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EXECUTIVE SUMMARY OF
RESULTS, RECOMMENDATIONS, AND CONCLUSIONS

Introduction

The Next Generation Nuclear Plant (NGNP) will be a demonstration of the technical, licensing,
operational, and commercial viability of High Temperature Gas-Cooled Reactor (HTGR) technology for
the production of process heat, electricity, and hydrogen. This nuclear based technology can provide
high-temperature process heat (up to 950°C) that can be used as a substitute for the burning of fossil fuels
for a wide range of commercial applications. The substitution of the HTGR for burning fossil fuels
conserves these hydrocarbon resources for other uses, reduces uncertainty in the cost and supply of
natural gas and oil, and eliminates the emissions of greenhouse gases attendant with the burning of these
fuels. The HTGR is a passively' safe nuclear reactor concept with an easily understood safety basis that
permits substantially reduced emergency planning requirements and improved siting flexibility compared
to current and advanced light water reactors (LWRs).

In the Energy Policy Act of 2005 (EPAct), the Department of Energy (DOE) was tasked with
providing a demonstration of this HTGR technology to economically and reliably produce electricity and
hydrogen by the year 2021. As the lead nuclear technology development laboratory of the DOE, the
Idaho National Laboratory (INL) has initiated the work necessary to complete this task. The EPAct also
stipulated that the task should be undertaken in partnership with the industrial end users of the
technology. To that end, a working group has been assembled consisting of suppliers of the technology,
nuclear plant owner/operators, other supportive technology companies, and potential end users. The
objective of the working group is to form an Alliance that would provide the private sector perspective
and direction for completion of the NGNP in partnership with the DOE. The Alliance will support the
selection of the specific operating conditions and configuration for NGNP to ensure it meets private
sector expectations, commence management of the project using commercial processes, share the cost of
design and construction with the government, and secure a commercial nuclear operating company to
operate the plant.

In FY-07, Pre-Conceptual Design (PCD) work was completed by the NGNP Project at the INL with
the objective of developing a framework in which the design and technology development of the NGNP
could progress and to begin to develop bases for selection of the specific design and operational
characteristics of NGNP. This work was completed by three contractor teams with extensive experience
in HTGR technology, nuclear power applications, and hydrogen production. The teams were led by
Westinghouse Electric Company, LLC; AREVA NP, Inc.; and General Atomics. The scope of work
included completion of special studies to address key aspects of the NGNP (e.g., reactor type, power
levels, power conversion system [PCS] and heat transfer / transport system [HTS] designs, licensing and
end product disposition). The results of these special studies were applied to the development by each
contractor of a recommended design for NGNP and a commercial version of the HTGR. These were then
used to estimate costs and schedule for design; construction; licensing; startup and testing; operation; and
deactivation, decontamination, and decommissioning (DD&D) of the NGNP and an economic assessment
for an Nth of a kind (NOAK) commercial plant. A primary objective of this work is to identify research

' “Passive,” as used here, means that the performance of engineered systems (e.g., the reactor cavity cooling system) are

relied upon in the safety analyses, but without requiring any component in those systems to maintain or change state to
satisfy the safety functions.
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and development (R&D), data needs, and future studies required to support selection of key
characteristics of and to support the design and licensing processes for the NGNP.

The Preliminary Project Management Plan (PPMP) for the NGNP identifies two planning options that
weigh a range of programmatic risks and approaches to mitigating risk. The two options are compliant
with the EPAct, but emphasize different approaches to technology development risks, design and
construction risks, and the extent of demonstration in support of commercialization. Option 1, labeled the
Milestone Compliant option, establishes an overall schedule based on the milestone dates in the EPAct
for Phase I and Phase II, and emphasizes extended R&D activities before proceeding with design and
construction activities. Start of operations and project completion for this option is scheduled for 2021.

Option 2, labeled the Balanced Risk option, assesses the overall project risk with the objective of
balancing technology development risk against design, licensing, and construction risk. Emphasis is on
initiating design and licensing work as early as practical to reduce the uncertainties in the scope and focus
of R&D activities. The expected date for initial operations (following the test program) is 2018. This
option allows for a two- to three-year period of operation (prior to 2021) simulating a commercial power
reactor operating cycle that is followed by an extensive outage, during which the equipment performance
is confirmed by detailed disassembly and inspection. This proof-of-principle operating period provides
support for commercialization decisions by industry.

Option 2 was chosen by the NGNP Project as the reference schedule for preconceptual design
activities. Discussions with the private sector indicate a strong preference for the Option 2 schedule,
which will support commercialization at the earliest date practical. Setting the Option 2 schedule as the
goal for the NGNP Project provides margin to and supports the objectives of the EPAct for demonstration
of the technology by 2021 while addressing the needs and expectations of the private sector.

A brief discussion of HTGR technology and the extension of the current state-of-the-art of this
technology required to meet NGNP performance objectives is provided in Appendix A.

Pre-Conceptual Design Work and Report Objectives
There were several objectives for the FY-07 Pre-Conceptual Design work:

e Initiate development of the functional and operational requirements (F&ORs) and the
configuration of the NGNP

e Provide direction to the NGNP Project R&D programs to ensure they support design
development, licensing, construction, and deployment of the NGNP by 2018

e Support development of the licensing strategy for the NGNP with the objective that the
strategy should support operation of the NGNP in 2018 and, ultimately, development of a
Certification of Design for the use of the HTGR technology in the private sector

e Develop pre-conceptual designs with sufficient detail to provide credible estimates of the
schedule and costs for NGNP and a NOAK plant

e Perform economic assessments for the NOAK plant to confirm the economic viability of the
HTGR technology in production of electricity and hydrogen.

To meet these objectives, the contractor teams were tasked to define the state-of-the-art in HTGR
technology in FY-07 and the advancements that could be made in that technology assuming deployment
of the NGNP in 2018. This work was based on prior work of each reactor vendor on development of
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HTGR technology and the experience and capabilities of their team members. These tasks defined design
values and configurations of the reactor (e.g., reactor design, power level, gas temperatures and gas
pressures), the HTS (e.g., type, heat exchanger effectiveness, operating temperatures), the PCS (e.g.,
configuration, power level and efficiency), and the hydrogen production processes for potential
application in the NGNP. The capability and availability of materials, fabrication technologies, licensing
issues, and development requirements to support effective use of the technology in private sector process
heat applications (e.g., electricity, steam and hydrogen production) were focus issues.

The results and conclusions of the PCD define key technical risks and specific requirements that will
govern the evaluations and design development required to be completed in continuing NGNP design
progression. It was not an objective of the PCD work to make a final decision on the operating conditions
and configuration of NGNP, but to provide the foundation for making the decisions. The decision
process will depend on results from:

e Completion of additional evaluations on key issues (e.g., power levels, gas temperatures and
pressures, IHX design, and materials)

e Planning for the development and acquisition of fuel, graphite, high temperature materials,
and analysis methods

e Coordination with the Nuclear Hydrogen Initiative (NHI) program
e Licensing strategy development

e Due diligence to establish the technical completeness and credibility of work already
completed by the contractor teams

e Further characterization of the marketplace for the HTGR technology by the potential end
users and input from the commercial Alliance.

The NGNP Project schedule currently assumes that the key decisions will begin to be made in mid
CY-08 as part of conceptual design. It is anticipated that the Alliance will be able to support making
these decisions at that time.

This report summarizes the scope, results, and conclusions of the work completed during the PCD
Phase for the NGNP. This includes the operating conditions, plant configuration, data, and development
needs, including required future studies, cost and schedule estimates, and the economic assessments of the
three contractor teams. This report also identifies the key technical risks for completion of the NGNP and
the steps that need to be taken to resolve these risks. This report provides a part of the foundation for
advancing the design progression of the NGNP, identifying the next steps in the design progression, and
providing bases for interfacing with potential end-users and for obtaining necessary support from the
Alliance in making the final decisions on the operating conditions and configuration of the NGNP. This
report, however, is only one document of many documents and programs that support establishing NGNP
requirements and planning. The others include:

e FEnergy Policy Act of 2005

o  Next Generation Nuclear Plant High Level Functions and Requirements, INEEL/EXT-03-
01163

o Design Features and Technology Uncertainties for the Next Generation Nuclear Plant,
INL/EXT-04-01816
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e  Next Generation Nuclear Plant Preliminary Project Management Plan, INL/EXT-05-00952
e R&D program plans

e NHI program plans

e Licensing Strategy Development Program and plans

e Alliance working group white papers and end-user requirements.

The following sections first summarize the results, conclusions, and recommendations of the
contractor teams. Second, they summarize the path forward for NGNP design development that is
indicated from evaluation of the results, conclusions, and recommendations of the contractor teams.

Pre-Conceptual Design Team Recommendations

Plant Operating Conditions and Configuration

Table ES-1 summarizes the key results of each contractor teams’ evaluations and recommendations
for the NGNP operating conditions and configuration.

Table ES-1 Summary of Results

Recommended Operating Conditions & Plant Configuration

Item
Westinghouse AREVA General Atomics

Power Level, MWt 500 MWt 565 MWt 550 — 600 MWt
Reactor Outlet 950°C 900°C Up to 950°C
Temperature, °C
Reactor Inlet 350°C 500°C 490°C
Temperature, °C
Cycle Configuration Indirect — Series hydrogen | Indirect — Parallel Direct PCS

process and power
conversion

hydrogen process and
power conversion

Parallel indirect hydrogen
process

Secondary Fluid

He

He-Nitrogen to PCS
He to H, Process

He

Power Conversion Power

100% of reactor power

100% of reactor power

100% of Reactor Power

Hydrogen Plant Power 10% of reactor power 10% of reactor power 5 MWt—-HTE
60 MWt — S-1
Reactor Core Design Pebble Bed Prismatic Prismatic

Fuel

TRISO UO, 1*and
subsequent cores

TRISO UCO — 1* and
subsequent cores

TRISO UO, 1% Core

Variable subsequent cores

Graphite PCEA & NBG-18 NGG-17 and NBG-18 1G-110 & NBG-18
RPV Design Exposed to the gas inlet Exposed to the gas inlet Exposed to the gas inlet
temperature temperature; insulation temperature
and vessel cooling options
may be pursued
RPV Material SA508/533 9Cr -- IMo 2-1/4 Cr - 1Mo
9Cr-1Mo
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It Recommended Operating Conditions & Plant Configuration
em
Westinghouse AREVA General Atomics
HX 2- Stage Printed Circuit PCS -3 - Helical Coil Process — single stage
Heat Exchanger (PCHE), Shell & Tube, In 617 PCHE, In 617
In 617 material Process — PCHE or Fin-
Plate, In 617
Hydrogen Plant Hybrid thermo-chemical Initial —High Temperature | Initial -High Temperature
plus electrolysis Electrolysis Electrolysis
Longer Term — Sulfur- Longer Term — Sulfur-
lodine lodine
Power Conversion Rankine; standard fossil Rankine; standard fossil Direct gas turbine
power turbine generator power turbine generator Option -- Direct
set set Combined Cycle

These recommendations represent the judgment of the reactor vendors on what can be achieved for
use in NGNP assuming an operational date of 2018. These are based on the current state of the design
work related to HTGR by each contractor and prior commercial applications of gas-cooled reactor
technology (see Appendix A). The reactor vendors note that achieving the recommended operating
conditions requires significant design, licensing, and development effort.

Completing this effort to support operation of the plant in 2018, requires balancing the selection of
initial operating conditions and the plant configuration for NGNP against the schedule and cost risks
associated with design, licensing, R&D and construction. This balance must also consider the impact of
technology selections and operating conditions on the viability of translating the NGNP experience to
private sector applications. Later sections of this Executive Summary discuss how this balance can be
struck in the progression of the NGNP design.

Licensing Strategies

As requested in the PCD Statement of Work (SOW), the contractor teams provided several potential
strategies for obtaining a Nuclear Regulatory Commission (NRC) license for the NGNP. These strategies
reflected the very preliminary nature of the NGNP design and the uncertainty in the approach the NRC
will take in addressing the license applications for the NGNP. As required by EPAct, the approach for
licensing the NGNP is being developed through a joint effort between DOE and the NRC. The PCD
work, particularly that identifying the R&D and code committee work that will be needed to support the
licensing process, will support this development. This effort is scheduled to be completed in FY-08 and
will establish the basis for the detailed NGNP licensing strategy.

Cost Estimate

All three contractor teams prepared pre-conceptual level cost estimates and schedules as part of the
PCD work for the NGNP. The cost estimates were developed using different methodologies that included
parametric modeling, vendor quotes, actual costs, and proprietary costing databases. NGNP Project
Engineering reviewed the assumptions and bases of estimate that supported the cost estimates for
credibility and performed multiple studies to reconcile the variations in scope and assumptions among the
three cost estimates. This effort resulted in an estimated range of $3.8B to $4.3B for completion of the
NGNP. This range is based on the information and evaluations available to date and reflects possible
contingency requirements. Figure ES-1 depicts the funding profile that would be required based on this
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estimate to meet the 2018 operational date for the NGNP. These costs estimates will be updated with
higher confidence levels as design development progresses.

The cost estimates provided by the contractor teams for the NOAK commercial plant were all in the same
range. All contractor teams proposed 4-unit plants with thermal power levels between 2000 MWt and
2400 MWt at a cost of about $4B, including owners cost. This value was used in the economic
assessments.

NGNP Project Nuclear System Cost Profile
(Pre-Conceptual Design Estimate)
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Figure ES-1. NGNP Project funding profile (based on pre-conceptual design cost estimates and
operational date of 2018)

Schedule

The three contractor teams prepared pre-conceptual level schedules highlighting critical paths for
initial operation of the NGNP in 2018. The NGNP Project reconciled these schedules in extensive
reviews by cognizant Battelle Energy Alliance (BEA) / INL personnel to prepare an initial project
schedule. The schedule was prepared consistent with the Work Breakdown Structure (WBS) for the
project. Both this schedule and the WBS are presented in Section 8 and related Appendices of this report.

The schedule identifies the key milestones that must be met to achieve the objective of operation in
2018. Key milestones include the Critical Decision points for completion of design, long lead
procurement initiation, start of construction, and approval for operation. They also include the submittal
and receipt of critical regulatory documentation — Limited Work Authorization (LWA), Permit to
Construct (PTC), and receipt of an Operating License from the NRC. The current critical paths for
meeting the 2018 operational date are tied to completion of fuel qualification and completing the NRC
licensing process.
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As the licensing strategy matures (e.g., potentially adopting the one-step licensing process currently
being used for licensing of light water power reactors versus the two-step process on which the current
schedule is based) and the selection of NGNP operating conditions and configuration progresses, the
schedule will be updated with the goal of establishing critical paths that support initial operation in 2018.

Economic Assessment

Each of the contractor teams prepared an economic assessment using their recommended design for a
NOAK commercial plant producing hydrogen and, in one case, electricity. The contractor teams did not
use the same economic assessment methodology, nor did they assume the same values for key economic
parameters. For these reasons, the NGNP Project included a review of the contractor teams’ methods and
results and then revised each team’s assessment using, in general, more conservative but consistent
assumptions for key parameters and a consistent methodology. These revised assessments were
performed using the costs (e.g., capital, operations, DD&D) estimated by each contractor team. A fourth
assessment was then performed using the costs that were developed by the NGNP Project in reconciling
the cost estimates provided by the three contractor teams.

The results of these analyses confirm the economic viability of the HTGR technology in two markets
when compared with current technologies and prices of natural gas. Internal rates of return (IRR) in the
10% range were calculated for hydrogen and electricity production using conservative assumptions in an
inflationary market. Accordingly, these results support the continued development of the NGNP and
fostering the private sector application of the HTGR technology.

Technology Selection and Design Development Studies

The PCD work identified a number of areas that require further study to support the final selection of
NGNP operational and physical characteristics (addressed herein as Technology Selection Studies) and to
support design development of the NGNP (addressed herein as Design Development Studies). These
were identified as “future studies” during the performance of PCD work by the contractor teams and in
the review of this work by the NGNP Project. Several of these studies will be performed in the initial
phase of conceptual design in FY-08.

Many of the studies identified by the contractor teams during the PCD work and by the NGNP Project
were redundant or had overlapping objectives. NGNP Project Engineering consolidated the studies and
classified them using three categories (i.e., Technology Selection, Design Development, and Other).
Studies classified as “Other” were captured for later consideration as the design progresses. The
Technology Selection and Design Development studies were prioritized to assist in determining which
studies will be performed in the initial phases of conceptual design depending on the funding available in
FY-08. Within the two categories, the studies were ranked into four levels of priority: highest, high,
medium, and low. The last priority was used for those areas that needed to be completed as the design
progresses but were not applicable in the initial stages of conceptual design before the key technology
selections have been made. For example, establishing the specific reactor building requirements and
coolant piping materials will depend on which reactor is selected for the NGNP. Within the two
categories, the Technology Selection studies have the highest priority since they should be completed to
support development of the final F&ORs and selection of the fundamental configuration of the NGNP.

Section 6.5 of the report provides summary descriptions of each of the studies. The following lists
the studies that have the highest priority in the Technical Selection and Design Development categories.
(Note: Some of the highest priority studies will be used to resolve key technical risks to support selection
of the NGNP operating conditions and configuration. These are referenced in this context in later
sections.)
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Technical Selection Studies

A total of 12 areas that affect technology selections were identified for further study as part of the
initial phase of conceptual design. Seven of these are judged to have the highest priority. (Note: The
bracket notation is the WBS designation for the study. This designation is referred to later in the
discussion of actions to be taken to resolve technical risks.)

