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Introduction

1.

The last Nukes (Part 6) reviewed a specific design that I felt had all of the attributes
required for commercial success in the future. This paper was on TerraPower and their
Natrium nuclear power plants. This design represents a significant advance over the
light water reactor plants in use today.
The Natrium plant uses a sodium-cooled fast reactor as a heat source.
This heat from the reactor is carried by molten salt from inside the nuclear island to heat
storage tanks outside the reactor building, where it is utilized as needed for generating
electricity or industrial processes. This allows TerraPower’s reactor to increase its output
electric power from its normal 345 MWe to respond peak power demand of 500 MWe for
up to 5-1/2 hours. A link to Nukes Part 6 is below.
https://energycentral.com/c/gn/nukes-%E2%80%93-part-6
For the other Nukes papers, I will send you to my list of educational papers, a PDF on
Energy Central that I update quarterly. This list has an index and uses sections. Section
25, “Nukes,” has all of my prior Nukes papers, plus more that are about Nukes, but not
titled “Nukes…” This section also has descriptions of each paper and a link to the paper
on Energy Central. I will update this list at the beginning of July, and this paper will be
added to that section. If you’ve not used this list before – read the Introduction.
https://energycentral.com/c/pip/papers-directory-first-quarter-2022-update
Nukes part 7 is about Micro Reactors. Per energy.gov, a single (micro reactor) unit
typically generates 1 to 10 megawatts-electric.1
Micro reactors are simply smaller, factory-built systems that can be easily transported by
trucks, ships, airplanes or railcars.
Some micro reactors can be set up in days, not years, to provide reliable heat and power
to a host of places, ranging from residential and remote areas to military bases.
I believe the real promise for micro reactors is in the far north, where they will displace
diesel generation for remote villages, industrial sites and other remote facilities.

Why Micro Reactors

2.

Where I live (California) the most promising renewable energy sources are photovoltaic
(PV) arrays, especially those that are supplemented by battery energy storage systems
(BESS) to mitigate variability. PV is also promising in much of the lower 49 states.
However, as one goes further north, there is a major issue with PV. In the winter they

Energy.gov. Office of Nuclear Energy, “The BIG Potential for Nuclear Micro Reactors,” Aug 7, 2019,
https://www.energy.gov/ne/articles/big-potential-nuclear-microreactors/
1
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range from less-effective to pretty useless, depending how close to the Arctic Circle the
PV is. The polar facilities most need energy in winter for both heating and lighting.
In Northern Alaska and Canada there is another problem: the electric grid pretty much
ceases to exist as you approach the Arctic Circle, and frequently (in low-population
areas) quite a bit further south. Currently these areas rely on diesel generators, and
frequently the diesel needs to be transported by 55 gallon drums in small airplanes.
Many micro reactors are designed to produce two types of energy: electric power and
thermal energy (heat). They are designed to run with limited maintenance and no
operators 24 x 7 for many years. I can’t think of a better fit for the Arctic-Regions
described above.

Types of Micro Reactors

3.

In researching different designs for this article, I stuck to well-proven basic designs. The
obvious here is light-water reactors like those used for almost all reactors in the U.S.,
and also by many of the micro reactor’s big brothers; Small Modular Reactors (SMRs).
However, I could not find a single credible design for a light water micro reactor. There
are also other types of reactors that have quite a bit of operating experience, and are
perhaps more suited for this application than the light water reactors. One of these are a
variant of the high temperature gas reactor (HTGR): the Prismatic Modular Reactor
(a.k.a. Micro Modular Reactor or MMR).
Finally there is an extremely simple design that is backed by an experienced reactor
manufacturer, and a National Lab. The basic design was created for manned space
exploration, and has been extensively tested.
Also, it is early in the micro reactor game. I saw many designs that were either very
unusual or very creative, depending on your point of view. Some of these designs have
already been bounced (albeit in a nice way) by the regulatory authorities. There are also
some serious questions about these designs (see the last section below).
The operating experience for each of the designs I’ve identified as most likely will be
described in the subsections below.

