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Project Title: Dynamic Energy Transport and Integration Laboratory, Microreactor Agile Non-Nuclear Experiment Test Bed,
Thermal Energy Delivery System, FCE 250KW SOEC Demonstration, and Post-Processing/Refueling Station R7

|Project Description and Purpose:

Revision 7

This project involves a subcontract with Campos Fabrication for the construction of the co-firing skid. The project is expected to take 1-2 years,
with the system being operated in short campaigns. The exact duration will depend on the testing and demonstration schedule. The co-firing
system will receive natural gas supplied by the city of Idaho Falls from a pipeline. The co-firing system will be supplied hydrogen (H2) from a
250 kW Solid Oxide Electrolysis Cell (SOEC) hydrogen generation system undergoing testing/demonstration at INL. This project demonstration is
of a co-firing skid and an assembly of equipment combusting hydrogen (H2) blended into natural gas. The system is being designed and fabricated
offsite by Campos Fabrication LLC. The system will be permanently trailer mounted so it will not require dedicated infrastructure at INL
facilities. The plan is to utilize it with the INL facilities natural gas and hydrogen from the Fuel Cell Energy (FCE) system. No construction will
be needed just hook up to utilities and feeds. The primary goal is to demonstrate the use of blended H2 consumption in power generation. The
project aims to supplement existing natural gas supplies while utilizing existing infrastructure. The project will require natural gas, hydrogen, and
electricity extensions to the co-firing system.

Location:
Testing and demonstration will be conducted at Energy Systems Laboratory (ESL) in the backyard as identified in Figure 6.2.
Project Tasks / Activities:
e  Testing and Demonstration: Campos Fabrication will build the assembly of equipment using their proven H2 blending designs.
The co-firing system will include:
e A natural gas booster compressor
e A H2 and natural gas blending cabinet by Campos Fabrication
e A C65 Capstone Green Energy 65kW microturbine
e Supporting parts and instrumentation as required
Materials and Waste Management:
The project is expected to have air emissions from the Microturbine. An APAD will be completed prior to start of work.
e (CO2: 1650 Ib/Mw-hr
e NOx: 0.46 Ib/Mw-hr
e CO:0.31 Ib/Mw-hr
e  VOC:0.13 Ib/Mw-hr
There is no off-site work associated with this revision.

This revision also adds the new names of the test stands at ESL that are identified throughout previous revisions of this ECP. The following test
stand new names are:

e  Blue Star - 25 kW Stack Test Stand located in ESL D100 that currently has a FCE Stack.
e Opal- 150 kW Facility Test Stand located in D100 backard previously tested Bloom.

e  Emerald - 30 kW rSOC Facility currently holds reversible OxEon stacks.

e  Sapphire - 50 kW Facility earmarked for GE Co-Electrolysis Test Stand (Revision 6).

e  Steamboat - 500 kW Facility earmarked for 250kW FCE System (Revision 4). Steamboat will have the microturbine identified in
Revision 7 of this ECP.

e Jewel - Post Processing Facility that holds Ivys compressor/purifier/refuel/storage.
Revision 6

The purpose of revision is to add the Co-electrolysis project and to add a Second 50kw SOEC system to ESL backyard. Along with the addition of
the supporting modular structure for equipment.

Co-electrolysis:

This project will complete key engineering design and demonstration tests to enable cost-competitive, carbon-neutral production of synthetic jet
fuel and diesel using nuclear energy from existing light water reactors. The process only performs the first step, which is producing syngas
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(H2:CO) from carbon dioxide and steam using solid oxide coelectrolysis (SOCC) technology developed at General Electric Research (GE).

The proposed action will 1) develop a conceptual engineering design to couple a pressurized water reactor (PWR) to SOCC syngas plant and 2)
verify the new SOCC technology at S0-kW scale to support future demonstration at a larger scale, potentially at a nuclear power plant. This project
will operate a 50-kW SOCC system at the Energy Systems Laboratory (ESL) in the ESL back yard to simulate nuclear power production of syngas
to determine if demonstration using a PWR is feasible. The work will take place at the Energy Systems Laboratory in lab D-100 and in the ESL
backyard.

The work will generate about 200 wipes/PPE. The project will purchase Power supply, structural metal and piping equipment. High purity water
will be discharged from the system as wastewater. There will be air emissions released from the project that consist of hydrogen, carbon dioxide,
carbon monoxide and oxygen.

The revision to the ECP INL-19-175 R5 is to include the addition of carbon monoxide emissions and the hold point for an APAD to be completed
prior to starting work.

Second 50kW SOEC system:

Add asecond 50 kW SOEC system in the ESL backyard, shown in Fig. 6.1. The system is the second 50 kW SOEC system to be built and
connected to the 150kW Facility Support Container.

It is designed to:
e  Consume a maximum of 50 kW to produce 1.2 kg of hydrogen per hour and 10 kg of oxygen per hour.
e Air flow will be approximately 30 kg/hr to maintain the oxygen concentration at the outlet to less than 40%.

e  System will be placed in the backyard of the Energy System Laboratory (ESL or IF-685) outside of the D wing high bay, as shown in
Fig. 6.1

e  Steam will be fed into the system at a maximum rate 18.6 kg/hr which will be heated in a steam generator in the 150kW Facility Support
Container (electric or connected to the TEDS) to 150°C, requiring a maximum thermal power of approximately 14 kW.

e  Product hydrogen will contain steam that will be condensed and recycled to the boiler at a maximum rate of 7.4 kg/hr.

The following types of wastes will be generated for this test station:
e  Recycling: Piping components, fittings, remnants, etc. ~10 ft"3/year
e Insulation Remnants - trash receptacles, 10 ft"3/year

o  Empty Gas Cylinder - return to vendor, 25/year

Air emissions:
e  Hydrogen— Up to 35 kg/day released to the air (initially ~20 kg/day)
e  Oxygen— Up to 280 kg/day released to the air (initially ~160 kg/day)
e Water vapor — Up to 450 kg/day released to the air (initially ~ 300 kg/day)
e Nitrogen— Up to 5 kg/day released to the air
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Figure 6.1. General layout of the 500 kW test stand and the methanol demonstration site.
Supporting Modular Structure :

The supporting modular structure(11'x11") will be installed flush with the other container that is part of the test stand and in-between the adjacent
chiller. The chiller is part of the TEDS/MAGNET project. The structure is temporary/moveable structure. The structure will be excessed at the end
of'its use. This structure will be used to house equipment and instrumentation out of the elements. The area of the structure will be placed in the
circled area in red in Figure 6.2 below:
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Figure 6.2. Identification of the new location for the equipment support structure(circled in red.)