1.

Nuclear Heat Supply System F&ORs [WBS NHS.000.S11]

This study entails an assessment of the appropriate design operating conditions for the NGNP
(e.g., maximum reactor power level, reactor inlet and outlet temperatures, and primary
pressure), considering cost, technical risk, translation of the NGNP experience to the private
sector, and the level of confidence of the private sector that NGNP has effectively
demonstrated the technical, licensing, reliability, and economic viability of the HTGR
technology. This assessment will be completed by nuclear plant owner/operators, potential
end users (e.g., petro-chemical companies, petroleum companies), and subject matter experts.
This effort will ensure that the specification of the NGNP operating conditions balances the
need to maximize the translation of the NGNP design; licensing; cost; construction;
operating; and reliability, availability, and maintainability (RAM) experience to the private
sector against the need to minimize technical, cost, and schedule risks to bringing the NGNP
on-line.

IHX and Secondary Heat Transport Loop Alternatives [WBS HTS.000.S01]

This study entails characterization and development of the advantages and disadvantages and
technical risks of the potential alternatives for the intermediate heat exchanger (IHX) and
secondary heat transport loop, including materials, design configuration, fabrication,
operation, maintenance, in-service inspection, and means for periodic replacement. This
study will be completed by selected members of the contractor teams and subject matter
experts, and includes the following:

e A comparison of the characteristics and development requirements for the candidate
IHX designs (e.g., shell and tube, plate-fin, compact and other potential designs as
identified). This should include:

— Maintainability of modules or entire heat exchanger
— Replaceability of modules or entire heat exchanger

— Ability to detect material failures and the consequence of material failures
during operation

— The impact of environmental effects on the IHX and HTS (e.g., corrosion
potential due to fluid contaminants, potential for dust clogging and erosion)

— The impact of required in-service-inspection requirements for each design
and the practicality in meeting those requirements

— Required material properties

— Availability and fabricability of the candidate materials with the requisite
properties.
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e Evaluation of a “two-stage” IHX design, including a high-temperature module with a
limited expected lifetime, but that is easily replaceable, feeding a lower temperature
module with longer expected lifetime

e The compatibility or other considerations (e.g., load sharing, outlet temperature
variability, heat transfer surface pressure differential) of the candidate designs when
included in multiple primary and secondary loop configurations, including expected
responses during plant normal and upset transients, such as loss of the PCS and/or of
the hydrogen production system (HPS).

The results of this study should include specific recommendations for the IHX design(s),
primary and secondary loop configurations, and materials in the following areas:

e All pressure boundaries
e Valves and piping at IHX outlet
e Heat exchange surface.

3. RPV and IHX Pressure Vessel Alternatives [WBS NHS.000.S01]

This study will evaluate options for the Reactor Pressure Vessel (RPV) and IHX pressure
vessel materials considering required and achievable metallurgical and physical properties,
acquisition, fabricability, and reliability. This study will also identify and evaluate the
advantages of options to provide cooling or other design features to use less developmental
materials for these components that reduce cost and schedule risk to the NGNP Project. This
study will be completed by selected members of the contractor teams and subject matter
experts.

This study should include the following:

e Defining the required material properties for the operation of these pressure boundary
components

e Identifying candidate materials for each component and determining the expected
properties of each candidate material in the dimensions and conditions of each
application

e Determining whether the candidate material is capable of achieving the required
material properties for each application. For example, this study should consider
required thickness, operating temperature window, welding and post-weld heat
treatment requirements, availability with the required metallurgical and physical
properties, size, manufacturability, fabricability, etc.

e Evaluating the maximum power level and temperatures that can be achieved using
SA508/533 material for the RPV

e Evaluating the alternatives for cooling or other design features for the RPV as an
option to revising power level and temperature to permit use of SA508/533 material
for the RPV.
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4. Reactor Containment and Building Functions[ WBS NHS.000.S02]

This study will define initial operating strategies to preclude the need for containment,
recognizing the state of qualification of NGNP at the time of initial operation, and will review
certain requirements for the reactor building. This will include:

e Review of the NRC regulations regarding design basis threats and hazards

e Evaluation of the need for a vented/filtered confinement and, if needed, definition of
its requirements

e Consideration of the effects of air ingress on calculated dose rates (i.e., under
postulated air ingress events) and the potential application of an inert atmosphere to
reduce the effects.

5. Contamination Control [WBS NHS.000.S05]

This study will determine expected generation and transport rates and allowable limits on
expected contamination of the gas and other heat transport loops during operation (e.g.,
contamination with tritium, cesium, silver, and dust), the required limits on the concentrations
in the HTS and the product streams (e.g., steam, hydrogen, and oxygen), the requirements for
cleanup, and the impact of the contaminants on primary and other HTS components operation
and reliability. This study will evaluate, for example:

e The potential of contamination of the product streams with tritium and the limits on
concentrations of tritium in the product streams depending on the application (e.g.,
hydrogen use in refining applications vs. transportation)

e The potential for dust erosion of primary system components (e.g., pipes, valves, and
circulators), contamination of the electromagnetic bearings in the circulators, and
plugging in the IHX

e The impact of silver plate out and cesium contamination on the ability to maintain
primary coolant components

e The equipment required for cleanup of the contaminants and/or the need for multiple
stages of heat transport to limit transfer to the product streams.

6. Helium Circulator Limitations and Design Issues [WBS HTS.000.S02]

This study will evaluate the current state-of-the-art for circulator design (e.g., maximum
capacity) relative to the flow and developed head requirements of the potential primary and
secondary loop configurations proposed for the NGNP. It will also identify any constraints
on the individual loop flow rates and pressure drops due to expected limitations in the
capacities of the circulators available for NGNP construction. This study will also include:

e A review of the reactor vendor requirements

e A review of the circulator supplier experience and capabilities, particularly with
respect to application of magnetic bearings and the maximum size used to date and
practically achievable.
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7. White Paper on Pebble Bed Core Analysis Methods [WBS NHS.000.S08]

This study will identify the methods that will be used to analyze the nuclear, thermal, and
hydraulic characteristics of the mobile pebble-bed core and how these will be verified and
validated to develop sufficient confidence on the operational and safety performance of the
plant to meet private sector expectations and NRC licensing requirements.

Design Development Studies

Sixteen areas were also identified for consideration during the initial phase of conceptual design that
are important to the progression of the NGNP design. Five of these are considered to have the highest
priority. They include the following:

1.

Plant Design Requirements to Support Initial Operations [WBS BOP.000.S04]

This study will establish specific design features of the plant that will be required to support
the proof-of-principle initial operating period of the NGNP (e.g., instrumentation, in-service
inspection (ISI), critical component replacement, and post-irradiation examination [PIE]).
The study will identify the critical plant operating parameters to be measured to support
design verification and the instrumentation required for this purpose, including development
of instrumentation that will be required to satisfy these needs.

Design Code of Record [WBS BOP.000.S05]

This study will identify the industry consensus mechanical, electrical, civil, and structural
codes and any DOE, INL, and NRC standards that will apply specifically to the NGNP.

Reactor Building Embedment Depth [WBS NHS.000.S09]

This study will develop the requirements and criteria for embedment of the reactor building.
This study will include embedment studies for the HTGR reactor building concepts,
considering the interaction among factors that influence the depth of the embedment. These
factors include cost, design basis threats, seismic effects, hazards resistance, etc. The results
of this study will be used to characterize the interactions of these factors on embedment
depths for commercial application of this technology. The recommendations from relevant
sections of the Electric Power Research Institute (EPRI)’s Advanced Light Water Reactor
Utility Requirements Document will be evaluated for applicability in this study.

INL Site Selection [WBS BOP.000.S02]

This study will finalize the site selection within the INL for the NGNP. This study will be
performed by a contractor with expertise and relevant experience in the power plant site
selection process. The recommendations from relevant sections of the EPRI Advanced Light
Water Reactor Utility Requirements Document will be evaluated for applicability in this
study.

High Temperature Gas Reactor Component Test Facility F&OR and Pre-Conceptual Design
Requirements [WBS HTS.000.S05]

A test facility (referred to as the High Temperature Gas Reactor — Component Test Facility
[CTF)) is planned to support development of high-temperature gas thermal-hydraulic
technologies (e.g., helium, helium-nitrogen, CO,) as applied in heat transport and heat

xiil
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transfer applications in HTGRs. The initial use of this facility will be in support of the
completion of the NGNP.

This study will prepare the F&ORs for the CTF and PCD requirements. This will include site
plan, floor plans, elevations with typical sections, piping and instrumentation drawings, block
flow drawings, electrical one-line drawings, a System Engineering Management Plan
(SEMP), and a Facility Design Description (FDD) all at a PCD level. A contractor to
perform this work will be identified and the work will be initiated in early FY-08. A white
paper on the justification and specification for the CTF is included as Appendix H.

Key Development Risks

The results of the pre-conceptual phase of the design work form the foundation from which the design
of the NGNP will evolve through a process of progressive selection of design conditions and features. To
make these decisions, the NGNP Project needs to develop a better understanding of the development risks
and the factors affecting their resolution to be effective in selecting operating conditions and
configurations that balance the timing and risk to development of a condition or feature (e.g., reactor gas
outlet temperature, heat exchanger design) against the schedule for deployment. The Project must also
understand the needs and expectations of the private sector in use of the technology (e.g., applications,
required schedule for availability, operating conditions, and reliability). The former factors will be
addressed through completion of additional studies in the early phase of conceptual design in FY-08, as
summarized above. The latter factors are being explored through Alliance efforts that will support
development of the NGNP, and through meetings and discussions with potential end users (e.g., petro-
chemical companies, petroleum companies, and hydrogen producers).

Completion of the PCD work in FY-07 represented the beginning of the design development process
for the NGNP. Prior to this work, high-level technical requirements had been established for the project
[ref. Next Generation Nuclear Plant High Level Functions and Requirements, INEEL/EXT-03-01163]
and an independent technical review group (ITRG) had assessed the risks associated with development
and demonstration of the technology [ref. Design Features and Technology Uncertainties for the Next
Generation Nuclear Plant, INL/EXT-04-01816]. This latter assessment recommended reducing the
aggressive proposed extension of the technology in the High Level Functions and Requirements
document, principally recommending a reduction in objective reactor gas outlet temperature from 1000°C
to no more than 900 to 950°C. Design Features and Technology Uncertainties for the Next Generation
Nuclear Plant provides a comprehensive summary of technical issues that the review group considered
must be resolved for successful implementation of the HTGR technology by the NGNP. The PCD work
has confirmed, in general, the conclusions on the technical risks in that report and identified activities that
will be necessary to resolve them.

The principal technical risks include:

e Qualification and acquisition of reactor fuel (e.g., qualification of fuel production facilities);
reactor core ceramics, including graphite and graphite production facilities; and metals in the
high-temperature regions of the plant (e.g., in the reactor and HTS)

e Verification and validation of analysis methods required to support design development;
American Society of Mechanical Engineers (ASME) code acceptance; American Society for
Testing and Materials (ASTM) standards acceptance; and NRC licensing

e Availability of materials with acceptable metallurgical and physical properties in the required
sizes and thicknesses and the ability to fabricate large vessels on-site using these materials
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e Availability and development of instrumentation (e.g., to monitor the fluence, high
temperatures, and gas flow rates in the plant)

e Development of the hydrogen production processes and components

e Potential contamination of the product streams and meeting acceptable limits of
contamination.

It is also noted that there are other project risks of equal or greater significance (e.g., obtaining
sufficient funding to complete the NGNP Project). These are being addressed by the NGNP Project but
are not addressed herein. This report addresses only the design, licensing, and commercialization risks
from a technical perspective.

The NGNP operating conditions that have the most impact on the significance of these risks include
the NGNP reactor power level, the reactor core gas inlet and outlet temperatures, and primary system
pressure. These affect the required capabilities of materials in the nuclear heat supply system (NHSS).
They also have impact on the demonstration of commercialization (i.e., ensuring that these are in ranges
that are consistent with a wide range of private sector applications).

Material Risks

The metallic material risks are considered among the more significant from a development
perspective. The NGNP R&D High-Temperature Material Development program will address these
risks; the program plan will be completed in the spring of 2008. Equal concerns also exist regarding
development, qualification, and acquisition of the reactor fuel and core ceramics. These are being
addressed in well-defined R&D programs as discussed below.

The material risks stem from uncertainties in the availability, and ability to fabricate, some major
components using materials that have the properties to operate reliably at the highest recommended gas
temperatures by 2018. The principal concerns pertain to the large vessels and heat exchange components,
in particular, the RPV, the IHX pressure vessel, and components of the IHX and secondary HTS.

The AREVA and General Atomics’ designs have reactor inlet gas temperatures in the range of 500°C.
The current designs for these plants expose the RPV and IHX pressure vessel to this temperature during
normal operating conditions. The RPV is also exposed to higher temperatures for some period of time
during the postulated depressurized / pressurized conduction cool down design basis events. This
extended high-temperature exposure requires use of material with an acceptable strength and creep
resistance at these temperatures. AREVA is recommending the use of 9Cr-1Mo (P91) for these vessels.
General Atomics is considering P91 and 2-1/4Cr-1Mo material. There are several areas of concern with
the use of the P91 material that need to be resolved (Note that 2-1/4Cr-1Mo does not appear to be
acceptable for either application), namely:

e Japan Steel Works (JSW) has very limited experience with forging P91 in the sizes required
for a full-scale NGNP. JSW is the only foundry in the world that can handle the ingots that
will be required to forge the flanges of the RPV in a full size reactor.

e There is no commercial nuclear experience with application and welding of P91 for the large
sections required in these vessels. These vessels are too large to be shipped assembled by
land. Accordingly, they will have to be site fabricated for at least the NGNP; requiring on-
site welding, post-weld heat treatment, and inspection.

e New code cases will be required to apply P91 at these temperatures.
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The Westinghouse Pebble Bed Modular Reactor (PBMR) design uses a lower inlet temperature that
does not require the use of higher alloy material; a more commonly used SA-508/533 steel is proposed for
these vessels. The code case for this material will have to be extended to these operating temperatures,
and the vessels will also need to be fabricated on-site. These are judged by the reactor vendors and
subject matters experts consulted by the NGNP Project to require less developmental efforts than will be
required for P91.

There are similar concerns with the heat exchanger materials, which could be exposed to the
maximum gas outlet temperatures of 950°C (e.g., in the IHX and secondary HTS). Inconel 617 and
Haynes 230 are being considered for these applications. Additional creep and creep-fatigue testing and
associated code cases are required to apply these materials at the NGNP conditions. The reactor vendors
do not believe Hastelloy XR will be required and are not currently considering it for these applications.
This material can be considered if necessary in the future.

These material risks add uncertainty to the successful completion of the NGNP on time. Accordingly,
the NGNP Project is considering a phased approach to achieving the objective design operating
conditions. In this approach, the plant would be operated at a lower than design temperature in early
operation of the plant to provide more design margin for the available materials of construction. For
example, the creep rupture life of Inconel 617 increases by two orders of magnitude for an operating
temperature of 815°C when compared to an operating temperature of 925°C at the same stress level. This
approach would also provide more time for expanding high-temperature material databases and for
finding suitable higher-temperature replacement materials (e.g., oxide dispersion-strengthened alloys,
ceramics, etc.). This approach is discussed further below.

The NGNP R&D program includes testing of the high chromium materials as well as Inconel 617 and
Haynes 230, materials that will be used in the heat exchangers and potentially hot ducts and piping, to
support extending code cases for these materials into the NGNP temperature ranges. The principal
concern at temperatures above 800°C is establishing where the onset of significant material creep and
creep-fatigue occurs. R&D testing has already been initiated for some of these materials to obtain creep
data at high temperature and long periods.

The other significant technical risks are being addressed principally in the NGNP Project R&D
programs in Fuel Development and Acquisition, Graphite Development and Acquisition, High
Temperature Materials, and Methods Development.

Resolution of Principal Technical Risks

Tables ES-2 and ES-3 summarize the continuing evaluations that will be completed in the early phase
of conceptual design to resolve the technical issues. These evaluations will reconcile:

e The recommendations on operating conditions and plant configuration and the bases for these
recommendations by the contractor teams

e  On-going or planned work within the NGNP Project R&D programs
e Prior work performed by others
e Consultation with subject matter experts, as required.

