) used to power most equipment and also
to transport electricity in dc form; direct current(dc) to alternating current(ac) used to convert energy
from solar and fuel cells for grid connection; and direct current(dc) – direct current(dc) for preprocessing and for control in end-use equipment. These types of conversions are called rectifiers,
inverters and dc-dc converters, respectively. An electric vehicle charger, for example, consists of a
rectifier supplied from the grid possibly followed by a dc-dc converter to manage battery charge.
Solar arrays are connected to the grid via a dc-dc converter to extract maximum energy, followed by
an inverter to provide the ac for grid connection.
Power electronics has seen continues development for over seventy-five years but continues to
innovate today. The challenges being addressed today include robustness, higher efficiency and
smaller footprint, aimed at increased reliability and lower cost. Robustness is perhaps the most
important, since power electronics must compete with traditional grid equipment (transformers,
generators) that last for decades. Power electronics is available today for most applications at TRL9.
The deployment readiness and CRL, of course is driven by demand. For example, the rapid growth
of residential solar place ‘microinverters’ in the COTS category. Inverters for large storage products
are, in fact, mature as a technology but limited deployment implies a smaller experience base.

2.2. What solutions does this power electronics address in the energy space?
Power electronics is relevant to all aspects of energy conversion, delivery and utilization. Specifically,
power electronics is used to integrate solar, wind, hydro, electric energy storage into the grid, to
manage energy flow in the grid and distribution systems, and to improve reliability and resilience.
Additionally, power electronics is used to improve performance and efficiency of end use
equipment.
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3 Technology Challenges
What barriers does this technology face (technical, market barriers, etc.)?
Existing barriers can be summarized as:
1. Cost
2. Broad industry/utility acceptance/adoption
1. Familiarity
2. Manufacturing volumes (still not as high as traditional and/or current solutions)
3. Standards
3. Market
1. Proper market price signals to justify the investment
2. No market-based product to compensate services that improves power quality

4 Technology Opportunities
4.1. Opportunities space
Modern Power electronics is increasing demands for efficiency, operational flexibility, decreased
electrical losses and reductions in size and weight of transformers necessitates revolutionary
magnetic core materials. Advanced core materials will reduce heat generation through decreased
electrical losses. Additionally, revolutionary magnetic core materials will decrease the size and
manufacturing time of new transformers. Reductions in size and weight will also enable faster
deployment of new power electronics devices.
As transmission system voltages continue to increase, power electronics devices need to increase in
rating to remain cost competitive as solutions to controlling transmission level power flows. An
increase in a FACTS/HVDC system operating voltage translates proportionally into an increase in
the number of semiconductor devices required. It also has a proportional impact on the required
cooling capacity, and other auxiliary equipment. Using cost-effective devices with higher breakdown
voltages can reduce system costs. Devices with breakdown voltages greater than 15 kV are required.
These devices must also have current ratings greater than 1000 A. To enable this, current densities
need to increase without creating new issues in device packaging, parasitics, or thermal management.
The service lifetime and reliability of the conventional transformer is greatly impacted by its ability
to manage heat. Transformer heating is a result of power losses (inefficiency) in the transformer core
and windings. Eliminating power losses in the transformer can enhance its lifetime and reliability by
preventing heat from being generated. Solid-state transformers can offer benefits in resolving issues
related to service lifetime and reliability. Because solid-state transformers rely on a combination of
HF magnetic devices and high-switching frequency semiconductors, realizing the benefits of solidstate transformers requires improvements in WBG semiconductor technology and passive devices.
Specifically, there is a need for high-voltage and high-current devices with acceptable performance at
high switching frequencies, as well as low parasitics packaging. Given the low heat generation from
operating higher-frequency transformers, a solid-state transformer has the potential to surpass the
current generation of transformers in terms of reliability.
New WBG semiconductor power devices can enable new opportunities for disruptive and
transformative advances in power electronics, but new device technologies must be combined with
advances in converter circuits and control. Areas ripe for focus include Converter circuit topologies
and architectures, Control techniques, System architectures and system design and enablement of
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more complex power circuits via circuit-level- interconnect and packaging. Increased cost of WBG
devices could be offset by reduced magnetics cost and reduced installation cost. Together with lower
size and weight of string inverters and increased Pout/Ploss a substantial reduction of BOS
(installation) cost is possible via improved power electronics:
Nanocomposite Soft Magnetics for Transformers: Nanocomposite soft magnetic materials have
the potential to create a disruptive impact in the field of passive power conversion for electrical
transformers. These nanocomposites offer low-loss operation when utilized at high frequencies. The
creation of soft magnetics from nanocomposites has been demonstrated, resulting in systems with
improved energy efficiency and power density. However, the resulting magnetic material tends to be
brittle and lacking in mechanical strength. Commercial alternatives such as Metglass can be utilized
in a similar manner, but they can only be manufactured to a limited thinness. This has a direct
impact on the operating characteristics of wind core transformers.
In addition to the analytical design of intrinsic material properties, the process of manufacturing
passive materials can be greatly enhanced. Processes must be developed for manufacturing
amorphous and nanocrystalline alloys/cores. Rapid solidification and alloy processing are two
potential processes with projected benefits. Additive manufacturing more magnetic devices can
create new possibilities for creating devices with highly specialized magnetic properties.