The AC\DC power converter is being upgraded/replaced and will be placed in the existing power conversion unit location. It will have the same
power as the previous power conversion units. Industrial waste(cardboard, packaging waste, etc.) will be generated for the installation of the
supporting structure and replacement of the power conversion unit.

Revision 5

This revision addresses the addition of a hydrogen purification and compression system to the 250 kW Solid Oxide Electrolysis Cell (SOEC)
hydrogen generation system described in Revisions 2 and 4. It also describes a new high pressure hydrogen storage system and fueling station that
will fill INL hydrogen fuel cell vehicles. The hydrogen purification and compression system will be tightly coupled to the 250 kW SOEC system,
and this demonstration will validate the coupling design and show that hydrogen from high-efficiency high temperature electrolysis systems can be
used in fuel cell vehicles that have stringent hydrogen purity requirements. The demonstration will also show that hydrogen fuel cell coaches can
meet INL’s most demanding transportation requirements in severe cold and hot conditions to facilitate accomplishing INL’s Net-Zero Carbon
Initiative.

The process flow diagram of the hydrogen purification and compression system is shown in Fig. 5-2. The 250 kW Fuel Cell Energy (FCE) HTE
system splits water molecules to produce hydrogen and oxygen in separate gas streams.

The product oxygen gas stream is released to the atmosphere with air as a flush gas that reduces the oxygen concentration in the flush gas to less
than 40%. The product hydrogen gas contains water and possibly small amounts of nitrogen and oxygen. Some of the product hydrogen will be
used in fuel cell electric vehicles, and for that purpose must be dried, purified and compressed. Hydrogen that is not used in fuel cell electric
vehicles will be either vented directly to atmosphere or will possibly be consumed in a flare. The flare would use atmospheric air to combust the
hydrogen to water vapor, which would be vented to the atmosphere, likely producing a visible steam exhaust.

Hydrogen that is processed for use in fuel cell electric vehicles will first enter a low-pressure compressor skid that increases the pressure from
approximately 1 psig(gauge) to approximately 175 psig. The mixture is then sent to a pressure swing adsorption (PSA) unit (Stage 2 in Fig. 5-2).
The PSA unit removes the water, nitrogen, and oxygen from the mixture to produce high-purity hydrogen that meets SAE J2719 H2, which is
required for hydrogen used in fuel cell vehicles. After purification in the PSA unit, the product hydrogen is compressed to approximately 6,500
psig for storage and on-demand dispensing. The high-pressure hydrogen storage will contain less than 400 kg of hydrogen. The dispenser will be
capable of dispensing 4 kg/min of hydrogen through a 5 meter hose and nozzle.

Product nitrogen and oxygen that are separated from the product hydrogen by the PSA unit will be released to the atmosphere, and product water
will be discharged to a drain. The hydrogen flow rate through the system will be less than 8 kg/hr. Water, nitrogen and oxygen concentrations in
the hydrogen stream will be less than 10%, 2% and 1%, respectively. Based on those concentrations, wastewater will be produced at less than 1
kg/hr, and nitrogen and oxygen emissions will be less than 0.2 k/hr and 0.1 kg/hr, respectively. The oxygen content is expected to be less than
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0.5% of the mixture. The wastewater is expected to be high purity. The INL steam support system that provides deionized (DI) steam to the FCE
250 kW SOEC system is another source of high purity wastewater. It is anticipated that a pressurized water discharge line will be routed from the
DI water system to a floor drain in ESL D100. Reject water (brine) from the DI water system will likely contain elevated levels of minerals, such
as calcium and sodium chloride.

The following types of wastes will be generated:

Industrial: Compressor Oil (this is potential at this point), up to 1 gallon/week, which will likely be returned to the vendor for recycling
Recycling: Piping components, fittings, remnants, etc. ~10 ft"3/year

Boiler Blowdown Water to sewer drain - 20 Gal/week

DI Reject Water to sewer drain — 1,000 Gal/day ‘Insulation Remnants - trash receptacles, 10 ft"3/year

Empty Gas Cylinder - return to vendor, 40/year

Air emissions:

Hydrogen — Up to 325 kg/day released to the air (initially ~150 kg/day) -
Oxygen — Up to 2,925 kg/day released to the air (initially ~1,350 kg/day) -
Water vapor — Up to 3,000 kg/day released to the air (initially ~ 1,500 kg/day) -
Nitrogen — Up to 5 kg/day released to the air

The following equipment will be purchased: compressors, gas purifiers, hydrogen storage tanks, hydrogen dispensers and will remain in service at
the end of the project to refuel hydrogen buses (per INL net zero plan)

€

LA

Figure 5.1. General layout of ESL north yard, including newly planned 250 kW SOEC system, hydrogen postprocessing system, and hydrogen
compressor/dispenser fuel cell vehicle refueling station.
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Figure 5.2. Process flow diagram of the hydrogen post-processing system and compressor/dispenser fuel cell vehicle refueling station.
Revision 4

This revision addresses the addition of the 250 kW electrolysis system mentioned in Revision 2. This revision also identifies the location of the pad
to the support the unit and the required utilities. The specific objective of the project is to complete design, specification, engineering,
procurement, manufacturing, quality assurance, testing, and demonstration of a modular, scalable 250 kW Solid Oxide Electrolysis Cell (SOEC)
hydrogen generation system. The key outcome of the project, via full SOEC system testing, is the operational data and lessons learned that can be
utilized in development of the SOEC technology for production of hydrogen using both electricity and steam from nuclear power plants.

Demonstration of the 250 kW SOEC system will verify the technical feasibility of dispatching electricity between the grid and the electrolysis
units and will provide the data necessary to valorize the integration of SOEC systems in the LWR (Light Water Reactor) facilities. After
verification testing at Idaho National Laboratory (INL), this SOEC system will be available to support future hydrogen production demonstrations
at nuclear plants.