The objectives of these evaluations are to develop recommendations that will be used as part of the
bases for establishing NGNP operating conditions and configuration. This decision making process will
also include input from the private sector as discussed below.
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Table ES-2. Nuclear heat supply operating configuration and design

Contractor Recommendations

vessels at these operating
conditions

Translates licensing, cost,
operation, and reliability
experience to the private
sector at the maximum
achievable power level and
temperature

Temperatures are
consistent with high-level
requirements as modified
by the ITRG report

These conditions are
considered to be achievable
but require significant
development

Issue Westinghouse AREVA & General Atomics Plan for Resolution
Value Basis Value Basis

Operating 500 MWt Reactor Power is the 550 — 600 Same bases as identified for An assessment of the appropriate design operating conditions
Conditions, 950°C Out maximum achievable to MWt pebble-bed [WBS NHS.000.S11] will be initiated in FY- 08 to review
including retain passive safety basis 900 — 950°C the recommendations of the contractor teams and to
P 350°C In : . e

ower Level, Satisfies customer needs Out recommend the specific operating conditions for NGNP
Gas 9 MPa o based on assessment and trade-off of the following (Note this
T Demonstrates availability 490 —500°C .

emperatures, £ material and I assessment will be performed by nuclear plant
and Gas (f) b“?a elor}? an fthe 1 n owner/operators, potential end users (e.g., petro-chemical
Pressure abricability of the large 7-9 MPa and petroleum companies), and subject matter experts):

— Technical Risk affected by the selection of power level
(e.g., size and material of vessels, fuel and core ceramic
performance, maturity of design, primary loop
configuration, design and material of IHX)

— Cost vs. size
— Schedule

— Translation of the NGNP licensing experience to support
certification of the design for application by the private
sector

— Private sector confidence that the demonstration is fully
adequate to translate the experience for commercial
applications and has been effective in resolving all
technical, licensing, and development risks (e.g.,
availability of materials, fabricability of the large vessels,
cost of construction and testing, O&M costs)

This study will be coordinated with the following two studies
in this table, which address the effect of high reactor
operating temperatures on the technical risks in design and
materials for the reactor and IHX pressure vessels and the
THX.
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Contractor Recommendations
Issue Westinghouse AREVA & General Atomics Plan for Resolution
Value Basis Value Basis

Reactor SA508 The reactor pressure vessel | 9Cr-1Mo With the current design, the A study will be performed early in FY-08
Pressure Material is exposed to the inlet gas 2-1/4 Cr — RPV is required to [WBS.NHS.000.S01] including input from selected members
Vessel and and the reactor cavity 1Mo accommodate the 500 °C gas | of the contractor teams and subject matter experts to develop
IHX Pressure cooling system (RCCS). inlet temperature and the recommendations for the reactor and IHX pressure vessel
Vessel The IHX pressure vessel is temperatures reached in the designs and materials, considering the following factors

exposed to the inlet gas
temperature. The 350°C
inlet temperature and
calculation of the duration
of the maximum
temperature reached in the
depressurized / pressurized
conduction cooldown
design basis events permits
the use of SA 508 material.

depressurized / pressurized
conduction cooldown design
basis event. A high alloy
material (e.g., P91) is required
to satisfy these conditions.

Design changes can be
pursued that would permit
using the more traditional
SA508 material. These would
include reduced operating gas
temperatures, insulating the
vessel and/or adding a vessel
cooling system.

(Note: these evaluations will cover the full range of operating
conditions recommended by the reactor vendors [i.e., power
level, gas temperatures and gas pressures]):

— Review of the recommendations of the reactor vendor Pre-
conceptual Design Reports (PCDRs)

— Review of relevant prior studies (e.g., Argonne National
Laboratory (ANL) evaluations of materials for RPV and
IHX pressure vessel)

— Material requirements (e.g., primary and stress levels,
average temperatures under normal operating and accident
conditions)

— Extension of ASME code case requirements and feasibility

— The structural capacity of the material vs. temperature
under operating and accident conditions. The principal
concern is with establishing the onset of significant creep
and creep-fatigue. This will include work and results of
the R&D High Temperature Material Development
Program.

— The availability and metallurgical properties of the
material in the sizes and thicknesses required for the
application

— The fabricability and welding capabilities using this
material for on-site fabrication

— Operating and/or design changes required to utilize SA508
as the material

— ISI requirements and practicality in achieving these
requirements.
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Contractor Recommendations

Issue Westinghouse AREVA & General Atomics Plan for Resolution
Value Basis Value Basis
IHX Design 2-stage A two-stage printed circuit | Shell & Tube | AREVA recommends use of An assessment [WBS.HTS.000.S01] will be initiated in early
and Materials PCHE heat exchanger (PCHE) is and PCHE multiple helical tube and shell | FY-08 to evaluate and recommend the design and materials
Inconel 617 | recommended. The Inconel 617 heat exchangers to supply full | for the IHX. This study will be performed by selected
or Haynes smaller first stage will be or Haynes load to the PCS, and a smaller | members of the contractor teams and subject matter experts
230 exposed to the highest 230 PCHE to supply the hydrogen | and will include the following (Note: these evaluations will
temperatures (710 — production facility. cover the full range of operating conditions recommended by
900°C) and can be replaced General Atomics recommends | the reactor vendors (i.e., power level, gas temperatures and
as frequently as nee'ded. the use of a single full-power | £33 pressures):
The second stage will compact heat exchanger — Review of the recommendations of the reactor vendor
operate at lower (either PCHE or plate-fin PCDRs
temperatures (325 design) to supply the PCS and | _ Review of relevant prior studies (e.g., ANL evaluations of

710°C) and will not need ili .

frequezl frclha\:; ! gﬁt nee hydrogen facility. materials for RPV and THX)

— Status of and planning for the demonstration of candidate
material properties in thick and thin sections. This review
will include the NHI programs focused on heat exchanger
design development and the R&D High Temperature

Material Program’

— Status and planning for design, lab-scale, pilot-scale, and
engineering-scale testing of the candidate designs

— Fabricability and welding of the material and design
configurations

— ISI requirements and abilities (e.g., there is currently no
acceptable way to inspect plate-and-fin or printed circuit
style heat exchangers. These will need to be developed to
satisfy Code and other requirements.).

This study will also identify a course of action required for
longer-term material development to support the use of
NGNP as a test facility for demonstration of evolving and
emerging technologies.

2 The High Temperature Materials Program will establish the relevant thermomechanical performance data to support the development of IHX and other high-temperature
components for an outlet temperature up to 950°C. Creep, creep-fatigue, aging, and environmental degradation testing is planned using the candidate high-temperature material
selected for NGNP. Thick and thin sections of base material, weldments, and other joints (e.g., diffusion bonding) will be evaluated given the different design options under
consideration for the IHX (Current candidates are Inconel 617 and Haynes 230). Depending on the outlet temperature selected by the NGNP project, additional high-
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Table ES-3. Generic technical development

Issue

Pebble-Bed Reactor
(Westinghouse)

Prismatic Reactor

(AREVA & General
Atomics)

Plan for Resolution

Verification and validation of
neutronic and thermal
hydraulic codes

Verification and validation of
nuclear and thermal hydraulic
analyses for the mobile
pebble-bed core.

The static nature of the
prismatic core does not require
special considerations. The
validation of codes will be
addressed as part of the design
and licensing process
supported by the R&D
Methods Development and
Verification and Validation
(V&V) Program.

A white paper is to be commissioned in early FY- 08 from PBMR Ltd
(Republic of South Africa [RSA]) describing the methods used for
analysis of the mobile pebble-bed core and the approach that will be used
to V&V these methods. [WBS NHS.000.S08]

See discussion of R&D Methods Development and V&V program, below.

Dust formation, cleanup,
impact on component
reliability, and fission product
release

Assessment of dust formation
due to the movement of the
pebbles through the core on
primary component reliability
and performance, primary
system helium cleanup system
duty, and quantification of
fission product source terms to
support release rate
calculations under postulated
loss-of-coolant design basis
events

Assessment of dust formation
due to the relative movement
of the fuel and reflector blocks
in the core on primary
component reliability and
performance, primary system
helium cleanup system duty,
and quantification of fission
product source terms to
support release rate
calculations under postulated
loss-of-coolant design basis
events

A study will be performed to address control of contamination in the heat
transfer loops and product streams in general. This study will include an
evaluation of the effects of dust for each reactor type early in FY-08
[WBS NHS.000.S04]:

For the pebble-bed reactor, input from PBMR Pty (RSA), and data from
AVR operation and industry subject matter experts will be used to
characterize the impact of this issue on the use of the PBMR design for
the NGNP.

For the prismatic reactor, input from AREVA and General Atomics, and
data from HTTR, Fort St. Vrain, and Peach Bottom operation and
industry subject matter experts will be used to characterize the impact of
this issue on the use of the prismatic design for NGNP.

temperature data may be needed to support relevant ASME code cases for the material. R&D to establish requisite ISI techniques will be developed as key components are
being designed. Prototype testing of key components is envisioned in a high-temperature flow loop to characterize overall behavior under prototypic flowing HTGR conditions

and validate ISI techniques.
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Issue

Pebble-Bed Reactor
(Westinghouse)

Prismatic Reactor

(AREVA & General
Atomics)

Plan for Resolution

Product stream contamination
with tritium and the acceptable
levels in the streams
depending on the intended use
and/or market for the product

Identified as a potential
contaminant in the primary
system.

Identified as a potential
contaminant in the primary
system.

The prior referenced study on contamination control [WBS
NHS.000.S04] will also address the effects of tritium generation, transfer,
and control. This study will determine the expected generation rates of
tritium in the primary system, the expected transport into and through the
heat transfer loops to the product stream (e.g., steam, hydrogen, oxygen),
and the required limits on concentrations of tritium in the product streams
depending on the application (e.g., hydrogen use in refining applications
vs. transportation). This study will develop recommendations on cleanup
system requirements and establish if multiple heat transfer loops will be
required to isolate the product streams from the tritium source as a
practical approach to meet concentration limits.

Reactor fuel

Qualification of the fuel and
fuel fabrication facilities:

UO, — first core

UO, — 2™ and subsequent
cores

Qualification of the fuel and
fuel fabrication facilities:

UO, — first core

UCO - 2™ and subsequent
cores

The Fuel Development and Qualification Program will qualify TRISO-
coated particle fuel for use in the NGNP. TRISO-coated particles will be
fabricated at pilot scale for use in the formal qualification testing. The
testing program consists of irradiations, safety testing, and PIEs that will
characterize the behavior of TRISO-coated fuel under both normal and
off-normal conditions. The program also contains out-of-pile
experiments, special irradiations, and safety testing to characterize the
release and transport of fission products from the kernel through the
coatings, the fuel matrix, the graphite, and the primary system (i.e., source
term). Formal validation testing is also planned to validate fuel
performance and fission product models, required for core performance
assessments and safety analysis. The program is currently considering
both UCO and UO,. Once a design decision is reached by the project, the
program will focus on either UCO or UO,. Feasible acquisition strategies
for both design concepts, which include qualification of the production
facility, have been established and will be executed once the reactor
design decision is made.
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Pebble-Bed Reactor Prismatic Reactor .
Issue . (AREVA & General Plan for Resolution
(Westinghouse) L
Atomics)
Graphite Qualification of graphite used | Qualification of graphite used | The NGNP Graphite Program will develop the qualification dataset of

in the reflectors and support
structures:

PCEA - replaceable reflectors
NBG-18 — all other

in the reflectors and support
structures:

The General Atomics PCDR is
non-specific on the selection
of graphite at this time. The
statement is made that the
selected graphite will have
properties equivalent to or
better than H-451, the graphite
used in Ft. St. Vrain. In prior
discussions, General Atomics
cited potential use of IG-110,
NBG-17 and NBG-18.

AREVA cites the use of NBG-
17 and NBG-18.

thermomechanical and thermophysical properties for unirradiated and
irradiated candidate grades of graphite for NGNP. Where practical, other
grades of graphite may be tested/characterized to provide a baseline for
comparison or to help understand material property changes for the
NGNP graphite grades. The program consists of statistical
characterization of unirradiated graphite material properties to establish
the lot-to-lot, billet-to-billet, and within billet variability of the material.
Irradiations are planned at specified temperatures and doses within the
design service condition envelope anticipated for NGNP. Extensive PIEs
are planned to establish the change in relevant material dimensions and
properties as a function of temperature and neutron dose. Of particular
interest is the irradiation induced creep of graphite, which is critical to
determining the lifetime of the graphite under irradiation. From these
datasets, constitutive relations will be established for use in a detailed
predictive thermo-mechanical finite element model. These data will also
support development of relevant ASTM standards and ASME design
rules. In the longer term, the program plans to evaluate processing route
and raw material constituent influences on graphite behavior so that
additional large qualification irradiation programs are not needed when
new coke sources are used to make graphite for HTGRs.

High-temperature materials for
core internals and ducting,
including core ceramics other
than graphite

800H — core barrel & inner
ducts

C/C and SiC — control rod
sleeves

C/C reflector restraint straps

& insulation hangers

800 H — core barrel & inner
ducts

316H — core barrel

C/C and SiC — control rod
sleeves

The Incoloy 800H nickel alloy and the high carbon 316H stainless steel
alloy are commercially available materials used in high-temperature
applications. It is judged by the contractor teams and the NGNP Project
that these materials are well characterized and significant development
work is not required for their use in the core barrel and ducting
applications. These materials may also be used in control rod
applications.

The carbon-carbon (C/C) and silicon carbide (SiC) are highly
developmental materials. There is no current work or planned work
within the INL R&D program for testing and development of these
materials. Work on these materials by the reactor vendors has not been
characterized by the Project. It is judged that Incoloy 800H will initially
be used for the control rod sleeves in NGNP. The SiC material is judged
by the Project to be the most likely suitable for use in the longer term but
will require development.
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Issue

Pebble-Bed Reactor
(Westinghouse)

Prismatic Reactor

(AREVA & General
Atomics)

Plan for Resolution

Methods development and
V&V

Part of design development
and licensing

Part of design development
and licensing

The Design and Safety Methods Validation Program will develop
validation experiments and data to validate models and analytical tools for
the NGNP to resolve key safety, performance, and technical issues
through confirmatory modeling and/or tool development when existing
models and/or tools are judged to be inconclusive or inadequate, and to
modify, upgrade, and/or develop new analytical tools for future use that
will reduce uncertainties and improve the capability of understanding the
behavior and operating margins of the plant. Current areas of focus
include developing improved differential cross-sections for Pu isotopes to
reduce uncertainties in the reactivity performance of high burnup low
enriched uranium (LEU) HTGR cores, assessing and improving reactor
physics and kinetic methods for prismatic and pebble-bed HTGRs,
performing physics benchmark studies on past relevant experiments,
evaluating important phenomena that influence thermal-fluid behavior in
HTGRs and establishing relevant experiments for V&V, evaluating of air-
ingress phenomena in HTGRs and participating in relevant validation
experiments, developing experiments to validate reactor cavity cooling
system behavior, and evaluating and establishing system level codes
appropriate for HTGR safety analysis.
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Plant Initial Operating Conditions, Longer Term Objectives, Commercialization

It is the consensus of the contractor teams and considered to be likely by the NGNP Project that,
because the NGNP is a prototype plant, it will need to start initial operation at less than full design
conditions with a subsequent proof-of-principle operating period of two to three years. During this
operating period, extensive instrumentation of the plant, ISI, PIE of components (e.g., fuel and ceramics),
and special test rigs (e.g., material test coupons) will be used to verify design assumptions as plant
operating conditions are gradually moved to full design. These inspections and tests will validate
operating procedures, plant steady state and transient operating characteristics, and other features of the
plant, including steady state and transient interactions among the NHSS, PCS, and hydrogen production
plant. This initial operating period will also demonstrate general technical performance and reliability of
the primary and support structures, systems, and components (SSCs; e.g., refueling equipment). During
this period, parallel efforts will also continue to extend qualification data for reactor fuel, core and
internals ceramics, and high-temperature metallic materials to permit extended operation of these
components.

It is possible that the plant may need to be operated for an extended period (e.g., up to ten years) at
less than full objective gas outlet temperature (i.e., 950°C) because of lower temperature capabilities in
the materials of the heat exchange and transport systems. If this is the case, the planning would be to
continue to develop these components with full-temperature capabilities with the expectation that they
could be in service no later than ten years after initial operation. To understand the impact of this
possibility on the commercialization potential of the technology, brief reviews of the conditions required
to support commercial applications were performed. These reviews showed that a majority of the
commercial applications could be served with gas outlet temperatures lower than recommended by the
contractor teams (e.g., steam production for oil sands recovery or co-generation requires less than 800°C,
see Figure ES-2). The impact on the plant performance would be slightly lower efficiency in power
production (if a Brayton cycle or combined-cycle PCS were used) and in the hydrogen production
process. The latter could still be demonstrated at near full efficiency with the use of supplementary
electric heating.

HTSE and Thermo-chemical hydrogen production 800-1000°C
Coal Gasification

Steam Reforming of Natural Gas [ 500-900°C '

Cogeneration of Hectricity and Steam | 350-800°C '

Oil Shale and Oil Sand Processing | 300-600°C '

Petroleum Refining [ 250-550°C '

District Heating

Seaw ater Desalination

T T T T T T T T T 1
0 100 200 300 400 500 600 700 800 900 1000

Process Temperature, C

Figure ES-2. Range of temperatures required for HTGR process heat applications

XX1V



NGNP Pre-Conceptual Design Report INL/EXT-07-12967
Revision 1 November 2007

In summary, a “ramp-up” in the operating conditions of the NGNP prototype will likely be necessary
and desirable to prove its principles of operation and, even if material limitations require an extended
period until full temperature can be realized, this does not appear to compromise the commercialization
objective of the prototype.

High Temperature Gas Reactor - Component Test Facility (CTF)

A key short-term NGNP initiative is to design, construct, and startup a test facility (referred to as the
CTF) to support development of high-temperature gas thermal-hydraulic technologies (e.g., helium,
helium-nitrogen, CO,) as applied in heat transport and heat transfer applications in HTGRs. Such
applications include but are not limited to primary coolant; secondary coolant; direct-cycle power
conversion; intermediate, secondary and tertiary heat transfer; and demonstration of processes requiring
high temperatures (e.g., hydrogen production). The initial use of this facility will be in support of the
completion of the NGNP. However, this test facility will be open for use by the full range of suppliers,
end-users, facilitators, government laboratories, and others in the domestic and international community
supporting the development and application of HTGR technology.