3.1.

High Temperature Gas Reactor (HTGR)

The HTGR has a long history. At the same time that light water reactors were being
deployed in the late 1960s, work started on the Fort St. Vrain high temperature gas
reactor power plant in Colorado. General Atomic designed this 330-MWe reactor. A
HTGR uses a helium coolant and graphite moderator material.
Although Fort St. Vrain operated as a HTGR from 1979 until 1989, it was only
reasonably reliable near the end of its life as a nuclear facility. After 1989 it was
repurposed as a natural gas-fueled generating station and went back on-line in 1996.
Ultimately it was upgraded for combined cycle operation, and is still in operation today.
In the current generation of the HTGR includes pebble bed reactors. X-Energy has a
pebble bed small modular reactor (SMR) and also offers a micro-reactor. In the former,
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each pebble (roughly the size of a billiard ball) contains thousands of specially coated
Tristructural Isotropic (TRISO) uranium fuel particles that are virtually indestructible.2
The fresh pebbles are loaded in the reactor like a gumball machine and helium is
pumped down through the pebble bed to extract the heat into a steam generator that
produces high temperature steam. The steam can be passed through a turbine electric
generator.
The reactor continuously refuels by adding fresh pebbles daily in at the top, as older
ones are discharged from the bottom of the core. Each pebble remains in the core for a
little more than three years and are circulated through the core up to six times to achieve
full burnup. The spent fuel is then placed directly into dry casks and stored on-site—
without the need for interim or active cooling.
One of the key-elements of a pebble bed reactor is that continually refueled in that
depleted pebbles are replaced with new ones. The complexity of this process (described
in the prior paragraph) may preclude this design from being used in a micro reactor. XEnergy has a micro reactor on its web site, the Xe-Mobile, their pebble bed SMR is the
Xe-100, which has an output of 80 MWe per reactor. I was unable to find any details on
the Xe-Mobile other than a drawing (below).

I don’t see the pebble management system that is required for their larger reactor, so I
would guess that this is a prismatic design like the USNC Reactor described below.

energy.gov, Office of Nuclear Energy, “X-energy is Developing a Pebble Bed Reactor That They Say
Can't Melt Down,” Jan 5, 2021, https://www.energy.gov/ne/articles/x-energy-developing-pebble-bedreactor-they-say-cant-melt-down/
2
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3.2.

Prismatic TRISO Modular Reactor

Ultra-Safe Nuclear Corporation will provide hardware and services for reliable energy
anywhere – on Earth and in Space. Developed since 2015, the Micro Modular Reactor
(MMR®) is now becoming reality – the first in a family of hardware and service products
for reliable energy anywhere. We are further utilizing our design, licensing, and
technology capabilities, such as ceramic additive manufacturing and proprietary sintering
techniques, to develop nuclear power systems for advanced applications on earth and in
space. These include Transportable Power Units, Nuclear Thermal Propulsion and
Lunar Surface Power systems.3
The MMR Energy System is a 4th Generation nuclear energy system that delivers safe,
clean, and cost-effective electricity to users anywhere. MMR is being licensed in Canada
and the U.S.A. Demonstration units are scheduled for first nuclear power in 2026.
The prismatic architecture of the MMR can be seen in the figure below.

The MMR has a maximum output of 10 MWe per unit. The components in a plant
include:


One or more reactors



Helium coolant circulator



Steam generator



Air cooled condenser



Steam turbine
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The text and graphic from this subsection came from two sources: a USNC Presentation for an INL
webinar, https://gain.inl.gov/HALEU_Webinar_Presentations/33-Mitchell,Ultrasafe_Rev02-29apr2020.pdf
and USNC’s main site, https://usnc.com/mmr/
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Molten-salt thermal storage (optional?)

The lifetime is said to be 20 years with no refueling.

3.3.