Fuel Cell Energy (FCE) with INL technical input will provide the SOEC hydrogen generation system. INL will provide infrastructure to support
the system at INL including pad, utilities, and steam support system in the North Yard of the Energy Systems Laboratory. An isometric view of the
pad location and utility connections is provided in Figure 4-1. Yard lights will also be installed. Construction of the pad and installation of the
utilities will be done by a subcontractor.

The SOEC system will be interfaced with a High-Level front-end Controller (HLC) simulating communications from outside systems such as the
nuclear plant and the electric grid. The HLC will determine an optimized hydrogen production schedule to meet all contractual obligations, while
maximizing revenue from the integrated operations. The HLC has two functions: (1) coordinate the SOEC system/nuclear plant response to meet
rapid-service needs; (2) long term guidance to nuclear plant/SOEC operators to maximize revenue. HLC processes complex data/calculations to
ensure on demand/lowest cost-of-electricity for H2 production, storage, and delivery.

The 250 kW system will be equipped with an electric steam generator, so that it can be operated either using the heat from nuclear plant emulator
or from an electrical boiler. In this way, this multi-use demonstration system will be able to bridge the gap between (i) electrical-only and (ii) high
efficiency, high temperature electrolysis demonstrations using nuclear heat to allow convenient and rigorous comparison between the merits of
both approaches. As such, a parallel result of the project is to provide the physical test data needed to establish the business case for producing
hydrogen using both electricity and steam from nuclear power plants to maximize system efficiency and flexibility.
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Figure 4-1. lsometric View of Proposed Pad for SOEC and Wtility Connections

Revision 3

NRIC will collaborate with the DOE Microreactor Program to design and install a test stand for the existing Microreactor Agile Non-nuclear
Experimental Test bed (MAGNET) enabling installation of developmental helium components for in-line performance testing. Helium is a
preferred coolant for nuclear power systems because it has good heat-transfer properties, does not absorb neutrons, has high radiation stability, and
is chemically compatible with reactor materials; however, the supply chain for helium components such as compressors, valves, and heat
exchangers is not well established.

Currently, MAGNET is capable of circulating helium at the temperatures, pressures, and flow rates required to support microreactor development,
but practical connection points to the system need to be established including short piping runs before helium component testing of interest to
industry can take place. This project will extend the helium flow loop to a test stand where mounting and connections to power, cooling, and
instrumentation will be made. Helium component testing was identified in the NRIC Gap Assessment as a key need to enable demonstration of
advanced reactor concepts. Non-nuclear component testing is one of the earlier tasks that must be undertaken by reactor developers in preparation
for demonstration of a critical system. Timely execution of this scope is crucial to maintaining private sector reactor development schedules.

Design efforts required to generate piping, civil/structural, and electrical fabrication drawings will be the first step, followed by
fabrication/installation (subcontractor). The final step would be fabrication completion and component testing.

This work will be performed at the Energy Systems Lab (ESL) facility in Idaho Falls. Work will be conducted inside and outside the building as
shown in Figure 1. This is a standard non-nuclear construction design build project. Installing approximately 900 feet of piping and tubing,
structural supports, instrumentation, heaters, and coolers.

Inside ESL

Figure 1. HE-CTF Component Layout in ESL Facility

See Figure 1.1 below for flow diagrams and component lists. The components in the list will be the purchased equipment for the project. All waste
generated will be industrial waste. This ECP will cover all component testing that will be done for the project.
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Figure 1.1. HE-CTF Flow Diagram and Component List
Revision 2

This Revision addresses the construction and operation of multiple high temperature electrolysis (HTE) demonstration systems that will be located
in a cargo container that will be adjacent to Energy Systems Laboratory building (IF-685). The plan is to fabricate and test a prototype 50 kW
system in early 2021 and also test a similar 120 kW provided by Bloom Energy later in 2021. Larger systems, up to 250 kW, will be tested in
2022. If the prototype 50 kW system work is successful, subsequent NEPA analysis performed as necessary for the subsequent demonstration
systems.

The process flow diagram of the prototype 50 kW system is provided in Figure 2. A computer-aided design (CAD) model of the system is shown
in Figure 2. Major components include air filter/dryer, high temperature air heater, high temperature electrolysis stack box (stack box), high
temperature heat recuperator box (recuperator box), hydrogen gas cylinder, reducing gas cylinder, mass flow controllers, de-ionized water supply,
electric steam generator, connection to the Thermal Energy Distribution System (TEDS) steam generator, high temperature steam-hydrogen heater,
high temperature solid oxide electrolysis cells (SOEC) stacks, exhaust steam-hydrogen condenser (air cooled), hydrogen recycle blower, and
AC/DC rectifier/inverter (not shown in Figure 2).

Piping and related components of the prototype and future demonstration systems will be per ASME B31.3 Process Piping. Incoming air (Stream
20 in Figure 2) will be preheated by passing it through a heat exchanger that recovers heat from exhaust air. Incoming air also passes through an
inline air heater that will only operate during the start-up transient to heat the system or during times in which the power utilization is too low to
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provide sufficient heat from the heat exchangers. Air flow will be sufficient at all times to ensure that the air exhaust, which includes additional
oxygen from the water splitting reaction, does not contain more than 40% oxygen molar concentration. Steam for the system will come from either
an electric steam generator or from a heat exchanger (steam generator) connected to the TED system. During system start-up, air will flow through
the system and will be heated by the air heater. A reducing gas consisting of 5-10% H2 and 90-90% N2 will also flow through the system when the
temperature of the air is hotter than 300°C. When the H2 electrode exhaust temperature reaches 700°C, H2 from a pressurized tank and steam from
the steam generator are flowed into the unit at a mixing ratio of 5-10% H2 and 90-95% steam. The electric bus contactors are closed, and voltage is
applied to ramp the system up to predetermined electric current flow and hydrogen generation set points. The hydrogen recycle blower turns on to
recycle H2 back onto the anode side of the SOEC stack, and the reducing gas and H2 gas supplies are shut. The inline heaters remain on until the
recuperated heat transfer can heat the inlet fluids to the inlet temperature set point. During operation, excess steam is always fed to the SOEC cells,
such that steam utilization is always less than 65%. The steam-hydrogen mixture exiting the SOEC stacks is passed through an air-cooled
condenser that separates H2 from condensate. The H2 is vented through a chimney to atmosphere, and the condensate (deionized water) is drained
to Idaho Falls city sewer.