Soft Magnetic Materials Adapted for Additive Manufacturing: Benefits could be realized by
adapting soft magnetic materials for use in additive manufacturing processes. Magnetics that are
carefully “3Dprinted” may exhibit lower parasitics, among other benefits. To date, the
manufacturing of soft magnetic materials has been a hindrance to their widespread adoption.

Monolithic integration or Multichip integration and packaging innovation also present an
outstanding opportunity for innovation.
Collocated energy storage resources can potentially improve the operational efficiency of
conventional thermal fossil fuel generators. System-level economic dispatch employs linearized and
step-sized cost curves of fossil fuel generators, which are approximations of the actual nonlinear and
nonconvex cost curve. This could result in uneconomic dispatch of thermal generators. Collocated
energy storage resources can adjust their outputs to optimize the fuel cost of generators while
meeting the system dispatch target (storage+thermal generator).

4.2. Required improvements in cost and performance to make this commercially
deployable
The key metrics for power electronic devices and systems are cost, application-specific loss, size and
weight.
Specifically, in the area of devices, Die size shrinking/wafer scaling (device cost reduction) potential
is huge. (Theoretically about 1000X reduction over Si MOS). Historical tradeoffs between device
characteristics must also be overcome. For instance, devices must be simultaneously rated for high
voltage and high current. They must enable high frequency switching, without reducing their voltage
ratings. Performance improvements cannot come at the cost of decreased reliability. Research is
needed to uncover the factors that drive failure mechanisms in new and emerging semiconductor
technologies. Packaging and thermal management have the potential to allow air cooled packages.
Combined with high frequency transformer a 20-100X reduction in footprint is possible.
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5 Relevance to NM and Energy Transition Act
According to The Energy Transition Act (SB489), the Energy Transition Act (ETA) will reduce
electricity costs and will allow New Mexico to begin doing its part to address climate change by
moving public utilities and rural electric cooperatives away from coal and towards renewable and
zero-carbon resources. Power electronics is in alignment with ETA and will be able to help combat
climate change since it is already utilizing non-carbon resources (solar, wind, hydro, electric energy
storage). Utilizing power electronics will also ensure New Mexico’s electricity will be 100% carbonfree by 2045.

6 Summary
Energy-related power electronics equipment represents an opportunity to promote power
electronics manufacturing in NM. ‘Energy-related’ should be interpreted in the broadest context to
include power electronics for energy conversion, transport and utilization(end-use).
Based on the discussion provided in this white paper, potential areas where NM could establish a
competitive manufacturing presence include:
1. Components – high frequency transformers, capacitors, sensors
2. Controllers that provide for improved integration
3. Manufacturing of power electronics-controlled appliances such as HVAC, washers, dryers,
refrigerators, etc.
NM has the R&D expertise, manufacturing know-how and a workforce that can be trained with the
skills needed for such manufacturing.
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CARBON CAPTURE, USAGE AND STORAGE (CCUS)
An overview of decarbonization strategies
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Pathways To a Clean Environment
Focus Statement
The purpose of this paper is to describe conditions where utilization, or storage, of
Carbon Dioxide can make a meaningful impact on baseload power supplies, energy storage
in the form of Hydrogen, improve agriculture, and otherwise divert emissions of CO2 that
would have gone to the atmosphere into a long-lasting and secure use, or delivered into
safe, secure, and long-term storage.

Executive Summary
A major hurdle to full utilization of renewable energy sources is short, medium, and longterm storage of vast amounts of energy. Until the ability to store very significant energy
over periods of days, weeks, or even longer time periods is available, society will continue
to be dependent on hydrocarbons for base load power and will struggle to utilize solar and
wind power sources beyond the current ~20-30% of the power generation capacity of those
systems. Current grids have significant struggles to deliver reliable power as renewables are
expected to fill 20-50% of needed power. Improved and more intelligent grid systems can
help to even out the supply (daylight and windy periods) from the demand which is solidly
diurnal and daytime vs nighttime. Significant research initiatives studying battery and nonbattery energy storage at larger scales exist, but the ask is enormous. How do you store
Terawatts of power for when you need it? The Authors are confident that the engineering
necessary to meet these demands can be achieved but are equally certain that this is a
generational change in infrastructure, industry, and the ways in which humans use power,
and will take some time to develop and mature these technologies and systems to the point
where we can depend solely on renewable forms of power. Scientists tell us (IEAGHG,
others) that we need to dramatically reduce emissions in the next 20 years. In fact, we
should be storing 2 gigatons of CO each year, beginning in 2020 to avoid more than a 1.5 C
change in global average temperature by 2050. It is therefore critical that near and short
term decarbonization is used to deal with the immediate problem while the necessary time
to evolve and implement solutions to long term storage of power and to scale up and install
sufficient renewable power sources to fully replace emitting sources.
o