High Temperature Heat Pipe Reactor

The basic design of this reactor evolved from Kilopower, a 1,000 watt, 400 kg reactor
developed for manned space flight. This design evolved into “Kilopower Reactor Using
Stirling TechnologY” (KRUSTY) and was thoroughly tested at Los Alamos National
Laboratory (LANL) in 2017 and 2018.4
Additional information on the Kilopower design and earlier space-nuclear designs can be
found in the earlier post linked below. Note that in this post, I suggested that Kilopower
might be used for terrestrial designs.
https://energycentral.com/c/pip/amazing-voyage
Westinghouse Electric (now Westinghouse Nuclear) built on the Kilopower / KRUSTY
design and worked with LANL to develop this basic design into the Westinghouse eVinci
Micro Reactor. The name of this reactor was inspired by a quote from an earlier inventor:
“Simplicity is the ultimate sophistication.” This statement, attributed to Leonardo da Vinci,
one of the greatest minds in creative, practical inventions in human history, embodies
the guiding principles of the Westinghouse eVinci™.”5
…Westinghouse chose the alkali metal heat pipe technology at the heart of the eVinci
micro reactor. Heat pipes enable a simple plant, eliminating the need for a reactor
coolant pump, bulk coolant and associated equipment. Unlike a high-temperature gas
reactor, a heat pipe reactor is not pressurized but can operate at temperatures greater
than 650°C (1,200°F). Although heat pipes are passive (naturally driven), they can selfadjust the amount of heat transferred. The self-regulating behavior of the heat pipes and
the solid core enables inherent load following. The resultant product can deliver reliable,
affordable, flexible and clean energy, with a new level of safety and operability.
With the notion of creating a nuclear battery, the eVinci micro reactor is envisioned to be
built and fueled within a factory and transported fully assembled to site. A plug and play
interface allows onsite installation in less than 30 days. The reactor is capable of
operating multiple years without refueling and in island mode, with black start capability.
These attributes are of interest to those in the energy industry seeking great resiliency
and energy security. Westinghouse is also applying its expertise in instrumentation and
controls to design the eVinci micro reactor to operate autonomously.
Key Attributes of eVinci™ Micro-Reactor:6
NASA, “The Kilopower Press Conference,” May 2018,
https://www.nasa.gov/sites/default/files/atoms/files/kilopower_media_event_charts_16x9_final.pdf
5
Yasir Arafat and Jurie Van Wyk, Westinghouse Electric Company LLC, via Nuclear Plant Journal,
March-April 2019, “eVinci™ Micro Reactor,
https://www.westinghousenuclear.com/Portals/0/new%20plants/evincitm/eVinci%20Micro%20Reactor%2
0NPJ%20M-A%202019.pdf
6
Westinghouse Nuclear, “eVinci™ Micro-Reactor,” https://www.westinghousenuclear.com/newplants/evinci-micro-reactor
4
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Transportable energy generator