In a controlled shutdown, the electric current, steam input, and recycled hydrogen flows are ramped down until the current reaches approximately
1 A, the current and H2 are shut off, and reducing gas is allowed to flow. Air flow is reduced to a minimum value, the inline heaters are turned on,
and the system is allowed to cool at a rate of 2°C/min. Once the system cools such that the cathode and anode exhaust is less than 200°C, the
reducing gas and air flow are shut off, and the system is placed in idle mode. In an emergency shutdown or sudden, unexpected loss of power, the
air blower, H2 recycle blower, and the steam generators will shut off. The valves on the reducing gas are set to fail open in the event of loss of
power, so that reducing gas will flow while the system cools. All covers and insulation will be left in place to allow the system to cool as slowly as
possible without heat input. The system can also operate in hot idle mode in which the electric buc contactor is open, so that no current flows and
H2 is not produced. In this mode, air and reducing gas continue to flow and the inline heaters powered on to maintain system temperature.

As noted above, steam will either be provided by an electric steam generator or by the heat exchanger connected to the TEDS. The electric steam
generator will be a Chromalox stainless steel vertical steam boiler (Model CSSB-100A) that uses 102 kW to produce up to 307 lbs/hr steam at
100?. the TEDS steam generator/heat exchanger will transfer heat from Therminol 66 heat transfer oil in the TEDS to boil DI water and heat the
steam to approximately 150°C. All of the equipment in this system, except the TEDS steam generator will be placed inside a 20 ft x 8 ft cargo
container that will be outside of ESL D-100. The footprint of the piping system, including the stack box and recuperator box is approximately 10 ft

x 4 ft (shown in Figure 2), which leaves room in the cargo container for support equipment, including the power inverter and electrical panels.
Compressed gas cylinders will be stored on racks outside of the cargo container. The cargo container will be continuously vented whenever testing
is in progress. Oxygen and hydrogen monitors will be installed inside the cargo container. Alarms will indicate the presence of leaked hydrogen or
oxygen outside of the expected atmospheric range (<19% or >23%).

The first system being developed and tested in 2021 will be designed to consume a maximum of 50 kW to produce 1.2 kg of hydrogen per hour
and 10 kg of oxygen per hour. Air flow will be approximately 30 kg/hr to maintain the oxygen concentration at the outlet to less than 40%. This
system will be placed in the backyard of the Energy System Laboratory (ESL or IF-685) D wing highbay, as shown in Fig. 3. DI water will be fed
into the system at a maximum rate 18.6 kg/hr and will be heated in a steam generator (electric or connected to the TEDS) to 150°C, requiring a
maximum thermal power of approximately 14 kW. Product hydrogen will contain steam that will be condensed and released to drain at a
maximum rate of 7.4 kg/hr. The second system being tested in 2021 and which will be provided by Bloom Energy will be approximately 2 times
larger and will have similar operation. It will be placed alongside the 50 kW system and will use the same electrical and steam connections. It will
consume a maximum of 120 kW to produce approximately 3 kg of hydrogen per hour and 24 kg of oxygen per hour. DI water will be fed into the
system at a maximum rate of 45 kg/hr, requiring a maximum thermal power of approximately 33 kW. Condensate water will be produced and
released to drain at a maximum rate of 18 kg/hr.
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Figure 2. Process Flow Diagram
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Figure 3. Structural Installation Plan
Revision 1

This environmental checklist (EC) is being revised as a 1st tier document to address activities that are not covered in the previously referenced
overarching EC and to provide additional information about the Dynamic Energy Transport and Integration Laboratory (DETAIL) at the Energy
Stems Laboratory (ESL) at Idaho National Laboratory (INL) within the Energy Systems Laboratory (ESL) D100 northwest high bay. Activities
previously evaluated in ECs INL-19-102 “Micro-reactor Testbed, Instrumentation and Sensors (for sodium filled heat pipes)” and INL-19-045
(OA 18 & 27) “High Temperature Electrolysis Demonstration Facility” have been incorporated into this EC, because both the non-nuclear
microreactor test bed and high temperature electrolysis facility are components of DETAIL that need to be evaluated as a single action to meet the
requirements of the National Environmental Policy Act (NEPA). This EC supersedes ECs INL-19-045 (OA 18 & 27) and INL-19-102.

Research regarding Nuclear- Renewable Hybrid Energy Systems (NR-HES) continues to increase as wind and solar grid penetrations continue to
increase. Sensible heat Thermal Energy Storage (TES) systems have been shown to be an effective thermal load management strategy allowing
nuclear reactor systems to operate at effectively 100% full power while storing excess thermal energy for recovery later. Thermal storage has been
modeled extensively around the world. However, little experimentation is being conducted. Experimentation is needed to verify the dynamics and
control of TES systems.

Idaho National Laboratory (INL) designed a Thermal Energy Delivery System (TEDS) to distribute thermal energy to and from various co-located
systems located in the DETAIL. INL proposes to install these systems in the Energy Systems Laboratory (ESL) D100 northwest high bay as
shown in Figure 3.1.
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Figure 3.1 Location of DETAIL in the ESL D100 highbay.

DETAIL is made of multiple heat and electricity producers, thermal and electrical storage systems, and multiple heat and electricity customers
coupled via a thermal and electrical network. This system supports research and development efforts that evaluate real-time integration between
the electrical grid, renewable energy inputs, energy storage, and energy users to understand how to optimize energy flows while maintaining
stability and efficient operation of system assets. DETAIL includes the following components:

— Microreactor Agile Non-nuclear Experimental Testbed (MAGNET)
— TEDS — High Temperature Electrolysis (HTE) demonstration facility (hydrogen generation)
— Real-time virtual linkage with multiple test facilities.

Within DETAIL, the water flow loop serves as a thermal energy source, emulating a reactor system. INL integrates the loop with co-located
energy systems including a thermal energy transport loop, thermal energy storage system, and a 25 kW high temperature electrolysis system for
hydrogen production. DETAIL includes additional energy systems such as an integrated microgrid and renewable energy systems including solar
photovoltaics. The various components interface with Digital Real-Time Simulators for supervisory control and dynamic simulation of complete
systems. The following discussion details these components:

MAGNET

Microreactors (i.e., very small transportable or mobile nuclear reactors with a capacity less than 20 MW?t) are being developed to supply heat and
power for various applications in remote areas, military installations, emergency operations, humanitarian missions, and disaster relief zones. A
wide variety of reactor types are under consideration, including sodium-cooled fast reactors, molten salt reactors, light water reactors, very high-
temperature gas reactors, and heat pipe reactors. These miniaturized transportable reactor designs remain largely untested and unproven. System
and component testing are needed to demonstrate design safety and system robustness, reliability and efficiency.