2

As we approach 2040 and beyond and have decarbonized energy to some degree it will be
increasingly important to reduce/eliminate carbon from existing sources of power and
other industrial processes such as cement generation (~10% of global CO output) alone.
While energy is the largest source of CO emissions today, a variety of industries will
continue to emit well into the future, and some energy sources will be difficult or
impossible to replace with renewable or stored power sources, such as jet travel. Also, as
we approach and then exceed reductions in emissions, as a society we should be looking to
reduce the levels of CO in the atmosphere to pre-industrial levels using direct air capture or
other methods. Carbone reduction below existing atmospheric levels will depend greatly on
2

2

2
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our ability to capture that carbon and put it into secure storage or utilize it for industrial
purposes. Carbon Capture technology has matured and can be effective for handling point
sources of emissions when coupled with geologic storage, the fuel sectors does not have a
convenient way to capture carbon as the utilization of natural gas, gasoline, diesel, and jet
fuel are necessarily dispersed, and the emissions caused are also dispersed. Blue Hydrogen,
which is the conversion of Methane gas to Hydrogen gas and CO which is then stored,
provides a solution. The advantage of this process is it can utilize under-used solar and wind
power to convert methane into a fuel source that emits only water when burned. Since the
CO released in this process is located at a point source the CO can then be readily captured
and utilized or stored. New Mexico has more than a 20 billion tonnes of CO storage
available in the subsurface that can accommodate this. There are significant infrastructure
related issues that need to be resolved, and identification of novel uses of Hydrogen fuels to
displace dispersed sources such as liquid fuels need to be further developed. Significantly
this would also enable the continued development of hydrocarbon gases, a difficult to
replace economic engine for New Mexico.
2

2

2

2

Displaced oil and gas workers as the economy shifts away from hydrocarbons can be readily
used in a number of ways. Renewable energy jobs would be able to take a fraction of these
workers, albeit at generally lower pay than they currently enjoy, but the majority will need
to be repurposed. A switch to a hydrogen economy could allow many of these to stay in the
field they are already experienced in. In addition, these workers are already capable of
cleaning up the oil fields as they become less utilized and would be easily cross trained to
process gas to hydrogen. These workers have the technical skills to build the necessary
infrastructure to utilize those zero emissions hydrocarbon sources of power including
pipelines, and already have the subsurface experience to design and operate geologic
storage so that the hydrogen and CO can be stored indefinitely.
2

Bio-utilization and Co2 usage in agriculture; alternate uses of CO2 in other industries such as
cement manufacturing; and distributed source capture all have roles to play in the New
Mexico Energy Transition, but two areas involving storage can be accessed immediately and
are summarized in the rest of this paper – Carbon storage and Blue Hydrogen.

1. Carbon Storage
Introduction
Carbon Capture and Storage has been intensely studied by the US Department of Energy
over the last two decades. Beginning in 2003, seven regional storage partnerships were
formed covering the US and Canada. The Southwest Partnership on Carbon Sequestration
(SWP) covering New Mexico and immediately adjacent states was won by, and has since
been administered by, New Mexico Tech. The SWP established, mapped, and tested storage
in and from a variety of industrial sources in New Mexico and other southwest states and
contributed relevant knowledge to best practices manuals and US carbon atlases. The
successor program, which started in 2019, is a set of four regional initiatives covering the
United States, with the objective of enabling and developing commercial CO storage
2
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projects. The Carbon Utilization and Storage Partnership of the Western US (CUSP) was
formed by a regional team and is again managed by New Mexico Tech.
New Mexico has a long history of CO enhanced oil recovery going back at least 40 years,
has a developed CO infrastructure including more than a thousand miles of pipelines, has
had numerous demonstration projects as part of DOE funded programs, and has at least 20
Gigatons of storage available in depleted oil reservoirs and deep saline aquifers.
2

2

In 2017, a bipartisan congress enacted changes to section 45Q of the US tax code, which
established tax credits for subsurface storage of CO , with credit amounts of $35 per tonne
when used for enhanced oil recovery (utilization) and $50 per tonne for CO2 storage into
saline aquifers or other subsurface formations. This tax credit has generated intense
interest from CO emitters of all sizes and types.
2

2

Carbon storage is a mature technological field, with a long history of successful
demonstration projects and a sound economic driver in the form of the 45Q tax credit.