Fully factory built, fueled and assembled



Delivers combined heat and power – 5 MWe and up to 13MWt



8+ years of full power operation prior to refueling



Target less than 30 days onsite installation



High speed load following capability



High reliability and minimal moving parts



Capable of autonomous operation



Near zero Emergency Planning Zone with small site footprint



No spent fuel or waste storage on site



Simplified decommissioning and remediation

The following text and drawing is from a 2019 NRC License submittal for the eVinci
Reactor.
The eVinci Micro-Reactor is a high temperature heat pipe reactor. The core design is
comprised of a solid monolithic block with three types of channels that accommodate
fuel, neutron moderators and heat pipes. The monolith encapsulation of the fuel in fuel
channels provides the first barrier to fission product release. The surrounding monolith
block forms the second barrier. There are no moving or mechanical parts, except for
reactivity control drums, which surround the monolithic block and allow absorber material
to passively turn inward toward the core if power is lost, as well as on demand. A thick
radial neutron reflector surrounds the monolithic core block and reactivity control drums,
which, in turn, is surrounded by a neutron shield, followed by a gamma shield. A
Canister Containment Subsystem (CCS) encases the entire core and each of these
fission product barriers, thereby providing a third barrier to fission product release, as
shown in the figure below. The CCS is located within a fortified Secure Vault Subsystem
(SVS) which provides protection from external events. The SVS is “sealed” to limit leaks
from inside to the outside or vice versa.7
Each heat pipe contains a small amount of sodium liquid as the working fluid to move
heat from the core to a heat exchanger and is fully encapsulated in a sealed channel.
Unlike traditional sodium-cooled reactor designs, in which large volumes of sodium are
pumped around the core, the eVinci Micro-Reactor requires very small amounts of
sodium to serve as the coolant, almost all of which is entrained in the wicks of the heat
pipes.

Andrea Maioli et. al., Southern Company, “Modernization of Technical Requirements for Licensing of
Advanced Non-Light Water Reactors, Westinghouse eVinci TM Micro-Reactor Licensing Modernization
Project Demonstration,” August 2019, https://www.nrc.gov/docs/ML1922/ML19227A322.pdf
7
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There are no mechanical pumps, valves, or large diameter primary loop piping. Heat is
transferred through the heat exchanger to a secondary side Power Conversion
Subsystem (PCS) which includes equipment necessary to convert the heat into
electricity...
The reactor core is itself subcritical; it cannot achieve criticality without both the neutron
moderator and the neutron reflector. In the unlikely event that an emergency shutdown is
necessary multiple means to do so are included in the design.
The reactivity control drums, which are the primary component of the Control Drum
Subsystem (CDS), have the capability to passively shutdown the reactor on loss of
power. A passively actuated Emergency Shutdown Subsystem (ESS) provides alternate
means of shutdown.
When the PCS is available, heat removal during an event is accomplished in the same
manner as at-power heat removal. Heat can also be removed directly from the
containment canister via a natural circulation-driven external to the CCS. Buoyancydriven air channeled from the outside allows this heat to be transferred to the
surrounding air environment, which acts as the ultimate heat sink. The components of
this system are sized such that it is capable of removing heat at a rate greater than that
generated by the core shortly after reactor shutdown…
I found one picture that illustrated what an eVinci Installation might look like. This is
below (top of the next page)
More recently eVinci has migrated north:
Canada is a leader in nuclear energy and nuclear safety and has one of the world's most
promising domestic markets for the safe and responsible development of small modular
reactor (SMR) technology. SMRs have the potential to provide strong economic benefits
to the Canadian economy and support Canada's efforts to achieve net-zero greenhouse
gas emissions by 2050.8

Canada Newswire via Energy Central, “Government of Canada invests in small modular reactor
technology to help transition Canada to net zero with cleaner sources of energy,” March 17, 2022,
8
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The Honourable François-Philippe Champagne, Minister of Innovation, Science and
Industry, announced an investment of $27.2 million in Westinghouse Electric Canada
Inc. to support its $57 million project so its next-generation SMR, the eVinci microreactor, can be successfully licensed in Canada. This technology has the potential to
provide a more accessible and transportable source of low-carbon energy…
"Westinghouse is proud to be advancing Canada's net-zero 2050 goals with our eVinci
micro-reactor technology. Our innovative battery technology will bring safe, carbon-free
and transportable energy to industries and communities all across Canada. With
Innovation, Science and Economic Development Canada's investment, we will be
supporting Canada's SMR Action Plan while creating permanent jobs and leveraging
Canada's world-class supply chain and academic institutions."
– Eddie Saab, President, Westinghouse Electric Canada
Quick facts


Westinghouse Electric Canada is headquartered in Toronto.



The Westinghouse family of companies has been a world leader in nuclear
reactor technology development since the 1950s, and its technology is the basis
for 50% of the reactors operating worldwide.



