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REQUIRED DOCUMENTS CHECKLIST

For an overview of the application process, see Section IV.A of the FOA.
For guidance regarding requisite application forms, see Section IV.B of the FOA.

For guidance regarding the content and form of Concept Papers, Full Applications, and Replies to Reviewer
Comments, see Sections IV.C, IV.D, and IV.E of the FOA.

OPTIONAL/ FOA
SUBMISSION COMPONENTS MANDATORY | SECTION DEADLINE
e Each Applicant must submit a Concept Paper in Adobe PDF
format by the stated deadline. The Concept Paper must
not exceed 4 pages in length and must include the
following: P ; 9:30 AMET,
Concept Paper Mandatory IvV.C #une 52020
o Concept Summary
. June 9, 2020
o Innovation and Impact
o Proposed Work
Team Organization and Capabilities
Full Application [TO BE INSERTED BY FOA MODIFICATION IN JULY 2020] Mandatory V.D -9r33|§ AM ET,
Reply to [TO BE INSERTED BY FOA MODIFICATION IN JULY 2020]
Reviewer Optional IV.E 5 PM ET, TBD
Comments
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I. FUNDING OPPORTUNITY DESCRIPTION

A. AGENCY OVERVIEW

The Advanced Research Projects Agency — Energy (ARPA-E), an organization within the
Department of Energy (DOE), is chartered by Congress in the America COMPETES Act of 2007
(P.L. 110-69), as amended by the America COMPETES Reauthorization Act of 2010 (P.L. 111-
358) to:
“(A) to enhance the economic and energy security of the United States through the
development of energy technologies that result in—
(i) reductions of imports of energy from foreign sources;
(ii) reductions of energy-related emissions, including greenhouse gases; and
(iii) improvement in the energy efficiency of all economic sectors; and
(B) to ensure that the United States maintains a technological lead in developing and
deploying advanced energy technologies.”

ARPA-E issues this Funding Opportunity Announcement (FOA) under the programmatic
authorizing statute codified at 42 U.S.C. § 16538. The FOA and any awards made under this
FOA are subject to 2 C.F.R. Part 200 as amended by 2 C.F.R. Part 910.

ARPA-E funds research on and the development of high-potential, high-impact energy
technologies that are too early for private-sector investment. The agency focuses on
technologies that can be meaningfully advanced with a modest investment over a defined
period of time in order to catalyze the translation from scientific discovery to early-stage
technology. For the latest news and information about ARPA-E, its programs and the research
projects currently supported, see: http://arpa-e.energy.gov/.

ARPA-E funds transformational research. Existing energy technologies generally progress on
established “learning curves” where refinements to a technology and the economies of scale
that accrue as manufacturing and distribution to develop drive down the cost/performance
metric in a gradual fashion. This continual improvement of a technology is important to its
increased commercial deployment and is appropriately the focus of the private sector or the
applied technology offices within DOE. By contrast, ARPA-E supports transformative research
that has the potential to create fundamentally new learning curves. ARPA-E technology
projects typically start with cost/performance estimates well above the level of an incumbent
technology. Given the high risk inherent in these projects, many will fail to progress, but some
may succeed in generating a new learning curve with a projected cost/performance metric that
is significantly lower than that of the incumbent technology.

ARPA-E funds technology with the potential to be disruptive in the marketplace. The mere
creation of a new learning curve does not ensure market penetration. Rather, the ultimate
value of a technology is determined by the marketplace, and impactful technologies ultimately

Questions about this FOA? Check the Frequently Asked Questions available at http://arpa-e.energy.qov/faq. For questions that have
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become disruptive — that is, they are widely adopted and displace existing technologies from
the marketplace or create entirely new markets. ARPA-E understands that definitive proof of
market disruption takes time, particularly for energy technologies. Therefore, ARPA-E funds the
development of technologies that, if technically successful, have the clear disruptive potential,
e.g., by demonstrating capability for manufacturing at competitive cost and deployment at
scale.

ARPA-E funds applied research and development. The Office of Management and Budget defines
“applied research” as an “original investigation undertaken in order to acquire new
knowledge...directed primarily towards a specific practical aim or objective” and defines
“experimental development” as “creative and systematic work, drawing on knowledge gained from
research and practical experience, which is directed at producing new products or processes or
improving existing products or processes.”! Applicants interested in receiving financial assistance
for basic research should contact the DOE’s Office of Science (http://science.energy.gov/).
Office of Science national scientific user facilities (http://science.energy.gov/user-facilities/) are
open to all researchers, including ARPA-E Applicants and awardees. These facilities provide
advanced tools of modern science including accelerators, colliders, supercomputers, light
sources and neutron sources, as well as facilities for studying the nanoworld, the environment,
and the atmosphere. Projects focused on early-stage R&D for the improvement of technology
along defined roadmaps may be more appropriate for support through the DOE applied energy
offices including: the Office of Energy Efficiency and Renewable Energy
(http://www.eere.energy.gov/), the Office of Fossil Energy (http://fossil.energy.gov/), the
Office of Nuclear Energy (http://www.energy.gov/ne/office-nuclear-energy), and the Office of
Electricity Delivery and Energy Reliability (http://energy.gov/oe/office-electricity-delivery-and-
energy-reliability).