Technology Overview
In order to store carbon dioxide in the subsurface it must be captured from an industrial
source such as a coal power plant, natural gas burners or turbines, cement plant, fertilizer
plant, ethanol plant, gas separation facilities, oil refineries, and a multitude of other
industrial point sources. CO captured from these sources need to be purified to some
degree so that the primary constituent of the waste gas is CO , and in such a way that all or
most of the CO is captured. CO once captured is compressed into a liquid form, at which
point it is transported from the capture point to the storage location, usually by pipeline. At
the storage location, a firm understanding of the subsurface formation is made by studying
the geology, and by modeling the physics of storage using simulation software and models.
Wells are drilled into the storage formation or repurposed in the case of depleted oil fields
from previously existing wells. The CO is then injected into the subsurface and monitoring
equipment, pre-installed to establish baseline data, is used to ensure that the CO does not
escape. Metering of the CO at the source and at the injection site is used to report the mass
of CO stored. In order to access tax credits an EPA approved Monitoring, Reporting, and
Verification (MRV) plan must be in place at the storage site. Carbon storage in this manner
allows the continued use of hydrocarbon resources by removing the undesirable CO
emissions and making those sources carbon neutral.
2
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Technology and other Challenges
This is a technologically mature field, with adoption already in place or underway in the
state of New Mexico for EOR projects and for disposal of separator gas. Millions of tonnes
of CO already go into the subsurface each year in the state in CCUS projects and Acid-Gas
disposal wells. More can be done, and as CO emitters have begun to access 45Q and other
credits, more CO will be captured as the infrastructure costs can be recouped and
infrastructure is further developed.
2

2
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The primary challenges for wide-scale adoption of CO storage in New Mexico are regulatory
and in public perception. In order to store CO in a depleted oil reservoir, or as part of
disposal of CO produced with natural gas that would otherwise have been emitted to the
atmosphere, the storage site can obtain UIC Class II injection permits directly from the State
of New Mexico through the Oil Conservation Division. For injection into saline aquifers and
other pure storage formations a UIC Class VI well permit needs to be acquired from the EPA
main office in Washington DC. This is a time-consuming process that can delay CO disposal
significantly. If New Mexico were to seek primacy in UIC Class VI to go along with the
existing primacy in Classes I-V, this process could be streamlined and adapted to the unique
needs of the state.
2
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The second major issue is public acceptance. To assure the public that this is very safe, very
important to the reduction of current CO emissions, and eventually carbon removal from
the atmosphere to allow net negative carbon emissions, it is necessary to inform the public,
state politicians, and regulators as to the importance of carbon storage to the state.
Outreach materials, public meetings, and direct engagement with communities is advised.
2

Technology Opportunities
As a mature set of technologies, carbon storage allows immediate action on climate, and
can also allow continued production of hydrocarbon resources, a significant portion of the
state economy, as well as maintaining the ~100,000 high paying jobs associated with
extractive industries.
While a full set of technologies is already available to meet these goals, as the industry
develops there will be increases in efficiency that will drive future refinements to current
best practices. Additional tax credits, such as the California Low Carbon Fuel Credit, or
penalties for emissions of CO can also drive technology in new directions.
2

The 45Q tax credit alone is enough to get many companies into carbon storage. As new
sources of income or liability reduction become available an increased number of facilities
with point source carbon capture will be able to afford to go into carbon reduction and
removal.

Relevance to NM and Energy Transition Act
The New Mexico Energy Transition ACT requires that all energy generated in New Mexico
be carbon free by 2040. This is a significant challenge considering the current state of largescale energy storage, and the rate at which renewable energy sources can be deployed. A
current project at the San Juan Generating station aims to capture 7 million tonnes per year
of CO , make that power plant carbon neutral, and maintain important jobs in an
economically challenged part of the state. An equally important benefit to adding capture
and storage to that facility is that the state can maintain stable baseload power as the
energy transition develops over the next 20 years. This technology works equally well for
power generation using natural gas, and that as a source of electrical power is very useful
for moderating swings in availability of renewable energy sources as they can be switched
on quickly in response to increases in demand, to extended cloudy or wind-free days, and to
2
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moderate regional grid impacts during winter or summer weather events.