The Department of Energy (DOE) Office of Nuclear Energy’s (NE) Micro-Reactor Research, Development, and Deployment (RD&D) Program
manages national laboratory-led early-stage generic research and technology development for micro-reactor systems and provides cost-shared
support for micro-reactor vendor development and licensing activities through the DOE-NE Industry Funding Opportunity Announcement. The
program also coordinates efforts between the Department of Defense (DoD), industry, and Nuclear Regulatory Commission (NRC) to support the
demonstration of micro-reactor technology on a DOE national laboratory site. National laboratories supporting the Micro-Reactor Program include
INL, Oak Ridge National Laboratory (ORNL), Los Alamos National Laboratory (LANL), Argonne National Laboratory (ANL), and Sandia
National Laboratory (SNL).

As DOE’s lead laboratory for nuclear energy, INL has taken the role of the lead laboratory for the micro-reactor program. To support these efforts,
INL proposes designing a non-nuclear micro-reactor test bed (NMTB) to assist developing, demonstrating, and validating micro-reactor
components and systems. The test bed supports technology maturation to reduce uncertainty and risk relating to operating and deploying micro-
reactor systems. Systems and components can be safely tested to failure at the NMTB, giving valuable information regarding failure modes and
thresholds. Potential users of the NMTB include micro-reactor developers, energy users, and regulators. Regulators can be engaged early in the
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design and testing to expedite regulatory approval and licensing.

The test bed includes an enclosure for housing test articles, electrical heaters, cooling system, instruments and sensors, and data acquisition
hardware and is configured in a plug-and-play arrangement. Modeling and simulation (M&S) will be employed to design experiments, and the
collected data will be used to validate models. This information guides the placement of sensors and helps predict operating performance under a
range of normal, off-normal or accident conditions. M&S is also valuable for scaling prototypical hardware for each test. Computational control
and model feedback will be pursued to emulate thermal response times and magnitudes of an operating reactor. The overall objective is to test
components and systems to verify the safe, reliable and efficient operation of micro-reactor designs.

INL proposes to install the the test bed in Energy Systems Laboratory (ESL) Bay D100 but will complete preliminary experiments with single heat
pipes at the Bonneville County Technical Center (BCTC) high bay. INL will initially procure heat pipes from Advanced Cooling Technologies.
The heat pipes use electrical cartridge heaters located in a mono Hex block and are instrumented with thermocouples, distributed temperature
sensors, and pressure sensors. Preliminary experiments familiarize INL staff with the operation of heat pipes and aid in developing computer
models (Sockeye) for predicting heat pipe performance. The working temperature for preliminary work is not expected to exceed 750°C and the
maximum internal pressure will be below atmospheric pressure.

MAGNET is being designed with the following goals:
1. Give displacement and temperature field data to verify design performance and validate analytical models
2. Show core block structural integrity (i.e., evaluate thermal stress, strain, aging/fatigue, creep, deformation)

3. Evaluate interface between reactor components and heat exchanger for geometric compatibility, heat pipe functionality, and heat transfer
capabilities
4. Test interface of the heat exchanger to power conversion systems for energy production or for process heat applications

5. Demonstrate advanced manufacturing (AM) techniques, such as additive manufacturing, such as diffusion bonding and hipped-powder
metallurgy, for nuclear reactor applications

6. Identify and develop advanced sensors and power conversion equipment, including instruments for autonomous operation
7. Study the effects of cyclic loading on materials and components for load-following applications

8. Enhance readiness of the public, stakeholders, DOE laboratories, and the US NRC to design, operate and test high temperature reactor
components.

The test bed requires the ability to simulate the operational envelope of the micro-reactor. The micro-reactor system includes the reactor core,
surrounding reflectors, coolant, containment vessel, and heat exchangers. Auxiliary systems to produce electricity or commodities, such as the
power conversion unit, desalination equipment, chemical conversion, and district heating, can be attached to the test bed to demonstrate the utility
of these systems. However, such systems must be configured as self-contained plug-ins.

Testing Approach

The program adopts a phased development approach. Heat pipe reactors offer the simplest starting point for integrated testing. The initial set of
tests consist of:

1. A single core monolith block with holes for fuel rods and heat pipes to understand heater interface and block response
2. A single heat pipe experiment to obtain flow and temperature data

3. A larger scale article where the monolith and heat pipes (~37) interface with heat exchangers understand the power mechanism driving all heat
pipe micro-reactor designs The first testing phase examines heat pipe technology, starting with general heat pipe and heat exchanger tests.
Additional geometries and specialized heat pipe reactor designs may also be tested. Researchers design geometrical prototypes to represent
fabrication details of the core and the heat exchangers (including but not limited to types of welds and bonds). The initial design includes direct
air-cooled heatexchangers at lower pressures although supercritical-CO2 microchannel heat exchangers at higher pressures may be evaluated in the
future. INL is considering using nitrogen recirculating in the heat exchanger to decrease oxidation risk for test articles. Initial core tests will be
monolithic although future tests may include a shell-and-tube type heat exchanger. Initial tests compare measured temperatures to validate finite
element analysis (FEA) predictions.

The second phase of testing focuses on gas-cooled designs. In a gas-cooled design, reactor internal temperatures across the core can vary by as
much as 300 to 400°C, while the core pressure could be as high as 1000 psi. Thermal transients lead to creep and creep-fatigue damage. Prototype
reactor geometries will be fabricated and tested.

The system requires connecting to facility electrical power, facility exhaust, and various gas supplies including compressed air. The system will
have the ability to interface with the microgrid test bed. The entire unit will be configured to accommodate testing indoors in the ESL high bay.