B. SBIR/STTR PROGRAM OVERVIEW

The Small Business Innovation Research (SBIR) and Small Business Technology Transfer (STTR)
programs are Government-wide programs authorized under Section 9 of the Small Business Act
(15 U.S.C. § 638). The objectives of the SBIR program are to (1) stimulate technological
innovation in the private sector, (2) strengthen the role of Small Business Concerns in meeting
Federal R&D needs, (3) increase private sector commercialization of innovations derived from
Federal R&D activities, (4) foster and encourage participation by socially and economically
disadvantaged and women-owned Small Business Concerns, and (5) improve the return on
investment from Federally funded research and economic benefits to the Nation. The objective
of the STTR program is to stimulate cooperative partnerships of ideas and technologies

1 OMB Circular A-11 (https://www.whitehouse.gov/wp-content/uploads/2018/06/a11_web_toc.pdf), Section 84,
pg. 3.
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between Small Business Concerns and partnering Research Institutions through Federally
funded R&D activities.?

ARPA-E administers a joint SBIR/STTR program in accordance with the Small Business Act and
the SBIR and STTR Policy Directive issued by the U.S. Small Business Administration (SBA).3
ARPA-E provides SBIR/STTR funding in three phases (Phase |, Phase Il, and Phase IIS).

C. PROGRAM OVERVIEW

1. INTRODUCTION

The ULTIMATE Program seeks to fund the development and demonstration of ultrahigh
temperature materials that can operate continuously at 1300 2C in a standalone material test
environment (or with coatings, enabling gas turbine inlet temperatures of 1800 °C) or higher,
targeting gas turbine applications in the power generation and aviation industries. The
successful materials must be able to withstand not only the highest temperature in a turbine
but also the extreme stresses of a turbine blade. This program will concurrently fund the
development of manufacturing processes for turbine components using these materials,
enabling complex geometries that can be seamlessly integrated in the system design. Coatings
including both environmental barrier coatings (EBC) and thermal barrier coatings (TBC) are also
within the scope of this program. It is expected that the development of novel ultrahigh
temperature materials in combination with compatible coatings and manufacturing
technologies will enable the efficiency of gas turbines to be improved by up to 7%, which will
result in significant reductions in wasted energy and carbon emissions.

2. BACKGROUND

Gas turbines are widely used for electric power generation and aircraft propulsion, among
other industrial applications. Today, natural gas fueled turbines produce approximately 35% of
the total electricity production in US*. Air travel is responsible for 2% of carbon emissions and is
expected to double in the next two decades globally®. Improving the efficiency of gas turbines is
thus a very important issue for energy savings, carbon emissions, and the economy of not only
those industries, but a broad breath of sectors.

Based on thermodynamic principles governing the operation of thermal mechanical systems
such as turbines, the efficiency of a gas turbine depends to a large degree on the peak

2 Research Institutions include FFRDCs, nonprofit educational institutions, and other nonprofit research
organizations owned and operated exclusively for scientific purposes. Eligible Research Institutions must maintain
a place of business in the United States, operate primarily in the United States, or make a significant contribution
to the U.S. economy through the payment of taxes or use of American products, materials, or labor.

3 See 84 Fed. Reg. 12794 (Apr. 2, 2019).

4U.S. Energy Information Administration. Retrieved February 24, 2020,
https://www.eia.gov/tools/fags/faq.php?id=427&t=3

5 Air Transport Action Group. Retrieved February 24, 2020, https://www.atag.org/facts-figures.html
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temperature of the working fluid (e.g. air or combustion products)®. The higher the peak
temperature, the higher the efficiency and specific core power (Figure 1). However, the peak
operating temperature of gas turbines is limited by the capability of the material used to
construct the components (e.g. blades, vanes, nozzles and shrouds) in the hottest part of the
cycle. Among them, the turbine blades experience the most demanding environment because
they must withstand not only the highest temperatures in a turbine, but also the highest
stresses during operations.
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Figure 1: Plot showing specific core power of an aircraft engine as a function of temperature

Currently, turbine blades are made of single crystal nickel-based superalloys that have been
developed and optimized over the past 70 years for this application. There are also cobalt (Co)
based alloys with similar properties as those of Ni superalloys. Different grades of Ni
superalloys are used for making components in different parts of turbines depending on the
actual working temperature required, from 500 °C and up’ &. Ni superalloys with the highest
temperature capability include those commercially known as CMSX series, PW1484, Rene N5,
and their variations. Those alloys represent the state-of-the-art of high temperature materials.