SMRs are being designed for a range of applications, with the potential to
replace conventional coal and fossil fuel power generation and help remote sites
move off diesel with a non-emitting source of energy.

https://energycentral.com/news/government-canada-invests-small-modular-reactor-technology-helptransition-canada-net-zero
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SMRs also have the potential to create new markets for nuclear energy, such as
resource extraction; replace the use of fossil fuels in heavy industrial
applications; and increase the competitiveness of some of Canada's most
important industrial sectors.



The contribution is being made through the Strategic Innovation Fund's Net Zero
Accelerator initiative, a program designed to attract and support high-quality
business investments across all sectors of the economy. Specifically, this
initiative supports Canada's net-zero goals: transforming the economy for clean
and long-term growth and achieving a net-zero economy by 2050…

Project Pele

4.

As I initially completed this paper (and proofed it), I discovered a fourth viable candidate
in (of all places) an Energy Central Article.
The Department of Defenses Strategic Capabilities Office (SCO) released a Record of
Decision (ROD) for Project Pele, a program intended to design, build, and demonstrate a
mobile microreactor.9
SCO will construct an inherently safe by design nuclear micro-reactor capable of being
transported by the DoD and able to deliver 1-5 MW of electrical power for a minimum of
three years of full power operation.
This reactor will be assembled and initially operated at Idaho National Laboratory (INL),
and will be the first electricity-generating Generation IV nuclear reactor built in the United
States. The first electricity-generating Generation IV nuclear reactor demonstrated in the
world was the HTR-PM, a Chinese reactor, which first reached criticality in September
2021.
Thanks to the tireless work of the contract teams, the valuable input from local
stakeholders, and the talented and experienced NEPA technical support teams at the
Department of Energy and U.S. Army Corps of Engineers, we are confident that an
inherently safe by design mobile micro-reactor can be constructed and demonstrated
safely at Idaho National Laboratory, said Dr. Jeff Waksman, Project Pele program
manager.
Advanced nuclear power has the potential to be a strategic game-changer for the United
States, both for the DoD and for the commercial sector. For it to be adopted, it must first
be successfully demonstrated under real world operating conditions.
In March 2020, Project Pele announced a Notice of Intent (NOI) to conduct an
environmental analysis in accordance with the National Environmental Policy Act
(NEPA). At the same time, SCO kicked off a two-year micro-reactor design competition.
The NEPA was conducted such that it would envelope in scope all possible reactor
designs allowed under Pele’s technical requirements.
Today, SCO Director Jay Dryer released a ROD on construction and testing drawn from
the analysis performed within a Final Environmental Impact Statement (FEIS), published
Energy Central, “United States DoD to Build Project Pele Mobile Microreactor and Perform
Demonstration at Idaho National Laboratory,” April 15, 2022, https://energycentral.com/news/united-states-dod9

build-project-pele-mobile-microreactor-and-perform-demonstrationidaho?utm_medium=eNL&utm_campaign=DAILY_NEWS&utm_content=416684&utm_source=2022_04_18
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in the Federal Register. The Record of Decision and the Environmental Impact
Statement, as well as supporting documentation, are available online at:
https://www.MobileMicroReactorEIS.com
SCO is considering engineering designs developed by two competing teams: BWXT
Advanced Technologies, LLC, Lynchburg, Virginia; and X-energy, LLC, Greenbelt,
Maryland. SCO has full confidence that both teams have developed reactor designs
which can be constructed to meet SCOs minimum technical requirements. However,
only one design will be selected and announced later this spring.
Author’s comment: See subsection 3.1 for X-Energy. The new firm is BWXT Advanced
Technology which is covered below.
The DoD uses approximately 30 terawatt-hours of electricity per year and more than 10
million gallons of fuel per day levels that are only expected to increase due to anticipated
electrification of the non-tactical vehicle fleet and maturation of future energy-intensive
capabilities. A safe, small, transportable nuclear reactor would address this growing
demand with a resilient, carbon-free energy source that would not add to the DoDs fuel
needs, while supporting mission-critical operations in remote and austere environments.
As a High-Temperature Gas Reactor using High-Assay Low Enriched Uranium (HALEU)
Tristructural Isotropic (TRISO) fuel, Project Pele is a fourth-generation nuclear reactor,
which can serve as a pathfinder for commercial adoption of such technologies, thereby
reducing the nation’s carbon emissions and providing new tools for disaster relief and
critical infrastructure support.