The facility shall provide for full scale:

e Testing and qualification of high temperature fluid flow systems, components, and equipment
(e.g., circulators, intermediate and tertiary heat exchangers, piping, and isolation valves)

¢ Instrumentation and control development and qualification (e.g., reliability, calibration,
response, stability, and transient response)

e V&V of methods/codes to support licensing and future commercial applications (e.g.,
thermal, hydraulic, transients, etc.)

e Heat transfer component development and fluid testing (e.g., shell & tube and compact heat
exchangers, sulfuric acid decomposers)

e Materials performance (e.g., metallics and ceramics)

e Mock-up for high-temperature heat applications testing and research (e.g., prior to installation
into the NGNP)

e Testing of fluid inventory and quality control systems
e Development and qualification of control room human factors

e Operations procedure development and qualification training (e.g., for NGNP and for future
commercial plants)

e Operational problem/trouble shooting (e.g. for the NGNP prior to hot system
repair/modifications and to support future commercial applications)

e High-temperature applications mockup engineering-scale testing and qualifications (e.g.,
hydrogen production, coal to liquids, steam generators for Alberta Oil Sands application, etc.)

e Maintenance and repair program and process development

e Component replacement program and process development.
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As noted above, a study will be initiated in early FY-08 to develop the specific design requirements
and operating conditions for the facility. A white paper on the facility is provided in Appendix H.

NGNP Design Requirements

The PCD work has bounded the ranges of operating parameters that are believed to be achievable for
the NGNP and initiated the characterization of the technical risks at the extremes of these ranges. This
work forms the bases for going forward in the early phase of conceptual design to expand the
understanding of the risks and the alternatives to mitigate these risks in the time period left to initiate
NGNP operation in 2018. The outcome of the early phase of conceptual design work will establish the
F&ORs and fundamental configuration of the NGNP. NGNP Project Engineering evaluations and
reconciliations of the PCD work have resulted in selecting a narrow and high-level set of design
requirements that will be applied to the design progression in addition to the high-level requirements
defined in the EPAct, ITRG study, and other evaluations (see Section 5, Systems Requirements Manual).
These requirements are summarized as follows:

1. Nuclear Island
e Both pebble-bed and prismatic reactor designs should be considered.

Further work is required to support making the final decision on the reactor design.
The PCD work did not identify any discriminating factors that would provide a
significant technical advantage of either design.

e The nuclear island design should not preclude achieving a gas outlet temperature of
950°C.

This temperature goal affects the design of major components within the reactor that
cannot be realistically replaced over the lifetime of the plant (e.g., RPV). This goal
would support achieving the ultimate objective of a 950°C gas outlet temperature
over the long-term operation of the plant, but allow for a lower temperature
configuration for initial operation, recognizing the potential technology limitations
associated with the heat exchanger.

e The NGNP nuclear island will not include a direct-cycle PCS.

Precluding the use of a direct-cycle PCS provides more flexibility in the operating
conditions and configuration of the NGNP and emphasizes the application of the
technology as a process heat provider.

2. Intermediate HTS

The system to transfer heat from the primary (helium gas) side to the secondary side of the
plant should incorporate multiple primary and secondary heat transport loops. The system
should be configured to facilitate change out of heat exchange, circulating, and valve
components. The secondary side of the plant will supply heat to the power conversion and
hydrogen production system and other applications as they are identified over the life of the
plant.

This arrangement supports the demonstration of the HTGR as principally a process heat
supply. It also provides the greatest degree of flexibility for demonstrating new technologies
and components over the life of the plant. For example:
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Plate-fin and printed circuit style compact heat exchangers have potential size,
weight, and efficiency advantages over more traditional shell & tube style heat
exchangers for application as the IHX for HTGR. The current designs of these
compact heat exchangers may not be capable of operating at the full operating
temperature and pressure of NGNP, and the development of these designs at the
required operating temperatures may not progress sufficiently to support NGNP
operation by 2018. As the designs of these heat exchanger styles evolve, they can be
demonstrated on a prototype engineering scale in one or more loops of NGNP.

Steam generation technologies offering improved efficiencies (e.g., through
innovative tube arrangements) can be demonstrated as they evolve.

Alternative secondary heat transport materials (e.g., molten salts, liquid metals) can
be tested.

A Brayton-cycle turbine in either a vertical or horizontal orientation could be adapted
to run in a secondary loop.

3. Nuclear Heat Supply System (NHSS)

The NHSS should be defined to include:

The nuclear island and all of its support, control, monitoring, maintenance, refueling,
spent fuel storage, etc. SSCs

The Intermediate HTS(s) including, at the least, the IHXSs, primary circulation
systems and the support, control, monitoring, maintenance, etc. SSCs. Depending on
the design, it may also include the secondary circulation system up to and including
isolation valves.

This supports the licensing objective (stated below) of ultimately supporting NRC
certification of the HTGR NHSS design independent of the application. This will
require developing a set of steady state, normal transient, abnormal transient, and
accident conditions that bound the potential applications to support safety analyses.

4. Power Conversion System (PCS)

The PCS should incorporate steam generation. The configuration should not preclude,
however, use of Brayton-cycle gas turbine PCSs in a combined-cycle configuration.

Steam is an effective medium for heat transfer and is widely applied in the private
sector. This requirement facilitates demonstration of the broad applicability of the
technology.

For example, the non-utility generation industry in the United States provides
significant quantities of electricity and steam to a wide range of industries and
applications. The HTGR power range fits well either as a single module or in
multiple modules within the range of power and steam conditions required to meet
the needs of these applications. NGNP will be effective in demonstrating the
technical, licensability, reliability, maintainability, and economics of the HTGR in
these applications
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5. Licensing and Permitting

The licensing strategy should be formulated to meet the following objectives:
e The strategy should support the objective scheduled operational date (currently 2018)

e The strategy should consider that full-term qualification data may not be available to
support all design assumptions included in the Safety Analysis Reports (SARs) and
that additional qualification data to fully support these assumptions will be obtained
during the initial two to three years of plant operation and specific inspections and
tests to be conducted during this period. For example, the final fuel irradiations and
PIE may not be complete by 2018. These will be completed over the 3-year initial
operating period. Periodic results from this work can be used to verify assumptions
in the final SAR prior to plant operation.

e The strategy should be consistent with and take into account contemporary NRC
licensing positions (e.g., during licensing of LWR designs).

e The strategy should consider the potential impact of the significant number of LWRs
that may be in the licensing queue on the NRC resources available to support
licensing of the NGNP.

e The strategy should include alternative paths with identified criteria and schedule for
establishing if and when alternative paths should be executed.

e The ultimate objective of the licensing strategy should be to support application for
and receipt of a design certification for the commercial application of the HTGR
technology independent of the application.

6. Design Features to Support Short-Term and Long-Term Operating Objectives

The NGNP should be designed to monitor key operating parameters in the NHSS, PCS, and
hydrogen production plant required for proving the principles of the designs. The plant
should also be designed to permit change out of principal components and to vary operating
conditions to perform special testing to collect data/experience to support validation of design
assumptions, extension of operating conditions (e.g., to higher gas temperatures), and
upgrade of components (e.g., design, capacity, efficiency, maximum temperature and lifetime
of the IHXs, and higher heat capacity heat transport fluids, such as liquid metals and molten
salts) over the life of the plant.

This is required to support validating design assumptions during initial operation of the plant
to increase operating conditions to the objective power levels and gas temperatures, and for
meeting a second objective of adapting to evolving and emerging technologies.

7. Initial Operating Conditions

The initial operating conditions and configuration for the NGNP (i.e., at initial operation in
2018) will be based on these requirements and consideration of the impact of the technical
development risks on the schedule for operation.

The selection of initial operating conditions and the plant configuration for the NGNP must
be balanced against the schedule and cost risks associated with design, licensing, R&D, and
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construction. This balance must also consider the impact of technology selections on the
viability of translating the NGNP experience to the private sector.

Decision Making and Risk Management Processes

The pre-conceptual design work has highlighted the several known technical risks that must be
resolved to ensure successful completion of the NGNP Project. Some of the steps planned to resolve
these risks have been described. These steps and other design work will require the NGNP Project to
make decisions on alternatives for the NGNP (e.g., operating power level, gas temperatures, heat
transport configuration, etc.). Additionally, throughout the design process other risks will be identified.
To ensure that decisions are made and risks (both known and unknown) are addressed on a consistent and
objective basis, formal decision-making and risk management concepts have been developed for the
NGNP Project. These are based on systems engineering principles that have been developed and applied
for similar purposes in aerospace and other technical design development projects (e.g., the Global
Nuclear Energy Partnership initiative).

The initial activities in developing this process were to define criteria and then apply those criteria to
establish the current Technology Readiness Levels (TRL) and Design Readiness Levels (DRL) for critical
SSCs. This effort was initially completed by the AREVA and Westinghouse teams, and was then refined
in a subsequent task by the Westinghouse team in late FY-07. In this latter activity, preliminary
roadmaps were developed to define the steps necessary to advance the TRLs and DRLs in selected areas
(e.g., reactor fuel and production facility qualification).

The process for using TRLs and DRLs to support the decision-making process and for long-term risk
management has been developed conceptually. Work on completing its development and beginning
implementation will be initiated in early FY-08. This process will be used to ensure that TRLs and DRLs
are achieved for the critical plant SSCs that provide appropriate confidence levels in the success of the
project (i.e., meeting cost and schedule objectives) at the completion of each phase of design
development.

Conclusion

The preceding has summarized the recommendations of the contractor teams that completed the
NGNP PCD work, and has highlighted the principal technical risks to the NGNP Project and planned
actions to resolve those risks. Resolution of many of the risks will lead to making final decisions on the
operating conditions and configuration of the NGNP. As noted, those decisions will be heavily
influenced by the needs and expectations of the private sector, specifically potential end users and
owner/operators of commercial plants that will apply the HTGR technology. The needs and expectations
will be communicated by close coordination between the NGNP Project and the private sector Alliance.

The pre-conceptual work by the contractor teams and the NGNP Project has identified specific needs
for data and development work necessary to advance the design, summarized the work that will be
performed to address known technical risks, identified potential preliminary strategies for licensing the
plant, estimated costs for completing the project, and performed very preliminary economic assessments
for a NOAK plant in a commercial application producing hydrogen and electricity. Each of these areas is
discussed in more detail in the main body of this report.

The results of this effort indicate that application of HTGR technology in the private sector is feasible
and viable from technical, licensing, cost, schedule, and economic standpoints. The pre-conceptual work
has developed an adequate foundation upon which design development work can proceed. This work will
proceed with initiation of the conceptual design in FY-08, continuing to pursue the objective of an
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operational NGNP in 2018, assuming that the necessary support from the DOE and private sector is
received to achieve this objective.
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AC alternating current

ALARA as low as reasonably achievable

ASME American Society of Mechanical Engineers

ASTM American Society for Testing and Materials

AVR Arbeitsgemeinschaft Versuchsreaktor (Germany)

BEA Battelle Energy Alliance

BOP Balance of Plant

C/C carbon-fiber reinforced carbon

CCSS Central Control and Supervisory System

CD Critical Design

CDR Conceptual Design Report

CFR Code of Federal Regulations

COL Combined Operating License

CTF Component Test Facility

DC direct current

DD&D deactivation, decontamination, and decommissioning

DDN Design Data Need

DOE Department of Energy

DPP Demonstration Power Plant

DRL Design Readiness Level

DWP Detailed Work Plan

EOI Expression of Interest

EPA Environmental Protection Agency

EPAct Energy Policy Act of 2005

EPRI Electric Power Research Institute

ESP early site permit

F&OR functional and operations requirement

FDD Facility Design Description

FOAK first of a kind

FSAR Final Safety Analysis Report

GAO Government Accountability Office

GT-MHR Gas Turbine-Modular Helium Reactor

HETP height equivalent to a theoretical plate

HPS Hydrogen Production System

HTE High-Temperature Electrolysis

HTGR High Temperature Gas-cooled Reactor

HTR High-Temperature Reactor

HTS Heat Transfer / Transport System

HTTR High Temperature Test Reactor (Japan)
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HVAC heating, ventilation and air conditioning
1&C Instrumentation and Control

IHX intermediate heat exchanger

INL Idaho National Laboratory

IRR internal rate of return

ISI In-Service Inspection

ITRG Independent Technical Review Group
KWh kilowatt hour

LLC Limited Liability Company

LWA Limited Work Authorization

LWR Light Water Reactor

MHR Modular Helium Reactor

MHTGR Modular High-Temperature Gas-cooled Reactor
MPa megapascal

MWe megawatt electric

MWt megawatt thermal

NGNP Next Generation Nuclear Plant

NHI Nuclear Hydrogen Initiative

NHS Nuclear Heat Supply

NHSS Nuclear Heat Supply System

NOAK Nth of a kind

NQA Nuclear Quality Assurance

NRC Nuclear Regulatory Commission
O&M operation and maintenance

OBS Organizational Breakdown Structure
OKBM OKB Mechanical Engineering

PBMR Pebble Bed Modular Reactor

PCD Pre-Conceptual Design

PCDR Pre-Conceptual Design Report
PCDSR Pre-Conceptual Design Studies Report
PCS Power Conversion System

PHD Process Heat Distribution

PHP Process Heat Plant

PIE post-irradiation examination

PRA Probabilistic Risk Assessment

R&D research and development

RAM reliability, availability, and maintainability
RAM Responsibility Assignment Matrix
RCCS reactor cavity cooling system

RFP Request for Proposal

ROR Rate of Return
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RPV reactor pressure vessel

SDD System Design Description

SEMP Systems Engineering Management Plan

SG Steam Generator

SHTS Secondary Heat Transport System

SI sulfur-iodine

SOW Scope of Work / Statement of Work

SRM System Requirements Manual

SSC structures, systems, and components

SSDD Subsystem Design Description

THTR Thorium Hoch Temperatur Reaktor (Germany)

TRISO tri-isotopic (pyrolytic carbon and silicon carbide multi-layered fuel-particle)

TRL Technology Readiness Level

V&V verification and validation

VHTR Very High Temperature Reactor

WBS Work Breakdown Structure
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Next Generation Nuclear Plant
Pre-Conceptual Design Report

1. INTRODUCTION
1.1 NGNP Mission Statement

As presented in the National Energy Policy, there is a national strategic need to promote further
reliance on safe, clean, economical nuclear energy. In the 2003 State of the Union Address, President
George W. Bush launched a new National Hydrogen Fuel Initiative to provide domestically produced
clean-burning hydrogen to the transportation sector as an alternative to imported oil. The combination of
these two objectives, to promote nuclear energy and to produce clean-burning hydrogen, can be met
simultaneously with the development of new advanced reactor and hydrogen generation technology. The
U.S. Department of Energy (DOE)’s mission need is to develop this combined technology that will enable
the continued use of secure, domestic nuclear energy, and establish a greenhouse-gas-free technology for
the production of hydrogen, thereby supporting both the President’s agenda for a hydrogen economy and
the DOE’s strategic goal to promote a diverse supply of energy. First-of-a-kind (FOAK) technology
projects typically include technology risks that are either too high, or industry is unable or unwilling to
take the financial risks to work through the development and implementation needed to advance to the
next generation of a technology. The Next Generation Nuclear Plant (NGNP) is the FOAK type of
project that is perfectly suited for government laboratories and will help to revitalize the U.S. nuclear
industry.

1.1.1 Energy Policy Act of 2005

In July of 2005, Congress passed the Energy Policy Act of 2005 (H.R. 6; EPAct), which was signed
into law by President Bush in August of 2005. Under Section 641, paragraph (a), the Act states, “The
Secretary shall establish a project to be known as the ‘Next Generation Nuclear Plant Project’.” It
continues in paragraph (b):

The Project shall consist of the research, development, design, construction, and operation of a
prototype plant, including a nuclear reactor that—

(1) is based on research and development activities supported by the Generation IV Nuclear
Energy systems Initiative....

(2) shall be used
(A) to generate electricity;
(B) to produce hydrogen, or

(C) both to generate electricity and to produce hydrogen.

1.2 NGNP Project Scope
The scope of the NGNP project is:

1. To secure sufficient support from government and commercial entities, ensuring the viability
of the NGNP project



NGNP Pre-Conceptual Design Report INL/EXT-07-12967
Revision 1 November 2007

2. To execute and complete all project deliverables, including conceptual design, preliminary
and final design, construction, and startup and acceptance testing for the NGNP facility

3. To complete and integrate specifically assigned technology development and system
confirmatory and verification tasks

4. To obtain Nuclear Regulatory Commission (NRC) licensing as required for a commercial
demonstration reactor prototype

5. To provide project management and integration that will coordinate and combine the efforts
of the many and varied project partners, subcontractors, and stakeholders.

The scope is further defined by the requirements of the EPAct. The scope of the operational program
will be further defined as the project progresses and will be covered in a future Operational Program Plan.

1.3 High-Level Objectives
High-level NGNP project objectives support both the NGNP mission and the DOE vision, as follows:

1. Develop and implement the technologies important to achieving the functional performance
and design requirements determined through close collaboration with commercial industry
end-users.