Summary
Carbon storage is a mature technology ready to be deployed within the state, and ample
storage resources are available proximal to point sources of CO . Economic and political
drivers for carbon reduction are in place with the 45Q tax credit and the ETA. Carbon
storage allows utilization of traditional energy sources while the generational shift in
energy sourcing and usage is developed: it maintains high paying jobs in the state of
New Mexico; and enables stable baseload power.
2

2. Low/No Carbon Intensity Hydrogen
Introduction
Hydrogen research has been ongoing for decades but has never developed into a large-scale
energy source for a number of reasons: Cost of generating hydrogen has been prohibitive
when compared to other energy sources; infrastructure changes and mid and long-term
storage require significant infrastructure buildup or adaptation; and the lack of a developed
market to make use of the Hydrogen once it is created. A confluence of events is causing a
change in these constraints. First, the need for liquid fuels for air travel and for vehicles in
rural areas will not decrease as our energy sources are decarbonized; Second, surplus wind
and solar can be used to power hydrolysis to convert water molecules into Hydrogen and
Oxygen (Green Hydrogen) which can mitigate some of the expense; Third, a desire for nonCO emitting power sources can create a large industrial market for Hydrogen, which when
burned as fuel emits only water; Fourth, subsurface storage research for CO can be applied
to mid and long term storage of hydrogen molecules essentially forming a “battery” which
stores power until needed at large scales, safely and securely in the subsurface; Finally,
“Blue Hydrogen” which is the process of combining methane, water, and heat in a steam
reformation process can convert methane (CH ) directly into H and CO . As the CO is
generated at a point source it can readily be captured for reuse or disposal into the
subsurface. An added benefit is that the state can continue to benefit from hydrocarbon gas
production taxes and royalties while having low/no associated emissions which would occur
from using those gases directly.
2

2

4

2

2

2

Technology Overview
Two primary processes exist for conversion of hydrogen. Hydrolysis, which uses electricity
and catalysts to separate Hydrogen from Oxygen in water molecules; and Steam Methane
Reformation which converts methane (CH ) and Water (H 0) to create Hydrogen (H ) and
Carbon Dioxide (CO ). Both processes require energy, which could be supplied in part by
surplus renewable power or by a parasitic load on a Hydrogen powered electric facility. The
technologies are mature and at small and mid-sized scales already employed by industries
that need Hydrogen, such as Nikola Corp which is developing regional trucking using
4

2

2

90

2

Hydrogen as a fuel. Numerous companies are exploring conversion of mothballed or soon to
be closed coal or natural gas powerplants to burn hydrogen instead, with on-site hydrogen
conversion and local CO storage.
2

This process creates a market for Hydrogen that is both large and steady and allows local
buildup of hydrogen infrastructure which can create opportunities for hydrogen powered
vehicles, and local hydrolysis using surplus renewable energy. Subsurface storage of excess
hydrogen can also provide mid and long-term energy storage.

Technology Challenges
This is yet to be demonstrated at utility scale, though all the technology components are in
place. As with all firsts, the process may be expensive to realize at scale until it is shown that
it can be done. In New Mexico plants will need to be stick built which adds additional cost.
As with carbon storage, public perception and regulatory acceptance would require
significant outreach efforts to inform the public and policy makers.

Technology Opportunities
New techniques for hydrogen separation are under development in New Mexico. Investors
are looking at converting the mothballed coal plant at Escalante into a Blue Hydrogen
powered plant. Research has been proposed to understand subsurface Hydrogen storage,
and there is a great deal of interest from politicians in the state, about the technology.

Relevance to NM and Energy Transition Act
This technology allows for zero emission power generation using hydrocarbon and/or
surplus renewable power as the driver. Jobs that have been or could be lost in the future at
traditional power stations can be maintained or increased using this technology. This
technology also maintains ~100,000 high paying jobs in extractive industries, as those
workers have the necessary skills to work in the subsurface for H and CO storge, and the
surface for transport of those materials by pipelines.
2

2

Summary
Hydrogen can be used as a zero-emission fuel when extracted from methane and coupled
with carbon storage. Continued revenues from hydrocarbons can smooth the blow to the
state economy that could result from a sudden disassociation from hydrocarbon resources.
As with carbon storage, this technology can allow stable baseload and switching power as
renewables are built up. The technology also can be the basis of large-scale energy storage
and create the size of “batteries” needed to fully utilize wind and solar power.
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3. Summary Table of Carbon Storage and Hydrogen Technologies
Technology

Advantages

Challenges
•

•

•
Carbon
Storage

•

Demonstrated capability at
large scales through DOE
demonstrations and 20+
Acid Gas disposal wells
Significant in-place
infrastructure including
hundreds of miles of CO2
pipelines and numerous
existing well bores which
provide excellent
subsurface knowledge
Excellent potential for
long-duration storage at
Gigaton scales

•

•
•

•

•
Carbon
Utilization
•

•

•

Hydrogen
Storage

•

•

Mature technology
developed through five
decades of Enhanced Oil
Recovery (EOR)
Over 100 existing projects
in the Permian basin
already connected to CO2
delivery systems and
pipelines
Aging EOR projects can be
converted to focus
primarily on storage
Reduced carbon intensity
of fuels resulting from any
residual oil production