Current state-of-the-art alloys used in turbines cannot operate at temperatures higher than
1100 °C. In practice, in order to increase the effective gas inlet temperature, turbine blades are
coated with what is called “thermal barrier coatings” (TBC) which allow the surface
temperature of a coated blade to be significantly higher - up to 1500 °C. Additionally, the
blades are also cooled through sophisticated interior cooling channels, which further protect

6J. H. Perepezko, (2009). The hotter the engine the better. Science, 326, pp.1068

7 A. Nowotnik, (2016), Nickel-based superalloys, Reference module in materials science and materials engineering,
8 T. M. Pollock and S. Tin, (2006) Nickel-Based Superalloys for Advanced Turbine Engines: Chemistry,
Microstructure, and Properties, Journal of propulsion and power, 22, No. 2, pp. 361.
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the base metal and enable working fluid operating temperatures as high as 1600 °C. Although
the cooling and TBC can protect the base metal while allowing the operational temperature to
be higher than that of the temperature capability of the base metal, those effects are achieved
at the expense of efficiency. It is estimated that anywhere from 1-3 percent efficiency is
sacrificed in order to protect the base metal depending on the specific designs and operating
conditions®. Improving the temperature capability of the base metal will not only allow for
potential increases of the gas inlet temperature, but also allow for optimum designs with less
dependence on cooling channels, thus increased effective efficiency.

3. MOTIVATION

Technical Performance Motivations

The motivation of this program is to improve the efficiency of gas turbines by increasing
the temperature capability of the materials used in the most demanding environments such as
the turbine blade. The temperature capability of Ni superalloys has been improved steadily
over the last few decades from 600 °C to 1100 °C through incremental microstructure and
chemistry refinement. However, the development of Ni superalloys as well as Co alloys based
on similar microstructural approaches, has plateaued. There is little room to further increase
the working temperature of an engine because 1100 °C is approximately 90 percent of the
liguid forming temperature of Ni superalloys. Thus, there is a strong need to discover, develop,
and implement novel materials that work at temperatures significantly higher than that of the
Ni or Co-based superalloys if further efficiency gains are to be realized.

The proposed program aims to develop refractory metal alloys (such as Mo, Nb etc.) for
high temperature components in gas turbines. Refractory metals typically have melting points
above 2000 °C, high intrinsic strength at high temperatures, and good thermal conductivity.
Figure 2 shows much higher elastic modulus of refractory metals as a function of temperature
in comparison to standard Ni alloy (IN718)1°. The combination of those basic attributes makes
them attractive candidates for high temperature applications. However, many refractory metals
are also known for being brittle at room temperature or even elevated temperatures and poor
manufacturability. Most of the refractory metals are also prone to oxidation, thus the
environmental stability of refractory metal alloys is a major concern!?. Those issues have
prevented the exploration and serious consideration of refractory metal alloys in the past.
Although the potential advantages of refractory metals have been recognized, with some

9Z. Huda, T. Zaharinie, and H. Al-Ansary, (2014), Enhancing power output and profitability through energy-
efficiency techniques and advanced materials in today’s industrial gas turbines International; Journal of Mechanical
and Materials Engineering, pp.1.

10 plansee. Retrieved February 24, 2020, https://www.plansee.com/en/materials/chromium.html

11B. A. Pint, (2014). Critical Assessment 4: Challenges in developing high temperature materials. Materials Science
and Technology, 30, No. 12, pp.1387
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reported efforts in the literature, the development of refractory metal alloys for high
temperature applications is in general regarded as high risk, low priority, and in its infancy.
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Figure 2: High temperature elastic modulus of metals

Fortunately, the landscapes of materials science and engineering have changed
significantly in the most recent decade. Transformative advances in materials modeling and
manufacturing are changing what is possible in the development of new materials, which may
create new opportunities for discovering novel high-performance materials including refractory
metal alloys. For instance, advanced manufacturing technologies such as additive
manufacturing processes have only recently become available, and could provide solutions to
address many of the manufacturing challenges. Rapid advancements in computational
materials science now make it possible to predict microstructure and mechanical properties
systematically, which can drastically shorten the time needed for discovering promising
compositions and processes. Further, the emerging field of “high entropy alloys” has opened a
door to an untapped compositional space for novel alloy discovery. Refractory metal alloys are
prime candidates for forming high entropy alloys (HEAs) because many refractory metal
elements are mutually soluble in each other, which is one of the characteristics of narrowly
defined HEAs!?. We note that HEAs are not a family of materials with similar family traits, but
rather is an approach that was unwittingly neglected in the past for creating new alloy

12p, B. Miracle, O. N. Senkov, (2017) A critical review of high entropy alloys and related concepts, Acta Materialia,
122, pp. 448.
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compositions and new microstructures. We are interested in not only the narrowly defined
HEAs which require five or more principal elements of equal molar fractions and formation of a
single solid solution phase, but also other multi-principal element alloys (MPEA) that may have
multi-phase microstructures.