2. Demonstrate the basis for commercialization of the nuclear system, the hydrogen production
facility, and the power conversion concept. An essential part of the prototype operations will
be demonstrating that the requisite reliability and capacity factor can be achieved over an
extended period of operation.

3. Establish the basis for licensing the commercial version of the NGNP by the NRC. This will
be achieved in major part through licensing the prototype by NRC and initiating the process
for certification of the nuclear system design.

4. Foster rebuilding of the U.S. nuclear industrial infrastructure and contribute to making the
U.S. industry self-sufficient for our nuclear energy production needs.

1.4 NGNP Schedule

The Preliminary Project Management Plan (PPMP) for the NGNP identifies two planning options that
weigh a range of programmatic risks and approaches to mitigating risk. The two options are compliant
with the EPAct, but emphasize different approaches to technology development risks, design and
construction risks, and the extent of demonstration in support of commercialization. Option 1, labeled the
Milestone Compliant option, establishes an overall schedule based on the milestone dates in the EPAct
for Phase I and Phase 11, and emphasizes extended R&D activities before proceeding with design and
construction activities. Start of operations and project completion for this option is scheduled for 2021.

Option 2, labeled the Balanced Risk option, assesses the overall project risk with the objective of
balancing technology development risk against design, licensing, and construction risk. Emphasis is on
initiating design and licensing work as early as practical to reduce the uncertainties in the scope and focus
of R&D activities. The expected date for initial operations (following the test program) is 2018. This
option allows for a two- to three-year period of operation (prior to 2021) simulating a commercial power
reactor operating cycle that is followed by an extensive outage, during which the equipment performance
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is confirmed by detailed disassembly and inspection. This proof-of-principle operating period provides
support for commercialization decisions by industry.

Option 2 was chosen by the NGNP Project as the reference schedule for preconceptual design
activities. Discussions with the private sector indicate a strong preference for the Option 2 schedule
which will support commercialization at the earliest date practical. Setting the Option 2 schedule as the
goal for the NGNP Project provides margin to and supports the objectives of the EPAct for demonstration
of the technology by 2021 while addressing the needs and expectations of the private sector.

2. METHODOLOGY

To support a schedule for deploying the FOAK NGNP by 2018, pre-conceptual design (PCD)
activities were completed in fiscal year (FY) 2007. The objectives of the PCD activities, as described in
the Statement of Work (SOW)), are:

e To assist in focusing the technical scope and priorities of research and development (R&D)
activities for the NGNP

e To provide a basis for subsequent development of the technical and functional specifications
for the prototype facilities for the NGNP.

This scope is consistent with the Phase [ SOW defined for the NGNP Project in the EPAct. Phase I's
objective is to define the initial design parameters for the NGNP, select the principal hydrogen production
technology, and conduct supporting R&D. The detailed SOW for PCD will be described in Section 2.1.

Multiple Awards

At the pre-conceptual design stage, the NGNP Project Management objective was to define the state-
of-the-art for high-temperature gas reactor design and the effort required to extend this state-of-the-art to
meet NGNP objectives. Requests for proposals (RFP) were issued to industry leaders in this technology
to obtain this information in a manner that provided the best value to the government. A further objective
of this solicitation and of the NGNP Project in general is to include as broad a range of industry
involvement as possible to maximize the perspective in addressing the project objectives. In this context
and upon considering the objectives, it was determined that multiple awards would be made for PCD
work. The entire scope, described in Section 2.1, was awarded to a consortium consisting of
Westinghouse Electric Company and Pebble Bed Modular Reactors (PBMR) of South Africa. Reduced
scopes of work were awarded to two other teams, one led by AREVA and the other by General Atomics.
The breakdown of the specific scopes of work awarded to each contractor team is also provided in
Section 2.1. The award methodology allowed for the DOE and the NGNP project team to receive
multiple inputs in nearly every major system and strategic area for the NGNP, providing options for
future decision-making.

2.1 Pre-Conceptual Design Scope, Planning, and Execution

The Pre-Conceptual SOW included contractor team preparation of Work Plans; progress, cost and
schedule monitoring; weekly meetings; progress meetings; 50% reviews; and 90% reviews.

In summary, the key deliverables included:

e Special Studies Reports (see Appendix C); the contractor teams had overlapping but different
scopes.
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Pre-conceptual Design Reports (PCDR)

Pre-conceptual Design Executive Summary Reports

Cost estimates, including capital, operating, and life-cycle estimates
Pre-conceptual Project Schedule

Economic Analysis.

The Pre-conceptual Design Executive Summary Reports from each contractor team (see Appendices |
— K) include results and conclusions of the special studies and recommended PCDs for NGNP, including
identification of design data needs (DDN5) and related R&D (see Appendix E), and pre-conceptual
estimates of cost and schedule (see Appendix F) for NGNP and an Nth of a kind (NOAK) commercial

plant.

The scopes of the special studies support selection of the NGNP functional and operational
requirements (F&ORs); configuration, licensing and permitting strategies; and disposition of products and
waste streams. They were used to support selection and development of the NGNP PCD recommended
by each contractor team. The special studies included:

Licensing & Permitting Special Study, INL/EXT-07-12726

Power Conversion System (PCS) Trade Study, INL/EXT-07-12727

By-Products Trade Study, INL/EXT-07-12728

Reactor Type Trade Study, INL/EXT-07-12729

NGNP Project Pre-Conceptual Heat Transfer and Transport Studies, INL/EXT-07-12730
Power Level Trade Study, INL/EXT-07-12731

Primary and Secondary Cycle Trade Study, INL/EXT-07-12732.

The results and conclusions from these studies are summarized in Section 3.1.

The PCDRs provide recommended PCDs. Levels of detail for each sub-system were varied
depending on the assigned areas within the individual scopes of work, but generally the design
incorporated the results of the special studies and provided a design description of the options studied and
a recommended conceptual design approach. The minimum level of detail was specified as follows:

Establish space allocations for general occupancy and for equipment installation, operation
and maintenance (O&M)

Establish and quantify type of construction, significant design features, hazard classifications,
and occupancy ratings and define required building systems and/or utilities

Identify sufficient project features to develop the cost estimate. The system design
description (SDD) shall describe details not specifically delineated on the drawings.

Identify requirements for security, containment, environmental protection, safety, and
industrial hygiene
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Identify any potential value engineering systems that should be investigated in later design
phases

Establish preliminary electrical one-line drawings for the “Greenfield” options that identify
electrical grid connection/modification and normal, standby, and emergency power. The one-
line drawings shall identify the electrical grid and hydrogen plant electrical system
characteristics. Also, investigate the capacity and interface locations of existing Idaho
National Laboratory (INL) electrical systems and provide descriptions of the recommended
electrical connections and power management.

Establish preliminary flow sheets that include waste, cooling systems, utility, mechanical, and
heating, ventilation, and air conditioning (HVAC) requirements for the nuclear system
design. Identify, where practicable, flow rates, temperatures, and pressures assumed for each
flow stream. Determine the availability and interface locations of existing utility systems.
Determine system requirements and provide descriptions of the recommended systems.

Evaluate facility shielding and construction options that meet DOE as-low-as-reasonably-
achievable (ALARA) radiation exposure requirements. Describe, illustrate, and evaluate
feasible configurations for access, containment, viewing, remote equipment,
decontamination, ventilation, inter-cell transfers, and penetrations.

Evaluate computer-based control and instrumentation schemes and control options and
provide recommendations and supporting criteria.

Prepare the System Requirements Manual (SRM; see Appendix D) for the various systems at
an appropriate level of detail for a PCDR (generally to an SDD level) and to subsystem or
component level for critical structures, systems, and components (SSCs). Review the Electric
Power Research Institute (EPRI) Utilities Requirement Document for applicability and as a
basis for the SRM. The SRM shall be generally defined as the overall organization and
description of the project requirements as they flow down from the: mission needs to F&ORs
to the Facility Design Description (FDD) to the SDD to Subsystem Design Descriptions
(SSDD) to system elements to system components to system parts.

Include a chapter in the PCDR that presents and describes the safety case for the prototype
plant. The safety case should also consider interfaces and impacts of having a hydrogen
production system (HPS) attached or interfacing with the nuclear system. Included is a
Preliminary Hazards Assessment to define hazard levels associated with the nuclear system,
hydrogen plant, and other high-temperature process heat applications and associated critical
systems. This assessment shall discuss the overall plant design, the associated hazards, the
designed or required preventative and mitigative design features, and safety systems
commensurate with a PCD.

Prepare a pre-conceptual heat balance for the nuclear system, hydrogen plant and other high
temperature process heat systems.

Scope Allocation to the Various Contractor Teams

Westinghouse was awarded the full SOW. AREVA and General Atomics were awarded partial
scopes based on the available funding. In this regard, Westinghouse performed all of the Special Studies.
Table 1 shows the subset of Special Studies that were performed by AREVA and General Atomics.
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Table 1. Breakdown in scope for the Pre-Conceptual Design.

Special Study Title Westinghouse AREVA General Atomics
Reactor Type Comparison X X X
Study
Prototype Power Level X X X
Study
High Temperature Process X X
Heat, Transfer and
Transport Study
PCS Trade Study X X
Primary and Secondary X X
Cycle Concept Study
Licensing and Permitting X
NGNP By-products Study X X

Westinghouse also prepared the full SOW in defining the recommended design for NGNP. AREVA
and General Atomics were asked to adapt their current commercial designs, (e.g., the AREVA
ANTARES design and the General Atomics Gas Turbine-Modular Helium Reactor [GT-MHR] design) to
meet NGNP objectives.

21.2 Pre-conceptual Design Planning and Execution

As the scopes of work were finalized for each contractor team, detailed work plans (DWP) were
developed to provide cost and schedule bases for the work that would be performed. Each work plan was
agreed to by NGNP Project Engineering, with a single Project Engineering point of contact defined for
each contractor team. Those points of contact conducted regular (weekly) conference calls with the
respective contractor team to obtain status reports on the development of the PCD information and
deliverables. Several site visits were also made to each contractor team by the engineering point of
contact and other members of NGNP Project Engineering. By staying in close contact with each
contractor team, NGNP Project Engineering was able to handle issues in real time and ensure timely and
cost effective completion of each PCD deliverable by the contractor teams.

In addition to the weekly status meetings and periodic status visits, design reviews were conducted at
the 50% and 90% of PCD levels. Initial results and conclusions were provided for review at 50% to
evaluate the products for major issues with respect to scope or methodology. The 50% design review was
conducted in a distributed manner (with respect to geography) to optimize cost / benefit at that early stage
of completion. Nearly finished products that incorporated the comments of the 50% design review and
subsequent study outcomes were delivered for 90% design reviews, conducted in a co-located manner in
Idaho Falls. As this was still a review of a PCD, reviewers focused on results from special studies with
only minimal attention paid to design concepts and drawings. For both the 50% and 90% design reviews,
comments were tabulated on design review sheets and dispositioned by the appropriate contractor team
members in coordination with NGNP Project Engineering.
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2.2 Criteria for Evaluating Contractor Team
Results and Recommendations

The following summarizes an evaluation of the contractor team submittals against criteria established
to confirm that the three contractor teams’ results and recommendations are consistent with the
requirements and objectives established by the EPAct, discussed above.

221 Meets Mission Statement and Objectives
Criteria

The NGNP Mission Need Statement conforms to DOE Order 413.3, “Project Management for the
Acquisition of Capital Assets,” and contains the following elements:

e Statement of Mission Need

e Analysis to Support Mission Need

e Constraints and Assumptions

e Importance of Mission Need and Impact if Not Approved
e Applicable Conditions and Interfaces

e Resource Requirements and Schedule

e Development Plan.

To meet the Mission Statement and Objectives, each contractor team’s PCD results and
recommendations must demonstrate the production of electricity and hydrogen using very high
temperature, gas-cooled, graphite-moderated reactor technology with realistic and achievable operating
conditions and a plant configuration siteable at the INL. In addition, each contractor team’s PCD results
and recommendations must demonstrate the viability and commercial applicability of the technology by
2021. In the context of this report, commercial applicability is defined as demonstrating technology that
can be applied economically with operating conditions, availability, and reliability to meet the needs of
the private sector, and that the design, licensing, construction, costs, and operating experience of NGNP
can be transferred to the private sector to minimize technical, licensing, and cost risks.

Evaluation

Each contractor team recommended designs for the NGNP and provided technical bases for selection
of the details of the designs for a plant that produces electricity and hydrogen in accordance with the
requirements of the EPAct. The recommended plant total power levels (500 MWt to 600 MWt), gas
outlet temperatures (900°C to 950°C), PCS power level (100%), and hydrogen power levels (~10%) for
all three designs were comparable and based on prior evaluations and recommendations for F&ORs for
NGNP (ref. Next Generation Nuclear Plant High Level Functions and Requirements, INEEL/EXT 03-
01163, September 2003; Design Features and Technology Uncertainties for the Next Generation Nuclear
Plant, INL/EXT-04-01816, June 2004; Next Generation Nuclear Plant Preliminary Project Management
Plan, INL/EXT-05-00952).

There are differences in the recommended details of the contractor team designs, (e.g., reactor type,
heat transfer and transport system design, PCS and HPS) that will be reconciled as the NGNP design
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progresses. Each contractor team also defined the DDNs and associated R&D work that are required to
establish F&ORs and final design configuration that meet NGNP objectives with an acceptable risk
profile for demonstration of the technology by 2021. Other sections of this report discuss the analyses,
testing, and development of licensing strategies, schedules, cost estimates, economic assessments, etc.
that are required to support the implementation of NGNP.

2.2.2 Schedule
Criteria

To meet the schedule requirements, each contractor team’s PCD results and recommendations shall
include a schedule that meets the required technology demonstration date of 2021 to satisfy the EPAct
and that is judged by NGNP Engineering review to have sufficient margin to be realistic and achievable.
In addition, each contractor team shall identify areas of risk to the schedule and develop concepts to
monitor the schedule and control the risks.

Evaluation

Each contractor team provided a schedule for the project based on a Work Breakdown Structure
(WBS) provided by NGNP Project Engineering. This WBS (see Section 8.) is configured to apply to the
full life of the NGNP project, (i.e., to the end of life and deactivation, decontamination, and
decommissioning [DD&D] of the plant). The three schedules all meet the requirements for completing
demonstration of the technology by 2021 with, in general, initial operation of the plant in the 2018 time
frame, allowing for an up to three-year demonstration operation period. These schedules have been
reviewed and reconciled by NGNP Project Engineering to develop a best estimate schedule at the pre-
conceptual phase of design development. This reconciliation is discussed in Section 8.2 of this report.
The structure of the schedule matches the WBS and will be used in conjunction with the risk management
program (see Section 6 and Appendix L) to monitor project progress and control project technical risk.
Other risks to the schedule, (e.g., funding, resource availability, interface with the DOE and the industry
Alliance) will be monitored and controlled at the project management level.

2.2.3 Development Risk / R&D
Criteria

To adequately identify development risk and R&D, the results and recommendations from each
contractor team were reviewed against the following criteria:

e The identification of the data needs and R&D are comprehensive and, where applicable,
consistent with the other contractor team’s assessments in like areas.

e The scope and schedule for the effort needed to satisfy the requirements are comprehensive
and judged by NGNP R&D and Engineering to be necessary and sufficient.

o The scope and schedule for the effort needed to fulfill the data needs and R&D are
coordinated and complimentary with NGNP R&D plans and programs.

e NGNP Engineering and R&D consider the costs and schedule for completing the effort
realistic and achievable.

o The schedule satisfies the needs in a timeframe that supports the NGNP schedule.
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e A risk management concept has been provided including definitions of items, such as
Technology Readiness and Risk Level, that are applicable to NGNP development.

Evaluation

Each contractor team identified DDNs and R&D requirements to resolve these DDNs along with
scoping estimates for related costs and schedules. Later sections of this report summarize the results from
all the Teams and factor these into the schedule, cost estimates, and planning for the next phases of design
development and R&D for the project. The major R&D efforts (e.g., fuel, graphite, and high temperature
materials qualification and codification) are based on the NGNP and Nuclear Hydrogen Initiative (NHI)
R&D programs in which the Teams are collaborators and contributors. Approximately 100 areas were
also identified by the Teams that require further study to support making final technology selections and
design decisions for the NGNP. NGNP Project Engineering consolidated and prioritized these for future
study (see Section 6.5). The higher priority studies will be completed in the initial phase of Conceptual
Design.

The Westinghouse and AREVA teams identified ongoing and planned R&D programs that support
the development of the PBMR plant in South Africa and the ANTARES plant design, respectively, and
are directly applicable to the NGNP design. These two teams also provided recommendations for
definitions of Technology Readiness Levels (TRL) for the NGNP project and made first cuts at defining
these levels for critical systems and components. NGNP Project Engineering is adapting these definitions
to the Risk Management program (see Section 6 and Appendix L).

224 Cost
Criteria
The cost information provided by each contractor team was reviewed against the following criteria:
e The cost estimate has sufficient margin to be realistic and achievable.

e The areas of high risk in maintaining costs within the estimate have been identified and
concepts to monitor the costs and control the risks have been developed.

e The costs are consistent with the schedule (e.g., resource loading, long term procurement,
etc.).

Evaluation

Cost estimates for the NGNP FOAK plant and a NOAK commercial plant were provided by each
contractor team. NGNP Project Engineering reviewed the detailed bases for the cost estimates with the
Teams and has reconciled the estimates and completed statistical analyses, which consider uncertainties,
to develop a best estimate range for these costs at the pre-conceptual level. These analyses also
considered factors affecting margins in the estimates (e.g., escalation and inflation rates, site specific
labor, transportation, environmental, etc. factors).