Hydrogen generated from
surplus wind and solar, as
well as from methane
conversion can provide a
significant “battery” to
even out power demand
swings within the state
Stored Hydrogen can be
sold on an open market
creating a No/Low carbon
intensity fuel supply to
other states
Allows continued
collection of important

•

•

•

•

Public Acceptance of
Carbon Storage as a
necessary step
towards meeting
State, National, and
World carbon
reduction goals
Regulatory
environment needs to
mature and add a
focus on storage and
long-term risk
management of
storage projects
Storage integrity
needs to be ensured
Public Acceptance of
Carbon Storage as a
necessary step
towards meeting
State, National, and
World carbon
reduction goals
Regulatory
environment needs to
adjust to allow
transition from
production focus to
storage focus
Storage integrity
needs to be ensured
through de-risking
multiple well bores
penetrating storage
formations
Public Acceptance of
Hydrogen as a
necessary step
towards meeting
State, National, and
World carbon
reduction goals
While subsurface
storage of CO is well
understood, the
behavior of Hydrogen
is less well known and
requires additional
study

Opportunities for NM

•

•

•

•

•

•

•

•

•

2
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•

Over 10 gigatons of CO
storage potential in
saline aquifers has been
identified through DOE
studies
45Q and California LCFS
provide economic drivers
to enhance existing
infrastructure
Lead the Nation in
carbon reduction
2

Over 13 gigatons of
storage potential in
mature oil reservoirs has
been identified
Additional storage
potential in Residual Oil
Zones and depleted gas
reservoirs will add to
these totals
45Q and California LCFS
provide economic drivers
to enhance existing
infrastructure
Can be developed in the
very near term and make
a significant impact on
world-wide carbon
storage goals
Large proven reserves of
methane in the state
that could be converted
to Hydrogen
High level of adoption for
renewable energy
projects provides
opportunity to fully
utilize those resources
California LCFS and 45Q
provide incentives that
could leverage
infrastructure buildup

•

state revenues from Gas
taxes and Royalties
Allows for creation of
infrastructure to fully
utilize renewable power
sources

•

•

•
•

•
Hydrogen
Utilization

•

•

A Low/NO emissions liquid
and gas power source
which is environmentally
friendly
Can be used for grid
stability, baseload power,
and transportation
Can ultimately replace
natural gas at widely
distributed locations such
as home and businesses
Centralizes CO2 generation
so it can be safely and
effectively stored in the
subsurface

•

•

•

•
•
Hydrogen
Market
•

Large potential capacities
for storage and utilizations
Can remake grid-based
power in New Mexico and
the US into a Low/No
carbon emission system
Can maintain an energy
export economy for the
state

•

•

Regulatory
environment needs to
incorporate hydrogen
storage into rules and
regulations
A proven market for
Hydrogen needs to be
developed to spur
infrastructure
development
Public Acceptance of
Hydrogen as a
necessary step
towards meeting
State, National, and
World carbon
reduction goals
Hydrogen production
requires energy inputs
which will require
parasitic loads on
power plants and/or
use of surplus
renewable energy to
supply
Hydrogen production
requires water inputs
in an already water
challenged state
Public Acceptance of
Hydrogen as a
necessary step
towards meeting
State, National, and
World carbon
reduction goals
Requires neighboring
states to also adopt
Hydrogen as a power
and fuel sources or to
be willing to use
electricity generated
using hydrogen
Regulatory
frameworks needs to
encourage
development
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•

Continued use of vast
hydrocarbon resources
while emitting Low/NO
CO emissions
Maintain high paying
hydrocarbon industry
jobs as they are readily
adapted to this purpose
2

•

•

•

•

•

•

•

Hydrogen production
from natural gas with CO
storage allows for
continued use of human
and physical
infrastructures and
income streams
Reduction in waste from
underutilization of
renewable energy
resources
Reduction of produced
water disposal volumes
while being “water
neutral” as well as
“carbon neutral

2

Numerous mothballed or
scheduled coal plant
closures that could be
converted to Hydrogen
Creates an opportunity
for New Mexico to be a
leader in base load
power in the Western US
Maintains not just
repurposed oil and gas
jobs, but also enables reemployment of power
plant workers that have
been displaced by power
plant closures