System Description
INL employs electrical heaters to simulate the heat generated by the nuclear fuel rods.
Instrumentation

Instruments having enough resolution to validate high-fidelity computer codes measure and monitor specified experiment parameters. This data is
recorded directly to INL’s high performance computing enclave. The specific types of instrumentation to be provided may include:
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e Acoustic emission sensors — Cracking or other damage to the monolithic structure emits an acoustic signal that can be detected acoustic
sensors

e Laser Doppler vibrometer with steering mirror — The laser Doppler vibrometer acts in a stand-off manner and detects corrosion

e Interferometry coupled with full-field, high resolution video-based structural dynamics — record fullfield, high-resolution shapes of
vibrating structures using video.

e Accelerometers —Measure the resonant frequencies, mode shapes and damping ratios of the monolith.
e  Thermal imagers — Record temperature distribution across the test article.
e  Strain gauges and stand-off displacement sensors — These detect monolith damage resulting in structural deformation.
e  X-ray CT scans — Track two-phase flow.
e  Barkhausen noise sensor — Monitor crystallographic changes in metal.
e  High-speed digital image correlation — Obtain in situ strain at surface.
e Wireless embedded sensors — Used where possible.
e  Thermocouples — Mounted to test article.
e Distributed fiber optic temperature sensors — Mounted to test article.
e Flux sensors — Characterize electrical noise.
e  Mass flow and pressure — Temporal measurements
Data requirements

The system can be accessed locally or remotely via a 100 GB data network. Test data directly feeds to the INL High Performance Computing
(HPC) enclave. ESL supplies data acquisition computers and workstations for test engineers and vendor representatives. Arrangements for
handling of proprietary data must be pre-arranged and applicable nondisclosure agreements (NDAs) in place before testing commences. Export
control of the design configuration and test data may be necessary. The HPC interface, cyber security, data access and storage will be considered.
All data stored in accessible server.

Equipment

Initial equipment purchased will include 2 sodium filled heat pipes, 15 electrical heaters, 2 stainless steel mono blocks, temperature sensors, and
data acquisition equipment. The initial full test article will include 37 heat pipes supplied by Los Alamos National Laboratory and 54 cartridge
heaters with a length of one meter. The project will start in October 2019 and will be completed in 2025. Thermal Energy Distribution System To
further complement the modeling and simulation efforts on NR-HES systems, INL is designing a Thermal Energy Delivery System (TEDS).

The system distributes thermal energy to and from various co-located systems within the DETAIL. The thermal energy transfer from TEDS can be
used to support test and demonstration operations for N-R HES applications. INL designed TEDS so the DETAIL water flow loop can be
expanded to supply thermal energy to systems integrated into the DETAIL testbed over time with minimal disruptions to DETAIL testbed
operations. TEDS helps understand the cyclic behavior (charging and discharging characteristic) of thermal energy storage systems and the
system’s dynamic behavior with integrated industrial applications, and yields much-needed feedback for control systems to support DETAIL
test/demonstration operations. Figure 3.2 shows the process flow diagram for TEDS.

Figure 3.2. Process flow diagram for TEDS.
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Therminol-66 serves as the working fluid in TEDS. Therminol-66 is a hydrogenated terphenyl that is noncorrosive, has low vapor pressure, large
working temperature range, and widespread use as a heat transfer fluid. To monitor system parameters, INL incorporated a combination of flow
sensors, pressure sensors, and thermocouples into the TEDS design. Stainless steel construction allows probes to operate up to 1250°C, which
supports the maximum 325°C operating temperature.

DETAIL includes additional energy systems such as an integrated microgrid and renewable energy systems including solar photovoltaics.
High Temperature Electrolysis (HTE) demonstration facility (hydrogen generation).

Figure 3.3 shows a schematic of the HTE system. Major components include: air compressor, air filter/dryer, hightemperature air heater, furnace
(hot zone), high temperature electrolysis stacks, hydrogen gas cylinder, safe gas cylinder, nitrogen dewar, mass flow controllers, superheated
heated steam generator (atmospheric pressure), steam generator heat exchanger (phase 2), steam superheater (phase 2), exhaust steam-hydrogen
cooler (air-cooled), residual steam condensers, chiller, hydrogen recycle compressor, counterflow heat exchanger, and a hydrogen storage tank. A
co-located deionized water supply furnishes liquid water feedstock to the steam generator systems. A chiller supplies cooling for the condensers.
The system includes a nitrogen supply for carrier gas and system purging. Commercial vendors supply major system components. A ventilated
enclosure houses hydrogen-containing components and piping. The chiller is located outside of the enclosure. Support systems supply electrical
power for electrolysis and other components, feedstock gases, sweep gas, and appropriate exhaust handling.

Figure 3.3. Schematic of HTE Demonstration Facility

For hydrogen production, the system introduces a mixture of steam and hydrogen (and possibly nitrogen) to the cathode side of the HTE stacks,
typically with a volumetric composition of 90% steam and 10% hydrogen. Nitrogen is sometimes also included in the cathode inlet gas mixture.
Using nitrogen allows independent variation of the partial pressures of the other process gases while operating at atmospheric pressure. Nitrogen
also serves as purge gas to purge air and oxygen out of the stacks and the hydrogen exhaust line prior to and following system operation. A
compressed gas cylinder or dewar supplies nitrogen. The stack inlet requires hydrogen at all times to maintain reducing conditions on the nickel
cermet cathode. During startup a compressed gas cylinder supplies this hydrogen from a compressed gas cylinder. However, during long-term
operation, inlet hydrogen will be supplied via recycle of electrolytically produced hydrogen from the stack exit flow back to the stack inlet. The
hydrogen recycle system includes the condensers, hydrogen recycle compressors, water trap, counterflow heat exchanger, and a hydrogen storage
tank.

The system has two hydrogen recycle compressors. The large compressor has a rated flow rate of 6.5 SCFM (184 SLPM) at a discharge pressure
of 150 psig; It is sized for the full 25 kW HTE operations. The small compressor is rated at 18 SLPM (0.64 SCFM) flow at a discharge pressure of
75 psig; it is sized for 5 kW HTE operations. Pressure in the hydrogen storage tank cycles between 80 psig and 140 psig for the large compressor
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and between 50 and 75 psig for the smaller. The hydrogen recycle storage tank is rated for 150 psig. The tank is fitted with a pressure relief valve
that will lift at 150 psig and vents to the roof. Gas pressure on the downstream side of the regulators will be set at approximately 40 psig to
maintain inlet pressure for the mass flow controllers. Pressure relief valves (PRVs) are included downstream of the regulators as a safeguard
against inadvertent over-pressure setting on the regulator or regulator failure. Flowrestricting orifices are positioned in the gas lines just
downstream of the compressed gas cylinders to ensure that the PRV discharge lines can handle the maximum possible gas flow in the unlikely
event of a regulator failure at full-open. During HTE operation, oxygen is produced on the anode side of the HTE stacks. Air is used as a sweep
gas on the anode side to carry away this oxygen. Flow rates of nitrogen, hydrogen, and air are set and controlled by precision mass-flow
controllers.