The risk management program is being developed to track risk as a function of expected cost to
completion and schedule to completion.

2.2.5 Licensing Strategy

Criteria
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The licensing strategy provided by each contractor team was reviewed against the following criteria:
e The schedule for the licensing strategy supports the NGNP schedule.

e The strategy takes advantage of the evolving experience with the licensing of the Gen III and
Gen III+ light water reactors (LWRs) and the progress in developing NRC licensing
regulations (e.g., I0CFR50, 10CFR52, and 10CFR53).

e The strategy identifies the scope and schedule for preparation of submittals that are consistent
with the scope and schedule for providing data needs and R&D.

e The strategy has realistic and achievable schedules for development of licensing submittals,
NRC review and approval, and public hearings.

Evaluation

See Section 7.0 for the evaluation of the contractor team recommendations for the NGNP licensing
strategy.

2.2.6 Product Disposition / Economics
Criteria

The product disposition/economics information provided by each contractor team was reviewed
against the following criteria:

e The product information has established concepts for life cycle cost and revenue management
for the NGNP been included.

e The product information addresses the disposition of all products (i.e., those with potential
economic value and waste products).

e The product information contains realistic assessments of the value and potential markets for
those products with economic value and the means for getting the product to-market been
included.

e The product information establishes mechanisms for assessing the ability to transfer the
NGNP economic experience to commercial applications.

e The product information contains realistic assessments of the means and costs for
dispositioning waste products been included.

Evaluation

The contractor teams identified both the marketable products (e.g., electricity, hydrogen, and oxygen)
and waste products of the NGNP and the commercial plant. Assessments of the quantities of waste
products and the means for their disposition were made at the pre-conceptual level. These were areas
identified as needing more development as the design progresses. The cost estimates and schedules
provided by the contractor teams and those reconciled by NGNP Project Engineering include waste
disposition.

Each contractor team also performed economic assessments for the NOAK commercial plant
producing hydrogen and, in one case, electricity. These assessments included life-cycle costs for the plant
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including construction, startup testing, operation, and DD&D. The revenue streams developed for the
assessments used market pricing data and predicted escalation rates for the hydrogen and, where
applicable, electricity to make reasonable estimates of the economic viability of the commercial version
of the NGNP against more traditional production processes. The production rates were predicted based
on the results of the PCD studies. These assessments have been reviewed and reconciled by NGNP
Project Engineering (see Section 9) and a best estimate economic analysis has been performed by NGNP
Project Engineering using the best estimate cost data. All of the results show that this technology can be
economically viable. Critical conditions and factors that support economic viability were identified.

2.2.7 Applicability to Additional Applications
Criteria
Information provided by each contractor team was reviewed against the following criterion:

e The information satisfies the mission of the NGNP as a non-greenhouse emitting energy
source, principally of process heat (i.e., is adaptable for commercial applications beyond
NGNP).

Evaluation

The evaluation of this criterion is combined with that for the following criterion.

2.2.8 Commercialization
Criteria

The commercialization information provided by each contractor team was reviewed against the
following criteria:

e The information establishes concepts for transferring the NGNP design, cost, schedule,
operating experience, and economics to commercial applications.

e The information identifies alternative applications for the HTGR technology, including the
F&ORs that are needed to effectively approach use of this technology for each application.

Evaluation

All three contractor teams provided recommended designs for the commercial plant based on the
results of the design studies for NGNP. In all cases, four module plants with power capacities of
2000MWt to 2400 MWt were recommended. The economic assessments were based on the
characteristics of a NOAK plant of that design in production of hydrogen and electricity. The cost
estimates and schedules for construction of the plants were based on the values developed for the NGNP.
The licensing strategies recommended for the NGNP by the contractor teams and as formulated by the
NGNP Project also contain a fundamental objective of supporting the receipt of a design certification for
the commercial plant design.

All three contractor teams provided brief summaries of the potential uses of the HTGR technology in
industry applications as a substitute for burning fossil fuels. Many of these included the use of hydrogen
as demonstrated by NGNP (e.g., refining processes, addition to the bituminous oil from the Alberta oil
sands to facilitate transport, eliminating the water shift phase of the coal to liquids process). Others
included the use of the technology for steam production for supply to a wide range of industries (e.g.,
refineries, ethanol producers) potentially as part of a co-generation supply with electricity, and for the
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Alberta oil sands recovery. Other applications were also identified along with a range of temperature
requirements for each category of application.

These areas of investigation were not central to the PCD work for the NGNP, and the submittals and
discussions were informal. A future study will be made during the initial phase of Conceptual Design to
address the potential prospects for use of the technology over a wide range of applications and industries.

3. SUMMARY OF CONTRACTOR TEAM RECOMMENDATIONS
3.1 Special Studies

3.11 Introduction

The NGNP PCD work was performed by three contractor teams working separately to work plans
developed in compliance with their responses to the SOW of the RFP issued in July 2006. The three
contractor teams were headed by Westinghouse, AREVA, and General Atomics. Each contractor team
was comprised of personnel from these companies as well as several supporting companies providing
expertise and experience over the full range of engineering disciplines, licensing and regulatory
interfaces, system and component design, cost and scheduling and project management required to satisfy
the requirements of the SOW. The initial phase of the PCD work scope included seven special studies.
All seven of these studies were completed by Westinghouse; selected studies were performed by the other
two contractor teams as part of a reduced work scope. Table 2 summarizes the trade study objectives and
identifies which of the seven studies were performed by each contractor team.

Reconciliations of the results of the studies completed by the contractor teams are summarized in
seven white papers prepared by NGNP Project Engineering (see Appendix C). The results of these
studies provided the bases for selection of the PCD developed by each contractor team for NGNP. A
summary of the salient results of the special studies follows Table 2.
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Table 2. Special Studies Description and Assignments
Title Description WEC | AREvA | General
Atomics
Identify the most important discriminating criteria between the pebble bed reactor concept and the prismatic
Reactor Type block reactor concept and provide an assessment of the important technical, operational, and maintenance X X X
differences, including the important development risks for each.
Prepare a study that evaluates and recommends a power level for the NGNP prototype nuclear system that is
scaleable, meets all the necessary requirements as a “commercial” prototype, and is licensable as a
Power Levels . . .. ) X X X
commercial prototype. In addition, evaluate and recommend minimum optimal prototype hydrogen plant
size that will be scaleable to a future commercial-scale plant.
The design features, proposed thermal cycle, required equipment, and tradeoffs considered in selecting the
Heat Transfer method of transferring and transporting process heat shall be described and the basis for the selected X X
& Transport concept(s) described. The design approach to critical equipment (e.g., heat exchangers) and media (e.g.,
heat transport fluid) shall be developed and described at a pre-conceptual level.
Compare (1) direct vs. indirect Brayton-cycle PCSs and, (2) other methods of removing heat and increasing
PCS efficiency (e.g., a bottoming cycle, for use in the prototype reactor electrical production system). The study X X
shall identify and consider important discriminating criteria and investigate the pros and cons of each.
Prepare a trade study for the primary and secondary cycle concept that selects and justifies system used for
Primary and the PCD work, which among other issues specifically addresses: the reactor inlet and outlet temperatures,
Secondary primary and secondary loop system operating pressures and temperatures, the extent of contamination X X
Concept anticipated in the primary loop, acceptability of contamination levels for maintenance functions, and the
associated HPS concept.
Compare licensing the NGNP under 10 CFR Part 50, 10 CFR Part 52, and proposed 10CFR Part 53. The
advantages and disadvantages of each approach and the risks associated with each approach shall be
o included.
Licensing & . . . . . . X
Permitting Identlfy. the issues and r'ecomm.end an app.roach for llcensmg an integrated nuclear fac111ty/hyd'rogen
production plant. Identify applicable Environmental Protection Agency (EPA) and State permit
requirements associated with construction and operation of an integrated nuclear facility/hydrogen
production plant.
End Products Identify, quantify, and discuss disposition of end products produced by the NGNP and hydrogen plant.
and Waste These products may include radioactive wastes, hydrogen, oxygen, waste heat, electricity, etc. X X
Stream
Disposition
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3.1.2 Reactor Type

All three contractor teams performed this special study to identify and evaluate distinguishing
characteristics and discriminating factors for the pebble bed and prismatic reactor designs. The three
contractor teams independently proposed prioritized lists of evaluation criteria. While several of the
criteria were common, their relative rankings were not. The contractor teams were parochial in assessing
the discriminating characteristics of the Pebble Bed and Prismatic designs; Westinghouse concluded that
the pebble bed design had advantage over the prismatic design; AREVA and General Atomics concluded
the reverse. These results are not unexpected; they parallel the commercial offerings of each contractor
team; the Westinghouse PBMR, the AREVA ANTARES prismatic reactor design and the General
Atomics Modular High Temperature Reactor prismatic design.

The contractor teams did identify, however, several different characteristics of the two designs that
provide discriminating factors that can be used to assess each design for application to NGNP. These
characteristics are presented in Table 3.

Table 3. Difference between the Reactor Designs

Fuel and Core | There are significant differences in the functional requirements, design criteria, and sources of
Ceramics supply in the two designs, with differing DDNs, status in completion of R&D, and availability
of sources. These differences manifest themselves in variations in the risk to schedule and
support, in the short term, of NGNP and, in the long term, of the commercial plant.

Power Density | The design power density of the prismatic design is higher than that of the pebble bed design.
The normal operating peak fuel temperatures are lower for the pebble bed design (although the

Norrpal and peak temperatures reached under accident conditions are slightly higher) and the neutronic

Accident Fuel e . L

Temperatures stability of the core is better, thus permitting a longer core. However, the overall recommended

p maximum power level for the pebble bed design is lower than for the prismatic designs. These

differences affect the safety case analyses and economic comparison of the two designs (e.g., in
cost per megawatt output).

Reactor There are significant differences in the operating temperatures of the RPV between the designs,

Pressure which in turn affect the material property requirements for this vessel. The pebble bed design

Vessel (RPV) | has lower operating temperatures permitting the use of traditional materials for this vessel. The
higher operating temperatures of the prismatic design require use of developmental materials.
This leads to differences in the risk associated with the design of the plant (e.g., selection of
coolant temperatures) and qualification and availability of the RPV material.

Capacity The theoretical capacity factor of the pebble bed design is higher than that of the prismatic
Factor and design because of its on-line refueling characteristic. This effect is offset somewhat by a higher
Efficiency pressure differential in the pebble bed core that reduces its overall plant efficiency below that of

the prismatic design. Note this is also a factor in selecting the height of the core and its
maximum recommended power level, as discussed above. These factors affect overall plant
economics.

Dust The pebble bed design generates more dust than the prismatic design. This could affect the
complexity and cost of operation of the primary coolant cleanup system and affect reliability
and performance of the primary system components (e.g., Intermediate Heat Exchanger [THX]
and circulators).

NGNP Project Engineering has concluded that there are no identified discriminating factors that
justify selection of either the pebble bed or prismatic reactor design for NGNP at this time. The
discriminating factors will be further developed during the development of each design recommended by
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the contractor teams for NGNP and will be considered by NGNP Project Engineering in developing the
F&ORs as part of advancing the design of NGNP.

3.1.3 Reactor and Hydrogen Plant Power Levels

All three contractor teams performed this special study to establish the power level of the NGNP
demonstration plant, the NGNP hydrogen production plant, and the commercial plant. The three
contractor teams independently proposed discriminating criteria. The majority of the criteria were
common between the contractor teams, including safety, economics, and licensing.

All recommended that the prototype have the same power level as the commercial plant to minimize
difficulty in translating safety, economic, licensing, costing, and operating experience from the prototype
to the commercial plant. Based on their commercial designs for both the NGNP and the commercial
plant, AREVA recommends a prismatic reactor power of 565 MWt, General Atomics recommends a
prismatic reactor power of 550/600 MWt, and Westinghouse recommends a pebble bed reactor power of
500 MWt.

All of the contractor teams recommended that the PCS be capable of full power.

All of the contractor teams recommended that the hydrogen plant should be a percentage of the power
level of the prototype. Based on the recommendations, the minimum power level that demonstrates
technical and commercial viability for the thermal-chemical processes is in the range 50-60MWt (i.e.,
approximately 10% of the thermal output of the reactor).

All of the contractor teams indicated that the hydrogen production process when the NGNP is first
commissioned will likely be based on high temperature electrolysis (HTE) because of its advanced
development compared with the thermal-chemical processes. There is significant variation, however, in
the HTE power level recommendation among the contractor teams. AREVA recommends a 1.2-MWt
HTE plant, General Atomics recommends a 4-MWt HTE plant, and Westinghouse recommends a 13-
MWt HTE plant. The differences are due mainly to the number of recommended modules needed to
demonstrate the operability, economics, and safety of the coupled reactor/HTE process.

Additional studies will be performed during the initial phase of conceptual design that better address
and rank the factors that determine the maximum achievable reactor power level and the hydrogen plant
power levels. In addition, other questions regarding the RPV and licensing scalability are to be addressed
in further studies to support establishing the NGNP power levels.

3.1.4 Heat Transfer and Transport

The three contractor teams performed this special study to identify and rank the options for
transferring and transporting the heat from the nuclear heat supply to the electrical PCS and the hydrogen
plant. The studies revealed that there is some consensus on certain technical issues, and some differences.
Helium is recommended by all contractor teams for the secondary loop to supply the hydrogen plant.
Helium is recommended by Westinghouse and a helium / nitrogen mix is recommended by the AREVA
to supply the PCS. The General Atomics design applies a direct cycle PCS, so they did not make a
recommendation for a secondary fluid for this purpose. All recommend that the secondary loop operate at
a pressure approximately equal to the nuclear heat supply pressure to minimize the long-term mechanical
stresses across the IHX(s). All recommend a maximum nuclear reactor operating temperature of 900 —
950°C that is determined by the material and design constraints of the IHX, and the need to provide high-
temperature thermal energy to the hydrogen production plant.
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There are some differences in the preferred designs of the IHX (e.g., both tubular and compact heat
exchanger designs are recommended), but all recommend the use of metallic IHXs. Further, there is
debate over whether a parallel or serial configuration of the H, heat transport loop and the PCS are
desired, and further analysis is needed to resolve it.

Ceramic heat exchangers and molten salt heat transfer fluids might be used in the future, but
considerable technical research is needed to make these a reality, and there is general skepticism that such
technology can be prepared in time to meet the current NGNP schedule. All of these issues present
challenges to the development and schedule for commissioning the NGNP and will be the focus of further
study as the NGNP design progresses

3.1.5 Power Conversion System

AREVA (supported principally by Hamilton Sundstrand in the PCS area) and Westinghouse
(supported principally by M-Technologies of South Africa in the PCS area) discussed nine PCS
configurations as identified below:

1. Brayton — direct: considered by both AREVA and Westinghouse. Westinghouse analyzed
five cycles of this type.

2. Brayton — indirect: considered by both AREVA and Westinghouse

3. Combined cycle gas-turbine — indirect gas-turbine cycle: considered by AREVA and
Westinghouse

4. Combined cycle gas-turbine — direct gas-turbine cycle: considered by Westinghouse. Three
cycles were considered.

Rankine — indirect subcritical steam: considered by AREVA and Westinghouse
Rankine — indirect supercritical steam: considered by AREVA

Rankine — direct subcritical steam: considered by Westinghouse

Supercritical CO, — indirect: considered by AREVA

Supercritical CO, — indirect cascaded: considered by AREVA.

Y © =N oW

Several conclusions and recommendations follow based on this short study:

e AREVA considers the Brayton cycle to be relatively high-risk technologically. Conversely,
Westinghouse has chosen a direct-cycle Brayton PCS for their Demonstration Power Plant
(DPP) in South Africa. The difference in the two contractor teams’ evaluations of the
maturity of a Brayton-cycle PCS and the translation of that maturity to technological risk
needs to be reconciled. It is noted that the Westinghouse recommendation for the NGNP
demonstration plant does not include a Brayton cycle. One variation recommended by
AREVA includes an indirect Brayton cycle in a combined cycle configuration.

e Westinghouse does not consider radioactive contamination nor dust as potential problems
with a direct-cycle Brayton PCS. AREVA, on the other hand, has considered the impact of
radioactive contamination on maintenance of direct-cycle power conversion equipment.
Radioactive contamination of the PCS needs to be evaluated in more detail, if a direct-cycle
PCS were to be considered for the NGNP.

e There are significant differences in the net plant efficiencies calculated by AREVA when
compared with those calculated by Westinghouse for the same designs. The differences
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between the AREVA values and the Westinghouse will be reconciled as the NGNP PCS
design matures.

e Neither of the contractor teams considered transient characteristics of the cycles as a
discriminating factor. The impact of operating transients on the performance and reliability
of each of the concepts shall be evaluated as the design of the NGNP PCS is developed. Such
transients include loss-of-load, compressor surge, and other scenarios as defined in a typical
plant safety analysis report.

3.1.6  Primary and Secondary Concept

As part of the special studies, the Westinghouse and AREVA contractor teams were tasked with
performing a study to establish the basic NGNP operating parameters, specifically, the primary and
secondary temperatures, operating pressures, and the basic configuration of the Nuclear Heat Supply
System (NHSS). General Atomics also performed similar work scope as part of their other special studies
and PCDRs. The purpose of this special study is to confirm or modify key parameters in the NGNP
PCDR and enhance the basis for the design baseline.