7 CONCLUSION
Currently, the world depends mostly on carbon-based matter for electricity and mobility, and
they have indeed been reliable sources of energy. But things are changing with the global move
toward cleaner, renewable energy sources. So, how do we make clean, renewable energy as
dependable as fossil fuels have been? The papers you have just read support the belief that
advanced technology and innovative manufacturing methodologies will permit the effective
management of this change and will set the stage for new materials, building reconfigurations,
integrated power sourcing and distribution, greater storage capacity, and a smaller carbon
footprint.
The ATC champions advanced technology for the energy sector as the most plausible pathway
for achieving net-zero emissions while providing seamless integration of energy sources for
reliability. Although the topic of additive and 3D manufacturing were not explored in great detail,
the manufacturing methodology of their Industry 4.0 platform will be a valued asset in the
making of products to support clean, reliable energy. Enabled by artificial intelligence (AI), the
Internet of Things (IOT), and machine learning, advancements in energy technologies and
manufacturing methodologies together can provide new innovative products for accessing,
managing, and using power.
Additionally, electric power consumption is expected to grow as a share of global energy
demand over the next 20 to 30 years with the advent of electric cars and individuals living closer
to their power source. Electricity will become the foundation of all power produced and
consumed, thus increasing consumption by orders of magnitude. This will prompt the desire and
need for greater consumer participation and management of their power arrangements. This
plethora of change and growing demand can best be accommodated by the availability of new
technology products. Appendix I summarizes the content for each topical area.
The ATC sees a New Mexico future through technology, which a few decades back might have
been thought of as science fiction. However, if necessity is said to be the mother of invention,
New Mexico can reinvent itself as the leader in low-cost, and high-tech energy solutions with the
same sense of urgency applied to the COVID crisis. It can ensure its economic progress by
exploiting the global demand for electric power and mobility while achieving net-zero carbon
emission goals. This will require effective public-private partnerships, which recognize and push
for new policies and regulations, new and large investments, and well managed risks in order to
implement a well thought out decarbonization and energy-transition strategy.
Now is the time for New Mexico to exercise the public will and political stamina to make this
possible.

94

Page Intentionally Left Blank

95
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(Topical Summaries)
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Energy Storage Summary Table
Energy storage is required for time-shifting and firming intermittent renewable energy technologies.
While 4-hr Li-Ion batteries can address the short-duration requirements, large-capacity, longduration storage (>4 – 6 hrs) will be required for grid reliability as we approach 100% carbon-free
electricity generation.
Mature energy storage technologies exist, such as, pumped hydro, compressed air, batteries,
flywheels, and thermal storage. Emerging technologies such as hydrogen and thermochemical
Key Findings
storage can provide long-duration storage solutions, but costs are currently high and there are a
(Facts about
lack of reliable demonstrations. Additional pilot-scale or pre-commercial demonstrations of largeProblem)
capacity, long-duration storage technologies are required. NM can help lead the way as it finds
storage solutions to meet the NM Energy Transition Act and 100% carbon-free electricity by 2045.
This white paper summarizes advantages, challenges, needs, and opportunities for the following
energy storage technologies: compressed air energy storage (CAES), electrochemical (battery)
Technology
storage, flywheels, hydrogen storage, pumped hydro, other gravimetric, and thermal energy storage.
Options
The attached table provides a summary of the advantages, challenges, and opportunities
associated with each technology.
Because Li-Ion battery systems is able to address short-duration (<4 – 6 hrs) storage needs, we
recommend that NM focuses on developing storage solutions for large-capacity, long-duration
Technology
storage (> 6 – 10 hrs). Technologies that are suitable for these applications, show technological
Recommendations
promise, do not rely on fossil fuels, and are amenable to NM resources and business opportunities
include the following: (1) flow batteries, (2) hydrogen storage, and (3) thermal energy storage.
Problem
Statement
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Grid Alternatives Summary Table

Opportunity
Statement

Key Findings
(Facts about
Problem)

Technology
Options

Technology
Recommendations

Grid-interactive efficient buildings (GEBs) are energy efficient buildings with smart technologies
characterized by the active use of distributed energy resources (DERs) to optimize energy use for grid
services, occupant needs and preferences, and cost reductions in a continuous and integrated way. The
value of GEBs and the associated tools represent new opportunities for development and manufacturing
of these tools here in New Mexico.
Over the next two decades, national adoption of GEBs could be worth between $100–200 billion in U.S.
electric power system cost savings, by reducing and shifting the timing of electricity consumption.
However, consumers lack understanding of advantages, performance benefits, incentives, or a
combination of these. Consumers are hesitant to adopt energy-efficient technologies if they do not
understand the technology or do not perceive it as beneficial. This is not a technological barrier but is
largely a policy and market barrier of a top-down regulated electricity system. However, those policies and
markets are beginning to change, and New Mexico’s manufacturing should be positioned to the new
opportunities.
• Components
o Hardware
o Software
• Control Systems
• Cybersecurity solutions
• Workforce training and education

All options, but further study recommended to identify those with greatest opportunities.
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Power Electronics Summary Table
Problem
Statement

Key Findings
(Facts about
Problem)