In short, given the demand for higher temperature materials, new tools and capabilities,
and the compositional space for potential new alloys, there is a realistic opportunity for
developing novel high temperature materials based on refractory metals and supporting
manufacturing techniques, which could meet the metrics of this FOA. Figure 3 is a schematic
that shows the historical performance of state-of-the-art (SOA) Ni-based superalloys as
compared to this FOA's target.
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Figure 3 Temperature capability of the current SOA and the ARPA-E target for novel gas turbine-
blade alloy base metals.

Market motivations

Enabling this capability for turbines and related components in the power generation
and aviation industries will provide an opportunity for utilizing these materials in additional
markets. These materials feed into the system designs of a broad number of use cases,
including but not limited to: marine engines and components, high temperature industrial
applications, and nuclear applications. In particular, the high temperature zones of natural gas
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turbines offer a clear need for these types of materials. Combining this with the fact that the
specifications for a gas turbine open up straightforward opportunities for not one, but two
major markets, increases the positive impact of these materials on energy usage and emissions.
On its own, a 7% improvement in efficiency in the natural gas turbines used for electricity
generation in the U.S. represents a chance to save up to 15-16 quads of energy by 205013, A
similar improvement in the turbines used for civilian aircraft represents another 3-4 quads of
potential savings for U.S. air travel over the same time span 4 1>, Thus, an improvement in the
turbine space could unlock significant efficiency potential across multiple sectors with the
additional development of component and system designs down the road.

Beyond the energy savings aspect of this program, the economic impacts will also be
significant. Electricity generation markets are currently saturated with gas generation units, as
well as older coal and nuclear units that are well past their useful life. As such, the need to
squeeze even a percent of efficiency out of these units is critical to ensuring that the plants can
effectively deploy their capacity to the grid. Should a new unit that is 7% more efficient be
launched based on this new material paradigm, it could save its owner up to $20k/MW above
current SOA (the H-Series turbine) over the lifetime (assumed to be 20 yrs) of a baseload
generator, or $5k/MW above SOA for a peaker plant (at a fuel cost of $3/MMBtu). These
numbers could be much larger in evaluating savings over non-SOA models. Combined with the
shut-down economics aspect of the market, this is a significant case for improvement.

Likewise, on the Aerospace front, there is significant demand for newer, more efficient
turbine designs. A newer turbine for aerospace that is 7% more efficient than the current SOA
would represent a fuel savings of $50.40/thousand passenger-km-traveled ($0.88/thousand
passenger km-traveled above non-SOA on average), assuming a fuel cost of $1.56/gal. This
would aggregate to approximately $1.5Bn in savings per year across the U.S. fleet just from
reduced fuel use alone. 1®

While each of these scenarios represents the optimal one in which material suppliers
collaborate with component manufacturers and system designers to develop and deploy full,
more-efficient turbines into the market, the more likely scenario in the short run is that
individual turbine components are created out of these new materials and deployed
individually as partial retrofits of existing turbine parts. The efficiency savings in this case would
be largely derived by a reduction in the cooling load needed to prevent materials from

13 Baseline energy usage from PJM Measured H-class and F-class heat rate performance
https://www.pjm.com/~/media/committees-groups/committees/mic/20180425-special/20180425-pjm-2018-cost-
of-new-entry-study.ashx)

14 U.S Fleet Growth Data per Oliver Wyman Associates

https://www.faa.gov/data research/aviation/aerospace forecasts/media/FY2019-

39 FAA Aerospace Forecast.pdf

15 Bureau of Transportation Statistics https://www.transtats.bts.gov/Data Elements.aspx?Data=4

16 Based on fleet miles traveled (https://www.transtats.bts.gov/Data Elements.aspx?Data=4) and relative
efficiency gains above baseline, as defined by grams fuel/passenger mile traveled per the International Council on
Clean Transportation. Retrieved February 24, 2020, https://theicct.org
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deforming under the high temperature conditions and not from an increase in the peak cycle
temperature itself. However, this cooling-load-reduction-benefit alone could result in a 1 to 3%
efficiency improvement.

4. PROGRAM OBIJECTIVES

This program will foster research and development of novel refractory metal alloys,
including refractory metal high en