An inductively heated atmospheric-pressure steam generator produces steam. The steam generator heats steam up to 850°C. The system mixes
hydrogen (and possibly nitrogen) with the steam downstream of the steam generator so that a gas mixture of steam and hydrogen is introduced to
the HTE stack. HTE operation electrochemically reduces some of the steam (typically 60%) to hydrogen, which enriches the cathode gas mixture
exiting the stack with hydrogen. An aircooled heat exchanger cools exhaust gas cooled to ~150°C. The condenser removes most residual steam,
and a H2 vent (3-inch PVC) releases the majority of the remaining gas. During long-term operation, a fraction of the hydrogen exhaust gas is
drawn from the H2 vent line, pressurized, dried, and recycled to the inlet. Cold water supplied by the chiller cools the condenser units.

The DI water system supplies water to the steam generator. The high temperature high pressure flow loop and the HTE share the DI water system.
The steam generator unit controls the water inflow rate according to the steam generation rate setpoint. This setpoint is adjustable from 25 — 100%
of the maximum rated steam production rate of 10 kg/hr. A precision mass-flow meter monitors the inlet liquid water flow rate. The steam
generator also measures the steam production rate. A small fraction of the liquid water supplied to the steam generator unit is excess and is
released through the steam generator overflow line.

The TEDS also serves as a second independent steam generating method. TEDS transfers heat from the high temperature high pressure water loop
or another thermal energy source to the steam generator heat exchanger for producing steam. The steam exiting this heat exchanger will be at
atmospheric pressure and a temperature of ~275°C. This steam requires a separate steam superheater to increase its temperature to 800°C prior to
mixing with hydrogen.

A feedback-controlled high-temperature furnace maintains the solid-oxide electrolysis stacks at desired operating temperature (800 to 900°C). The
system does not require pressure relief downstream of the steam generator because no valves are located downstream of it. Similarly, pressure
relief is not required on the air side downstream of the mass flow controller. Sweep gas air is exhausted to the enclosure through vents located near
the enclosure exhaust on top of the furnace. The H2 exhaust line vents hydrogen outside.

Figure 3.4 shows a 3D CAD view of the HTE demonstration facility with the components inside the enclosure. The equipment is mounted on a set
of two skids, each 16 ft. x 10 ft. The figure shows large components including the air compressor, ventilated enclosure, steam generator, furnace,
electrolyzer outlet finned-tube coolers, condensers, chiller, hydrogen recycle compressor, hydrogen recycle tank, plus the electrical panels and an
instrument rack. The ventilated enclosure includes a gas monitoring system for hydrogen and oxygen levels inside the ventilated enclosure. The
enclosure will be continuously ventilated whenever testing is in progress, drawing air from the room and exhausting it to the outside. The
ventilation system includes an airflow switch that generates an alarm signal if flow is lost. The gas monitoring system also activates an alarm if it
detects hydrogen or elevated oxygen. The alarm signals interact with a solenoid valve on the hydrogen gas supply line that shuts off inlet flows
when the alarm activates. In addition, the system also shuts off power to the electrolyzer to stop hydrogen production in the stacks. The alarm also
initiates flow of “safe gas” through the cathode side of the stacks. Safe gas is a mixture of nitrogen and hydrogen (3.96% H2) that flows through
the cathode side of the electrolysis stacks to prevent oxidation damage to the cathodes during an alarm. In addition to the automated interlock
features of the gas monitoring system, the system notifies laboratory occupants of potentially hazardous gas buildup. The system has relay outputs,
display readout, visual and audible alarms and an auto dialer.

Real-time Virtual Linkage with Multiple Test Facilities

INL proposed to develop data acquisition and instrument control for DETAIL systems. These control systems communicate with multi-channel
data acquisition hardware to read and store experimental data from all of the system instrumentation at a user-specified rate. They can also
communicate with analog and digital output hardware to control loop operational parameters such as flow rates, heater power, and fluid
temperature based on manual user input or builtin control algorithms.
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Figure 3.4. The Demonstration System Layout.

|Envir0nmental Aspects or Potential Sources of Impact:

Air Emissions

Rev 7: The project is expected to have air emissions from the Microturbine. An APAD will be completed prior to start of work.

CO02: 1650 Ib/Mw-hr
NOx: 0.46 1b/Mw-hr
CO:0.31 Ib/Mw-hr

VOC: 0.13 Ib/Mw-hr

Older Revs: During full power operation we expect to produce ~150 kg/day hydrogen and ~1350 kg/day of oxygen. Both of which will be diluted
with air. Project activities have the potential to release hazardous and chemical contaminants into the air. Construction activities generate minor
emissions from welding, adhesives, cleaners, and solvents. Operating DETAIL emits hydrogen, nitrogen, and steam. Regulatory requirements will
be determined prior to commencing modification of facilities using the APAD process. Project activities also have the potential to release
refrigerants and greenhouse gases. The project is going to emit carbon monoxide emissions and will require an APAD to be completed before
project work can be conducted. The product hydrogen gas contains water and possibly small amounts of nitrogen and oxygen. Some of the product
hydrogen will be used in fuel cell electric vehicles, and for that purpose must be dried, purified and compressed. Hydrogen that is not used in fuel
cell electric vehicles will be either vented directly to atmosphere or will possibly be consumed in a flare. The flare would use atmospheric air to
combust the hydrogen to water vapor, which would be vented to the atmosphere, likely producing a visible steam exhaust.
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Discharging to Surface-, Storm-, or Ground Water

Air conditioner (AC) condensers have the potential to discharge water to the ground. INL steam support system will require a pressure water
discharge line to route the discharge from the DI Water system to a floor drain in the ESL D100 floor drain. Activities involving drainage or runoff
(e.g., parking lots) may result in storm water discharges. Project activities have the need to store oil in oil-filled operational equipment or in bulk
storage containers at REC that is above 55 gallons. ESL is currently over the threshold of requiring an SPCC to be prepared for ESL. If additional
oil storage is required then the SPCC will need to be revised.