Although the operating parameters vary between the individual contractor teams, each contractor
team recommended the operating parameters that they believe best fit the NGNP mission based on their
specific reactor design, PCS, and experience. Tables 4 and 5 summarize the results of these studies.

Table 4. Recommended Plant Operating Conditions

Item Westinghouse AREVA General Atomics
Functional and Operational Requirements
Power Level, MWt 500 MWt 565 MWt 550 — 600 MWt
Outlet Temperature, °C 950°C 950°C Up to 950°C
Inlet Temperature, °C 400°C 500°C 490°C
Cycle Configuration Indirect — Series hydrogen | Indirect — Parallel Direct PCS
process .and power hydrogen process and Parallel indirect hydrogen
conversion power conversion process
Secondary Fluid He He-Nitrogen He
Power Conversion Indirect — Rankine Indirect — Combined Direct — Gas Turbine
Configuration Cycle Direct / Indirect —
Combined Cycle option
Power Conversion Power | 100% of reactor power 100 % of reactor power 100 % of Reactor Power
Hydrogen Plant Power 10% of reactor power 10% of reactor power 5 MWt -HTE

60 MWt — S-1
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Table 5. Recommended Plant Configurations

Item

Westinghouse

AREVA

General Atomics

Functional and Operational Requirements

Reactor Core Design Pebble Bed Prismatic Prismatic
Fuel TRISO UO, TRISO UCO TRISO
Variable
RPV Design Cooled by primary Not cooled; potentially Not cooled
coolant insulated
RPV Material 508/533 9Cr1Mo 2-1/4 Cr - 1Mo
9Cr-1Mo
IHX Printed Circuit Heat Power — Helical Coil Process — printed circuit
Exchanger (PCHE), In- Shell & Tube, In-617 heat exchanger
617 material Process — PCHE or Fin-
Plate, In-617
Hydrogen Plant Initial -HTE Initial - HTE Initial - HTE

Longer Term - Hybrid
thermo-chemical plus
electrolysis

Longer Term — Sulfur-
Iodine (SI)

Longer Term — SI

Power Conversion

Rankine; standard fossil
power turbine generator
set

Combined cycle using
commercial turbine
generator equipment

Direct gas turbine

Option — Direct
Combined Cycle

These results will be factored into the selection of the F&ORs and basic configuration of the NGNP.

3.1.7

Licensing & Permitting

Only one of the contractor teams (Westinghouse) was tasked to develop a licensing special study.
However, the other contractor teams have provided limited information on their licensing
recommendations that will be integrated into their PCD products. This information has been included,

where available.

Recommendations based on the available licensing information are as follows:

e Continue to assume (as stated in the Preliminary Project Management Plan) that the two-step
10 CFR Part 50 licensing process will be used unless Westinghouse develops a cogent
schedule based on the 10 CFR Part 52 process that meets the 2018 NGNP operational date.

e Continue to assume use of an Early Site Permit (ESP) with the two-step 10 CFR Part 50
process. However, after the PCD studies are complete, conduct internal and external
discussions to re-evaluate the usefulness of this mixed licensing approach.

e Focus R&D and engineering efforts during the conceptual design phase to (1) identify the
design’s safety analysis data needs, (2) evaluate where the license-by-test approach is
beneficial, (3) determine what type of integrated test program would be required, and (4)
assess the potential impacts on the plant design.
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e Conduct additional licensing discussions with contractor teams to determine the feasibility of
developing a licensing strategy that allows for maximum flexibility in the configuration of the
process heat applications for subsequent commercial applications of NGNP technologies.

e Initiate development of an Environmental Permitting Plan during the conceptual design
phase.

e Continue to monitor the PBMR Design Certification review discussions with the NRC to gain
experience in application of probabilistic risk assessments (PRA) in licensing products and to
improve our overall understanding of risk-influenced licensing strategies.

3.1.8 End Products and Waste Stream Disposition

As part of the Special Studies work scope, Westinghouse and General Atomics were tasked with
performing studies to identify, quantify, and describe the disposition of end products that will be
produced by the NGNP and by commercial HTGRs that will be based on the NGNP demonstration. The
by-products that apply to both the prototype and the commercial plants include:

e Excess electricity and hydrogen

e Large quantities of high purity oxygen (8 kg of O./kg of H,)

e Spent nuclear fuel

e Radioactive and chemical waste streams from reactor operations

e Limited amounts of gaseous, liquid, and chemical wastes from hydrogen production
processes

e Small quantities of corrosion products (mainly metal sulfates from reaction of sulfuric acid
with structural metals) from hydrogen production processes

e Spent solid oxide electrolyzer cells from high-temperature steam electrolysis
e Tritium

e QGraphite

e Replaced components (e.g., I[HXs).

Each of the studies identified the possible markets (both local and remote) for the electricity,
hydrogen, and oxygen, as well as specific characteristics of the methods for treatment (e.g., to ensure
levels of contaminants such as tritium meet industry standards) and transport. They also touched briefly
on the requirements for disposition of the waste products. Each of these areas will be refined as the
design of the NGNP progresses.

3.2 Pre-Conceptual Design

As a culmination of the PCD work scope, each of the three contractor teams was tasked with
preparing a final PCDR documenting their design activities. This section contains the results and
recommendations from each contractor team report for key areas of the NGNP, such as the nuclear island,
heat transfer/transport system (HTS), PCS, hydrogen plant, balance of plant (BOP), and site integration.
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Each contractor team’s results and recommendations were then evaluated against the criteria outlined in
Section 2.2.

3.21 Nuclear Island

Each of the contractor teams proposed specific reactor types and power levels in their PCDRs. The
type and power level are key to the design details, which are given below for these reactors as summaries
from the findings of each contractor team. The summaries have been divided into six distinct systems:
reactor and core, vessels, shutdown cooling, reactor cavity cooling, fuel handling, and helium services.

3.2.1.1 Westinghouse Summary

Westinghouse recommended that the NGNP be a 500MW?1t pebble-bed reactor for the following
reasons when compared with a prismatic reactor design:

e A fuel and fueling system based on well-qualified and demonstrated German-based fuel and
on-line refueling experience

e Minimization of development costs and risks because of the PBMR DPP baseline in South
Africa

e A strong vendor/supplier infrastructure
e High performance capability, mainly based on higher capacity factors

e Lower fuel temperatures during normal operations, resulting in lower calculated maximum
radionuclide releases under postulated accident conditions given the same required process
heat temperature

e The PBMR Process Heat Plant (PHP) attainable at lower overall forward costs and risks.
These reasons were based on the following conclusions by Westinghouse:

The pebble fuel PBMR PHP has a clear advantage over the prismatic block H,-MHR
relative to R&D needs for fuel because of the German experience with UQ, fuels in the
AVR and THTR and because of the pebble’s fundamental lower normal fuel operation
temperatures. DPP experience, especially the selection of LWR reactor vessel steels and
other code-qualified materials, also results in much reduced R&D needs for the PBMR
PHP.

The advantage for process heat delivery also goes to the PBMR PHP because of the
much lower risk for achieving the desired very high core outlet temperature (950°C).
Capacity factor for the PBMR PHP should also be superior to that for the H*-MHR
because of on-line refueling. Safety in terms of potential radionuclide releases should
also be better for the PBMR PHP because of the demonstrated superior performance of
the fuel and its lower normal temperature of operation.

The estimated unit capital cost for mature, multi-module plants is lower for the H»-MHR
than for the PBMR PHP given identical assumptions. This is primarily because of the
lower power level of the latter. However, resultant process heat or H, costs should be
lower for the PBMR PHP because of its higher capacity factor, simpler fuel cycle and
lower O&M costs. Altogether, the PBMR PHP is competitive with the H; MHR concept
at much lower overall risks.”
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The technology choices for the Westinghouse
version of the NGNP nuclear island systems and
components are discussed in greater detail below.

3.2.1.1.1 Reactor and Core

Fuel

The pebble-bed reactor (see Figure 1)
uses approximately 450,000 spherical fuel
elements consisting of a graphite matrix
pressed into a spherical shape. A fuel
sphere is divided into two regions, the
inner spherical “fuel” region and an outer
graphitic shell surrounding the fuel region,
known as the “fuel-free” region. The fuel
region of each fuel sphere contains
approximately 14,500 of evenly dispersed
spherical particles, known as coated
particles, while there are no coated
particles in the fuel-free region.

Each coated particle consists of a
spherical kernel of uranium dioxide (UO,)
surrounded by four coating layers. The
innermost coating layer is known as the
buffer layer, and is followed in turn by a
pyrocarbon layer known as the inner
pyrocarbon (IPyC) layer, a silicon carbide
(SiC) layer, and another pyrocarbon layer
known as the outer pyrocarbon (OPyC)
layer. This coated particle design is known
as the TRISO design, and is graphically
represented by Figure 2.
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Figure 2. Pebble-bed Fuel Design (Westinghouse pellets are shown in the lower left).

Reactor Internals

The reactor internals include the graphite reflectors, control rods, and the core barrel.

Graphite reflectors — The graphite reflectors are graphite
(ceramic) blocks (see Figure 3) that provide moderation for
the neutrons and act as a heat sink. These blocks are divided
into three zones: the central reflector (replaceable), the inner
side reflector (replaceable), and the outer side reflector
(permanent). There are also bottom and top graphite
structures to support the core. The type of graphite to be used
was not specified in the report.

Control rods — There are 24 identical control rods, which are
located in the side graphite reflector blocks. Half of the rods
are used for control (see Figure 4), and the other half are used
for shutdown. The shutdown rods are longer and run the
length of the reflector blocks, while the control rods only run
in the upper half of the reflector blocks. The rods consist of
boron carbide (B4C) rings between two coaxial cladding
tubes. The clad material was not specified in the report. Note
that there is a secondary shutdown system located above the
central reflector that is comprised of small spheres made of
B4C, which are dropped into channels in the central reflector
if required for additional negative reactivity margin during an
accident.

Core barrel — The core barrel (see Figure 5) consists of Figure 3.

metallic structures between the RPV and the outer side Westinghouse Core
reflector. It supports the graphite blocks and helps to Ceramics

maintain core geometry. The core barrel material is stainless

steel 316H.
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Figure 4. Westinghouse Reactivity Control Figure 5. Westinghouse Core Barrel

3.2.1.1.2 Vessels

Reactor Pressure Vessel (RPV)

The RPV (see Figure 6) consists of a main cylindrical section with
hemispherical upper and lower heads. The upper head is bolted to the
cylindrical section and incorporates penetrations for control rods and
instrumentation. An opening is provided in the upper head to allow
access to the core for reflector replacement. The lower head is welded
to the main cylindrical sections and incorporates penetrations/openings
for fuel discharge and the secondary shutdown spheres.

The RPV has a maximum external diameter of approximately 6.8 m,
and its total length is approximately 30 m.

The RPV is manufactured from carbon steel SA 533 Type B Class 1
for plates, SA 508 Type 3 Class 1 for forgings, and SA 540 Grade B24
Class 3 for bolts. A separate stream of helium actively cools the RPV;
however, during postulated severe accident conditions, calculations
indicate that the proposed RPV material temperature may be in the creep
range.

Other Vessels

The IHX vessels connect the primary system to the secondary heat
transport loop and contain the heat exchangers. They are manufactured Figure 6.
from the same materials as the RPV (i.e., SA-508, Grade 3, Class 1/SA- Westinghouse RPV
533, Grade B, and Class 1).
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3.2.1.1.3 Shutdown Cooling

The shutdown cooling system is termed the “core
conditioning system” by Westinghouse (see Figure 7). It
can be used for decay heat removal during normal
shutdown (e.g., maintenance, reflector change out, etc.),
for decay heat removal if the main circulator in the
primary loop trips, or it can be used during postulated
accident conditions for decay heat removal to supplement
the passive safety features of the reactor. The major
components are: blowers, piping, heat exchangers, valves,
and instrumentation. The number of shutdown cooling
systems will be determined during conceptual design.

Figure 7. Westinghouse Core
Conditioning

3.2.1.1.4 Reactor Cavity Cooling

The reactor cavity cooling system (RCCS; see Figure
8) is a constant flow, water-based cooling system that
removes heat from the reactor cavity to protect the
concrete walls of the cavity during both normal shutdown
and accident conditions. It is comprised of standpipes that
line the inside of the cavity, and is a low-temperature, low-
pressure system with water temperatures below 30°C
during normal active operation and reaching the boiling
point only during emergency passive operation. The
RCCS can operate in both an active mode by pumping
water through the standpipes, or a passive mode by boiling
the water for approximately 72 hours. The passive mode
time constraint will be better defined during conceptual
design.

3.2.1.1.5 Fuel Handling

The fuel handling system (see Figure 9) transports fuel ~ Figure 8. Westinghouse RCCS
spheres from the reactor to the fuel monitoring system to
determine burnup, or to storage for fully burnt fuel. If the

fuel monitoring system determines that the fuel has not Passive Fresh Fuel Canisters
. . . Ceoling
reached its desired burnup, it is returned to the core. The Dugts :

fuel handling system also transports and stores the graphite
spheres that will be used for the startup core. The fuel and
graphite spheres are circulated through a combination of
gravity and pneumatic conveyance using pressurized Bist
helium. Spheres enter the reactor through pipe T
penetrations in the top head and exit through pipe

penetrations in the bottom head. While the ability to

perform on-line refueling can result in higher availability,

it also presents greater opportunity for air-ingress events. Valve Blocks

Figure 9. Westinghouse Fuel
Handling
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3.2.1.1.6 Helium Services

Helium services (see Figure 10) refer to the
systems and subsystems that handle the primary
coolant gas. It includes coolant cleanup
(purification) after shutdown and during
operations and maintenance of helium pressure
and inventory. It includes all the piping, valves,
compressors, helium storage tanks, monitoring
equipment, and filters necessary for helium gas
purification and makeup.

3.2.1.2 AREVA Summary

AREVA recommended that the NGNP be a 565SMWt
prismatic reactor (see Figure 11) for the following reasons ' . ' .
when compared with the pebble-bed reactor design: Figure 10. Westinghouse Helium Service

e Greater economic potential

e Higher power level and passive safety
e More useable power

e QGreater design flexibility

e Higher degree of license-ability

—  Concept previously licensed (Ft. St.
Vrain)

e Higher degree of predictability
—  Core performance
— Scheduled outages
— Less chance of forced outages

Ultimately, the AREVA study concluded that the
prismatic block high-temperature reactor (HTR) was the
preferred option to maximize the unit power level for best
economic performance. The details for the nuclear island
systems and components are given below.

3.21.21 Reactor and Core Figure 11. Prismatic Reactor

Fuel

The prismatic core uses hexagonal fuel blocks (360 mm flat-to- flat width) in an annular core.
There are two types of blocks; those with and those without control rod holes as shown in Figure
12.
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Figure 12. Prismatic fuel blocks (where the bottom figure has a control rod hole).

The prismatic fuel blocks contain fuel holes for fuel compacts and can contain holes for
burnable poisons. There are 1020 fuel blocks arranged in three columns to form the annular core.
The compacts are 12.5 mm in diameter and contain evenly dispersed spherical particles, known as
coated particles, in a graphite matrix.

Each coated particle consists of a spherical kernel surrounded by four coating layers (see
Figure 2). The reference kernel used by AREVA is uranium oxycarbide (UCO), and the backup
is uranium oxide (UO;). The innermost coating layer next to the kernel is known as the buffer
layer, and is followed in turn by a pyrocarbon layer known as the IPyC layer, a SiC layer, and
another pyrocarbon layer known as the OPyC layer. This coated particle design is known as the
TRISO design.

Reactor Internals

The reactor internals include the graphite reflectors (including the core restraints), control
rods, and the core barrel.

e Graphite reflectors — The graphite reflectors (see Figure 13) are graphite (ceramic)
blocks that provide moderation for the neutrons and act as a heat sink.

26



NGNP Pre-Conceptual Design Report INL/EXT-07-12967

Revision 1

November 2007

Upper replaceable

Lateral replaceable

Inner replaceable

Fuel

2}

L

Lower replaceable

Figure 13. Graphite Reflector

These blocks are divided into three zones: the central reflector (replaceable), the
inner side reflector (replaceable), and the outer side reflector (permanent). There are
also bottom and top graphite structures to support the core. The types of graphite
being considered are PCEA from GrafTech, NBG-17 from SGL, and NBG-18 from
SGL.

Control rods — The control
rods (see Figure 14) are split
into two categories: (1) 36
operating control rods located
in the inner ring of the outer
reflector, and (2) 12 start-up
control rods in the inner ring of
fuel columns. They are
comprised of an annular
neutron absorbing material
enclosed in carbon-carbon
(C/C) composite canisters
(cladding). The reference
absorbing material is B4C, but
other materials will be
considered in conceptual
design. The secondary
shutdown system is comprised
of spherical absorber elements Figure 14. Control Rods

that are dropped into the core

through selected channels of a

designated group of fuel block under gravity driving force. The use of C/C
composite materials for the control rod cladding requires significant R&D actions to
qualify this component and facilitate its approval by the NRC.