4.1.

BWXT Advanced Nuclear Reactor (BANR)

(BWX Technologies, Inc. is proceeding apace to deliver micro-reactors to commercial
power and industrial customers in cooperation with Idaho National Laboratory and Oak
Ridge National Laboratory.10
The company’s BANR (BWXT Advanced Nuclear Reactor) is a transportable microreactor using TRISO fuel and was selected to participate in the U.S. Department of
Energy’s (DOE) Advanced Reactor Demonstration Program (ARDP). BWXT is focusing
on aggressive cost reductions for deploying this transportable micro-reactor through
performance improvements and lower delivery costs. Subsidiary BWXT Advanced
Technologies LLC (BWXT AT) has finalized its formal cost-sharing contracting with the
DOE and is on track to deliver the first round of BANR’s TRISO fuel for testing at Idaho
National Laboratory’s Advanced Test Reactor in 2024 as scheduled.
This design is similar to Ultra-Safe Nuclear Corporation design (subsection 3.2) and XEnergy design (section 3.1). Note that the latter is completing with BWXT for the design
that will (hopefully) be built. There is one difference with BWXT design based on
information I’ve been able to dig out: It has a bit more capacity than what is normally
considered a micro-reactor – see the excerpt from a presentation below.11

BWXT Web Site, “BWXT Advancing Microreactor Design Project,” April 11. 2022,
https://www.bwxt.com/news/2022/04/11/BWXT-Advancing-Microreactor-Design-Project
11
Erik Nygaard, BWXT Advanced Technology, “BWXT Advanced Nuclear Reactor (BANR)”, Jan 11,
2021. Note that I was able to retrieve this presentation using a (Microsoft Bing) web-search for the string:
“bwxt advanced nuclear reactor, erik nygaard” but when I clicked on the hit, it did a direct download of the
PDF rather than bringing up a web-site.
10
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Are Micro Reactors Credible?

5.

Of the above four designs I only see one that quiets most of my concerns. Before stating
and defending that candidate, I will describe concerns about any micro-reactor design.

5.1.

Marginal Economics Make a Micro Reactor Really Hard

If it’s small it must be easy, right?
Ha! Actually this is true up to a point, the small modular reactors (SMRs) are only slightly
smaller than the Gen II reactors that proceeded them, thus the economic equations are
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only slightly more difficult than the Gen II plants, and this is offset by SMRs allowing all
major components to be mass-produced and transported to the reactor site by
conventional means.
However the micro reactors are much, much smaller than Gen II reactors, and the whole
reactor core must be assembled in a factory, and transported to site. Thus, in order for
the economics to even have a chance to pencil-out, they must have other components
that are also much less expensive. These components include:
1. Reduced manpower to operate, maintain and secure the reactor, thus:
a. No operator
b. No frequent maintenance
c. No human guards
2. Very long refueling intervals, thus:
a. Advanced fuel designs
b. Advanced reactor operational designs
3. Greatly reduced complexity, thus
a. Simplified thermal transfer
b. Simplified electric generation cycles
4. Extreme safety, thus:
a. Intrinsically safe designs
b. Simplified control and shutdown designs
5. No increased complexity nor expense from any of the above components.

5.2.

Micro Reactor with the Best Chance of Succeeding

And the winner is: Westinghouse eVinci, because:
1. The design started with one that shares many of the above challenges with the
micro reactor: a space-nuclear reactor.
2. Westinghouse has built as many power reactors as anyone, they know what
bases need to be covered, and what can go wrong. Rookie companies don’t
have this knowledge.
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