Disturbing Cultural or Biological Resources

Cultural: Pursuant to 2023 Programmatic Agreement as amended in 2025, this federal undertaking is excluded from project-specific consultation.
The proposed activity results in no historic properties affected.

Generating and Managing Waste

Industrial waste in the form of scrap wood, scrap metal, packaging material, Resource Conservation and Recovery Act (RCRA) empty chemical
containers, rags, insulation, wire, concrete, pipe scrap, etc., will be generated during the project. Hazardous waste generation has the potential to be
generated from paint waste, adhesive waste, cleaning solvents, and spill material. It may be necessary to occasionally drain some de-ionized water
from the system. All waste generated during the project will be characterized, stored, and disposed at the direction of Waste Generator Services
(WGS).

Releasing Contaminants

Chemicals will be used and will be submitted to chemical inventory lists with associated Safety Data Sheets (SDSs) for approval prior to use. The
Facility Chemical Coordinator will enter these chemicals into the INL Chemical Management Database. All chemicals will be managed in
accordance with laboratory procedures. When dispositioning surplus chemicals, project personnel must contact the facility Chemical Coordinator
for disposition instructions. Although not anticipated, there is a potential for spills when using chemicals. In the event of a spill, notify facility
Environmental Staff. If the Environmental Staff cannot be contacted, report the release to the Spill Notification Team (208-241-6400). Clean up
the spill and turn over spill cleanup materials to WGS.

Using, Reusing, and Conserving Natural Resources

All applicable waste would be diverted from disposal in the landfill when possible. Program personnel would use every opportunity to recycle,
reuse, and recover materials and divert waste from the landfill when possible. The program would practice sustainable acquisition, as appropriate
and practicable, by procuring construction materials that are energy efficient, water efficient, are bio-based in content, environmentally preferable,
non-ozone depleting, have recycled content, and are non-toxic or less-toxic alternatives.

Determination

For Categorical Exclusions (CXs), the proposed action must not: (1) threaten a violation of applicable statutory, regulatory, or permit requirements
for environmental, safety, and health, or similar requirements of Department of Energy (DOE) or Executive Orders; (2) require siting and
construction or major expansion of waste storage, disposal, recovery, or treatment or facilities; (3) disturb hazardous substances, pollutants,
contaminants, or Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA)-excluded petroleum and natural gas
products that pre-exist in the environment such that there would be uncontrolled or unpermitted releases; (4) have the potential to cause significant
impacts on environmentally sensitive resources (see 10 CFR 1021); (5) involve genetically engineered organisms, synthetic biology, governmentally
designated noxious weeds, or invasive species, unless the proposed activity would be contained or confined in a manner designed and operated to
prevent unauthorized release into the environment and conducted in accordance with applicable requirements, such as those listed in paragraph B(5)
of 10 CFR Part 1021, Appendix B. The proposal has not been segmented to meet the definition of a categorical exclusion. Segmentation can occur
when a proposal is broken down into small parts in order to avoid the appearance of significance of the total action. However, segmentation does not
include proposals that are developed and potentially implemented over multiple phases where each phase results in a decision whether to proceed to
the subsequent phase. There is no extraordinary circumstance related to the proposal that is likely to cause a reasonably foreseeable significant
adverse effect or for which DOE does not know the environmental effect. Extraordinary circumstances are unique situations presented by specific
proposals, including, but not limited to, scientific controversy about the environmental effects of the proposal; uncertain effects or effects involving
unique or unknown risks; and unresolved conflicts concerning alternative uses of available resources.

References: B1.12 "Detonation or burning of explosives or propellants after testing", B3.6 "Small-scale research and development, laboratory
operations, and pilot projects"

Justification: For the DOE procedures regarding categorical exclusions, including the full text of each categorical exclusion, see 10 CFR 1021.102
and Appendix B to 10 CFR Part 1021, and also Section 5.4 (Applying one or more categorical exclusions to a proposal) and Appendices B and C of
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DOE's National Environmental Policy Act Implementing Procedures (June 30, 2025). Requirements and guidance in 10 CFR 1021.102 and DOE’s
NEPA Implementing Procedures: (See full text in regulation and in Implementing Procedures)

The proposal fits within a class of actions that is listed in Appendix B to 10 CFR Part 1021 or Appendix B and C of DOE’s NEPA Implementing
Procedures (June 30, 2025).To fit within the classes of actions listed in Appendix B to 10 CFR Part 1021, or Appendix B of DOE’s NEPA
Implementing Procedures, a proposal must satisfy the conditions that are integral elements of the classes of actions in Appendix B of both 10 CFR
Part 1021 and DOE’s NEPA Implementing Procedures.

There are no extraordinary circumstances related to the proposal that may affect the significance of the environmental effects of the proposal. DOE
or an applicant may modify the proposal to avoid reasonably foreseeable adverse significant effects such that the categorical exclusion would apply.

The proposal has not been segmented to meet the definition of a categorical exclusion.

[Note: For proposals that fit within the categorical exclusions listed in Appendix C of DOE’s NEPA Implementing Procedures, see DOE’s notice of
adoption for the subject Appendix C categorical exclusion for additional considerations. DOE notices of adoption for other agency categorical
exclusions may be found on DOE’s Section 109 webpage.]

B1.12 Detonation or burning of explosives or propellants after testing. Outdoor detonation or burning of explosives or propellants that failed (duds),
were damaged (such as by fracturing), or were otherwise not consumed in testing. Outdoor detonation or burning would be in areas designated and
routinely used for those purposes under existing applicable permits issued by Federal, state, and local authorities (such as a permit for a RCRA
miscellaneous unit (40 CFR part 264, subpart X)).

B3.6 Small-scale research and development, laboratory operations, and pilot projects. Siting, construction, modification, operation, and
decommissioning of facilities for small-scale research and development projects; conventional laboratory operations (such as preparation of chemical
standards and sample analysis); and small-scale pilot projects (generally less than 2 years) frequently conducted to verify a concept before
demonstration actions, provided that construction or modification would be within or contiguous to a previously disturbed or developed area (where
active utilities and currently used roads are readily accessible). Not included in this category are demonstration actions, meaning actions that are
undertaken at a scale to show whether a technology would be viable on a larger scale and suitable for commercial deployment.

Approved by Robert Herzog, DOE-ID NEPA Compliance Officer on: 8/6/2025
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