Technology
Options

Power Electronics is a key enabling technology in the production and conversion, delivery and utilization of
electrical energy. For example, power electronics is used to connect solar arrays to the grid, to manage electric
energy flows in the grid, and in equipment such as HVAC systems for heating and cooling. Power electronics
thus offers multiple opportunities for incubating and commercializing the manufacturing of components
including sensor, control sub-systems, as well as complete systems for energy applications.
Power electronic equipment finds pervasive application in all aspects of the energy production-deliveryutilization chain.
The challenges being addressed today include robustness, higher efficiency and smaller footprint, aimed at
increased reliability and lower cost. Robustness is perhaps the most important, since power electronics must
compete with traditional grid equipment (transformers, generators). There are research and manufacturing
opportunities in all areas of power electronics. The more significant opportunities of near-term relevance
appear to be related to the manufacture of components and subsystems related to power electronics. The
global power electronics market was valued at $38B in 2020 and is expected to grow in the coming decades1.
The global market growth is driven by the increasing trends in electric and hybrid vehicles. In addition, the
popularity of renewable and distributed energy resources for future grid is bolstering additional market growth
over next few years.
Relevant to the Energy Transition Act (SB489), with its goal to reduce electricity costs and allow New Mexico to
begin doing its part to address climate change Power Electronics has a critical role in helping expand
renewable resources, efficient and agile delivery, and efficient energy utilization ensure New Mexico’s
electricity will be 100% carbon-free by 2045.
The white paper identifies a number of potential technology opportunities, including Nanocomposite Soft
Magnetics for Transformers; Soft Magnetic Materials Adapted for Additive Manufacturing; Monolithic integration
or Multichip integration and packaging innovation; and Integration of Collocated energy storage resources.

Based on the discussion provided in this white paper, potential areas where NM could establish a competitive
Technology
Recommendations manufacturing presence include:

1. Components – high frequency transformers, capacitors, sensors
2. Controllers that provide for improved integration
3. Manufacturing of power electronics-controlled appliances such as HVAC, washers, dryers, refrigerators, etc.

NM has the R&D expertise, manufacturing know-how and a workforce that can be trained with the skills needed for such
manufacturing.
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Carbon Capture, Usage and Storage Summary Table
Problem Statement

Key Findings
(Facts about
Problem)

Technology
Options

In order to address decarbonization goals it is critical to utilize fully mature and rapidly scalable
technologies. To meet immediate decarbonization commitments agreed to in the Paris Accord, it is necessary
for human activities to reduce carbon emissions immediately by 2-3 gigatons per year, starting in 2020. While
great strides have been made in renewables and battery power storage, the infrastructure challenge
associated with full conversion to those resources is generational in nature and we need a bridge to buy us
the time to reduce CO2 from current levels. Ultimately, when we have removed CO2 from our energy, it will
still be important to manage existing CO2 in the atmosphere by direct air capture, ideally reducing
concentrations to pre-industrial levels. Carbon Capture and Storage have been studied for decades, are a
well understood set of technologies, and can be rapidly scaled with technology that we have today. The
conversion of methane to hydrogen, with carbon storage, also allows for the continued use of necessary liquid
fuels while decarbonizing transportation.
Carbon Capture, Utilization, and Storage has a demonstrated capability at large scale through DOE
demonstration projects, acid-gas disposal wells, and a 50 year history of enhanced oil recovery projects. As a
result, significant in-place infrastructure including thousands of miles of CO2 pipelines and numerous existing
well bores which provide excellent subsurface knowledge and proven potential for long-duration storage at
Gigaton scales. EOR projects in the Permian basin have already stored more than 1 gigaton of CO 2.
Over 100 existing projects in the Permian basin already connected to CO 2 delivery systems and pipelines
and these aging EOR projects can be converted to focus primarily on storage. Hydrogen generated from
surplus wind and solar, as well as from methane conversion from already in place large-scale production of
natural gas can provide a significant “battery” to even out power demand swings and allow for use of liquid
fuels in applications such as jet travel where conversion to electricity is not possible in the next generation.
Stored Hydrogen can be sold on an open market creating a No/Low carbon intensity fuel supply to other
states, and allows continued collection of important state revenues from Gas taxes and Royalties.
Carbon Capture: Separation of CO2 from a waste stream. This can be accomplished cryogenically, via
amine processes, or through direct chemical conversion in the case of Methane to Hydrogen generation
Carbon Use: Biogenic, industrial, or EOR all provide viable uses of CO2 once captured. Of importance for
immediate goals to store CO2 at gigaton scales, storage in saline aquifers and depleted oil reservoirs can be
very quickly scaled to meaningful levels.
Hydrogen generation: hydrogen via hydrolysis using surplus renewable power, and from direct conversion
from existing methane resources both provide valuable liquid fuels with no carbon emissions.
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Technology
Recommendations

These are mature technologies based on proven industrial processes and can be rapidly adapted, scaled, and
deployed. Challenges are in educating stakeholders on the value of CCUS and creatinga regulatoy environment that
encourages project development. Economic drivers such as 45Q tax credits make projects desirable to industries that
already have experience working with pipelines, wells, and the subsurface.

101