1
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Core barrel — The core barrel consists of a double wall, metallic structure between
the RPV and the outer side reflector. It supports the graphite blocks and helps to
maintain core geometry. The core barrel material is 800H.
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3.2.1.2.2 Vessels

Reactor Pressure Vessel (RPV)

The RPV (see Figure 15) is approximately 25 meters
high, 7.5 meters in diameter, and 150 mm thick in the
core belt line region. The upper head provides
penetrations for the control rod drives and fuel handling
system. The bottom head provides a single large
opening for the shutdown cooling system blower and
heat exchanger components. There are nozzle
penetrations in the lower portion of the cylindrical vessel — seismie stop e
that account for several loops. omees

25m

The reference RPV material is modified 9Cr-1Mo.
This is a developmental material for this application. An
American Society of Mechanical Engineers (ASME)
code extension is needed, and issues with availability, A S
fabricability, through thickness properties, and post- setre
weld heat treatment need to be resolved.

Other Vessels

AREVA defined two other systems as vessels — the
cross-vessels and IHX vessels.

The cross-vessels (see Figure 16) connect the lower
portion of the RPV to the lower portion of the [HX
vessels. The cross-vessels include a concentric duct
(primary hot gas duct) that separates the hot (core exit)
and the cold (core inlet) gas flow streams. The hot gas
duct is insulated to reduce regenerative heat losses to the
outer flow stream (core inlet cold gas). However, it is
not clear whether the cross-vessels will be allowed to be
defined as vessels rather than pipes. Figure 16. Cross Vessel

The IHX vessels connect the primary system to the
secondary heat transport loop and contain the heat exchangers. These are discussed below.

3.2.1.2.3 Shutdown Cooling

The shutdown cooling system is used for decay heat removal if the main circulator in the
primary loop trips, during refueling, or during accident conditions to supplement the passive
safety features of the reactor. The major components are: blowers, piping, heat exchangers,
valves, and instrumentation. Alternatives to the proposed system were also considered (e.g., by
having several loops off the RPV, one or two could be used both as a normal heat transfer loops,
and as decay heat removal loops).

In addition to the shutdown cooling system, there is a startup and decay heat removal system
that is attached to the secondary circuit through a heat exchanger. This loop contains a secondary
working fluid-to-atmosphere heat exchanger, a circulator, a series of valves for each IHX module,
and the required piping and control systems. This system provides a heat removal path during
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plant startup and shutdown. In addition, this system can provide heat removal during normal
shutdown modes when the primary loop and secondary circuit are available.

3.2.1.2.4 Reactor Cavity Cooling

The RCCS (see Figure 17) is a natural convection, water-based cooling system that removes
heat from the reactor cavity to protect the concrete walls of the cavity and the RPV supports
during both normal shutdown and accident conditions.

Water Storage
and Heat
Exchangers

VAN

iy
[ F——— > o e >
Oulet o Forced flow

Headers T S . -

Natural Comvection Flow

Reactor Vessel ¥
it P'imiel weall Cavity Conler

Lo RCCS Panel Detail L/ Reactor
+—_ [Inlet Headers Cavity
o Wall

Figure 17. Reactor Cavity Cooling

The RCCS is comprised of water-filled panels | | |
that line the inside of the cavity and are connected to e
water storage tanks. Heat is removed from the e
water storage tanks by a dedicated circulating water
loop with active forced flow that (1) picks up heat in
a water-to-water heat exchanger submerged in the
storage tanks, and (2) rejects the heat to the
atmosphere in a forced draft, wet, water-to-air heat
exchanger. This system contains both safety and
non-safety components. The panels, loop piping,

tanks, and heat circulation within the tank are all Fuelling Adapier Sl Fuel Elevator
. -, = im L'F poassit oy

safety related. The forced flow loop, pumps, and air - '

blast heat exchanger are non-safety related. If the ’ L ]

non-safety pumped circuit heat rejection path is not ;
available during conduction cooldown events, then BEEIEEE
water stored in tanks above the reactor vessel
continues to flow by natural circulation to the panel
wall heat exchangers, and heat is rejected by
vaporizing the water inventory and venting steam
through the water tanks to the atmosphere.

3.2.1.2.5 Fuel Handling

Fued Elevalor
= i DA N position

The fuel handling system (see Figure 18) is
based on the Ft. St. Vrain fuel handling system. It

consists of a fueling adaptor that is placed on top of Figure 18. Fuel Handling
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the RPV, a fuel elevator that is inserted through the fueling adaptor into the vessel, and a fuel
handling machine that is a robotic manipulator that can be inserted into an inner control rod drive
penetration. It is equipped with a grapple probe that can be inserted into the handling hole in the
top of any hexagonal block. Blocks (both fuel and graphite reflector) are moved one at a time.

3.2.1.2.6 Helium Services

Helium services refer to the systems and subsystems that handle the primary coolant gas. It
includes coolant cleanup (purification) after shutdown and during operations and maintenance of
helium pressure and inventory. It includes all the piping, valves, compressors, helium storage
tanks, monitoring equipment, and filters necessary for helium gas purification and makeup.

3.2.1.3 General Atomics Summary

General Atomics recommended that the
NGNP be a 500-600MWt prismatic reactor (see

Refueling
. . ! Stand Py
Figure 19) for the following reasons when e
. . Tm(23 ft) Control Rod
compared with the pebble-bed reactor design: S Drive Assembly
Cold leg Core
Coolant Upper
. Plenum C 1 Reod
e Inherently allows higher reactor Gride tubes
power levels, resulting in better Upper Pleumm Uppe Core Rt
: Shroud fructure
plant economics -
Central Reflector
8;1111('.’7&) Dia Graphite
e Involves fewer uncertainties (and el Flesee Conaal e
therefore less risk) with respect to: e
23.Tm(781t) .-'\qfll.}ularcshaped
— Dust in the primary coolant Cross Vessel
. . Nipple Outer Side Reflector
circuit Gravhite
Hot Duct
Structural
1 El t ——  Core Exit Hot Gas
—  Core thermal/hydraulic — \ ol T Pemm
performance > 3
T Graphite Care
Support Columns

— Replacement of graphite

reflector elements Tnsulstion Layer for Metallic

Core Support Plate

_,'II 2.2m(7ft) —  Shutdown Cocling

— Nuclear fuel accountability Hot Dt System Module

Insulation
Module

e Allows more flexibility regarding
the use of alternate fuel cycles, e
such as those fabricated from
surplus weapons grade plutonium Figure 19. 500 — 600 MWt Prismatic Reactor
or transuranics separated from
spent LWR fuel.

General Atomics felt the comparison revealed that the prismatic concept has a clear advantage over
the pebble-bed concept as the HTR type best suited for commercial deployment.

3.2.1.3.1 Reactor and Core

Fuel

The prismatic core is based on the GT-MHR design and uses hexagonal fuel blocks (360 mm
flat-to-flat width; 794 mm in length) in an annular core. There are two types of blocks: those
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with control rod holes and those without. The prismatic fuel blocks contain fuel holes for fuel
compacts, coolant holes, and holes for burnable poisons. There are 1020 fuel blocks arranged in
three columns to form the annular core.

The compacts are 12.45 mm in I —_
diameter, 49.3 mm in length, and
contain evenly dispersed spherical
particles, known as coated particles,
in a graphite matrix. Each coated
particle consists of a spherical kernel
surrounded by four coating layers.
The reference kernel used by
General Atomics is uranium
oxycarbide (UCO), where the startup
core would use uranium oxide
(UO,). The innermost coating layer FUEL PARTICLE
next to the kernel is known as the U

—§—— Pyrolytic Carbon
__—Silicon Carbide

1T Porous Carbon Buffer

T —Fuel Kernel

buffer layer, and is followed in turn
by a pyrocarbon layer known as the
IPyC layer, a SiC layer, and another
pyrocarbon layer known as the
OPyC layer. This coated particle
design is known as the TRISO
design. Figure 20 shows the fuel
particles, compacts, and blocks.

—

The General Atomics design for
the commercial Very High FUEL COMPACT FUEL ASSEMBLIES
Temperature Reactor (VHTR) also
considers using different fuel forms
based on the flexibility of the core
and reactor (e.g., plutonium-based
fuel, minor actinide bearing fuel, etc.). It would be envisioned that the NGNP could be the initial
test-bed for these different fuel types.

Figure 20. Fuel Kernel, Fuel Compact, and Fuel
Block/Assembly.

REPLACEABLE CENTRAL
& SIDE REFLECTORS

PERMANENT

Reactor Internals

The reactor internals include the graphite reflectors
(including the core restraints), control rods, and the core

barrel.
3 NEW COOLANT HOLES

HEZ MODEL FOR PSR

e Graphite reflectors — The graphite reflectors i
. . . [GRAPHITE ¥TH
(see Figure 21) are graphite (ceramic) blocks RS oDEL FORREPLACenBLE REDUCED DENSITY]
. . WITH NORMAL DENSITY]

that provide moderation for the neutrons and e MODEL OF
act as a heat sink. These blocks are divided

into three zones: the central reflector
(replaceable), the inner side rgﬂector MESHPONTS compiarey | ook
(replaceable), and the outer side reflector INTERFACE  HS INTERFACE
(permanent). There are also bottom and top

graphite structures to support the core.

Figure 21. Graphite Reflectors
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3.2.1.3.2

Control rods — The control rods are split into two categories: (1) 36 operating
control rods located in the inner ring of the outer reflector, and (2) 12 start-up control
rods in the inner ring of fuel columns that are fully withdrawn for operation. The
neutron absorber material consists of B4C granules uniformly dispersed in a graphite
matrix and formed into annular compacts. The compacts have an inner diameter of
52.8 mm, an outer diameter of 82.6 mm, and are enclosed in Incoloy 800H canisters
for structural support. Alternatively, C/C composite canisters may be used for
structural support. The use of C/C composite materials for the control rod cladding
requires significant R&D actions to qualify this component and facilitate its approval
by the Regulator.

The core also contains 18 channels for insertion of the secondary shutdown system
material (in the form of boronated pellets) in the event the control rods become
inoperable. The B4C granules are coated with dense PyC to prevent oxidation during
off-normal events.

Core barrel — Although the core barrel is referenced several times, no mention is
made of its specific geometrical configuration, or the material.

Vessels

Reactor Pressure Vessel (RPV)

The RPV (see Figure 22) is
approximately 31 meters high, 8.2 meters in
diameter, and 261 mm thick in the core belt
line region. The upper head provides
penetrations for the control rod drives and
fuel handling system. The bottom head
provides a single large opening for the
shutdown cooling system blower and heat
exchanger components. There are nozzle
penetrations in the lower portion of the
cylindrical vessel that account for two loops.

The reference RPV material is modified
2-1/4Cr-1Mo, but this particular material :
has low strength at the temperatures of
interest, which will require very thick
The 2-1/4Cr-1Mo-V material has Duct
better strength at the temperatures of interest
(similar to mod 9Cr-1Mo), but is not in
Section III (nuclear section) of the ASME

sections.

Drlve
Assemblies

Reactor
Metallic Internals

I
I Reflector

Reactor Vessel

Shutdown Cooling System

code. General Atomics is also consideringa  Figure 22. Reactor Pressure Vessel

design alternative to incorporate cooling of

the reactor vessel, which could potentially

lower reactor vessel temperatures to a level that would allow use of proven LWR vessel materials
(e.g., SAS08/SAS533 steel).
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Other Vessels

General Atomics defined two other
systems as vessels — the cross-vessels and
IHX vessels.

The cross-vessels connect the lower
portion of the RPV to the lower portion of
the PCS and IHX vessels. The cross-vessels
include a concentric duct (primary hot gas
duct) that separates the hot (core exit) and
the cold (core inlet) gas flow streams. The
hot gas duct is insulated to reduce heat
losses to the core inlet cold gas stream.
However, it is not clear whether the cross-
vessels will be allowed to be defined as
vessels rather than pipes. The cross-vessel
material will be identical to the RPV
material (i.e., 2-1/4Cr-1Mo or
SA508/SA533).

The PCS vessel contains the Figure 23. RPV, PCS Vessel, and IHX Vessel

turbomachinery and other PCS components,

and is connected directly to the primary system via a cross-vessel (described above). The [HX
vessel connects the primary system to the secondary heat transport loop, and contains the heat

exchangers. Both vessels will be made of the same material as the cross-vessel and RPV (see

Figure 23).

3.2.1.3.3 Shutdown Cooling

The shutdown cooling system is used
for decay heat removal if the main heat
removal system (the PCS) is offline, or it
can be used during accident conditions
(pressurized or depressurized) for decay
heat removal. The major components are: AIR INLET
blowers, piping, heat exchangers, valves,
and instrumentation

3.2.1.3.4 Reactor Cavity Cooling

The RCCS (see Figure 24) is a natural
convection, air-based cooling system that
removes heat from the reactor cavity to SUHE
protect the concrete walls of the cavity 53
during accident conditions when either the coouma /
shutdown or PCSs are inoperable. It is PANELS ;
comprised of panels that line the inside of
the cavity, which are connected to rising
concentric ducts that lead to an outlet
chimney and an air inlet. It is a completely

Figure 24. Reactor Cavity Cooling System
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passive design that has no pumps, circulators, valves, or other active components, and is designed
to operate continuously in all modes of plant operation.

3.2.1.3.5 Fuel Handling

Fuel Handling Equipment Positioner

The fuel handling system (see Figure e
25) will be similar to that designed for the
GT-MHR. This system includes the fuel
handling machine, two fuel transfer casks,
an auxiliary transfer cask, the fuel handling Hocmne 0\

i = ..
equipment positioner, the fuel handling ﬁ \ =
Fuel Transfer Cask

equipment support structure, and the local J
spent fuel storage and handling facilities.

Blocks (both fuel and graphite reflector) are
moved on a column-by-column basis, rather i Fuel Hancling Ecu.
than layer-by-layer. /_ e

S num;
AT T

- = ‘.

3.2.1.3.6 Helium Services = j
|

Support Skirt —/

Helium services refer to the systems
and subsystems that handle the primary
coolant gas. It includes coolant cleanup
(purification) after shutdown and during ﬁ{ﬂ
operations and maintenance of helium
pressure and inventory. It includes all the
piping, valves, compressors, helium storage
tanks, monitoring equipment, and filters
necessary for helium gas purification and makeup.

Fuel Transfer Cask Grapple

Fuel Transfer Cask Guide Sleeve

Fuel Handling
Machine Grapple

Figure 25. Fuel Handling System

3.2.1.4 Nuclear Island Conclusions and Recommendations

Table 6 summarizes the design conclusions and recommendations of the three contractor teams.
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Table 6. Summary of nuclear island system/subsystem choices.
System/Subsystem
Reactor and Core Vessels
Co;i;a;c]tor R Shutdown Reac.t or Fuel Helium
eactor Internals Other . Cavity . .
Fuel RPV Cooling Cooli Handling Services
Graphite Control Rods | Core Barrel Vessels ooling
Westinghouse TRISO Central 24 rods located Single wall, | 6.8 m HX Water-based | Water-based | Includes Includes
coated reflector in the side made of diameter; 30 | vessel system; used | system using | sphere helium
UO,; (replaceable); | reflector, made SS316H m length; using for normal standpipes; transport, purification
pebble-bed | inner side of annular material same shutdown, has both characteriza- and makeup
reflector pellets of B4C, SA508/533 material decay heat passive and tion, and
(replaceable); | with coaxial as RPV removal in active storage
outer side clad (clad case of components | system
reflector material not primary heat
(permanent) specified); transfer
secondary failure, and
shutdown using accidents
B4C balls in
central reflector
AREVA TRISO Central 36 control rods Double wall, | 7.5 m Cross- Water-based | Water-based | Includes Includes
coated reflector in side reflector, | made of diameter; 25 | vessels system; used | system using | fueling helium
UCO (UO;, | (replaceable); | and 12 start-up 800H m length; and IHX for decay panels; has adaptor, fuel purification
for first inner side rods in central material vessels heat removal | both passive | elevator, fuel | and makeup
core); reflector reflector all mod 9Cr- using in case of and active handling
prismatic (replaceable); | made of annular 1Mo same primary heat | components | machine, and
outer side B4C pellets in material transfer storage
reflector C/C composite as RPV failure, and
(permanent) clad; secondary (cross- accidents
shutdown using vessels
B4C balls connect
the RPV
to the THX
vessels)
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System/Subsystem
Reactor and Core Vessels
CO;Z?:SM R Shutdown | eactor Fuel Helium
eactor Internals Other . Cavity . .
Fuel RPV Cooling Cooli Handling Services
Graphite Control Rods | Core Barrel Vessels ooling
General TRISO Central 36 control rods Configura- 82 m Cross- Water-based | Air-based Includes fuel Includes
Atomics coated reflector in side reflector, | tion and diameter; 31 | vessels system; used | system using | handling helium
UCO (UO, | (replaceable); | and 12 start-up material not | m length; and IHX for decay panels; uses | machine and purification
for first inner side rods in central mentioned material 2- vessels heat removal | completely storage and makeup
core); reflector reflector all 1/4Cr-1Mo using in case of passive
prismatic (replaceable); | made of annular (SA508/533 | same primary heat | components
outer side BA4C pellets in alternate) material transfer (i.e., no
reflector 800H clad (C/C as RPV failure, and pumps,
(permanent) composite (cross- accidents valves, or
alternate); vessels circulators)
secondary connect
shutdown using the RPV
B4C balls to the IHX
vessels)

36




NGNP Pre-Conceptual Design Report INL/EXT-07-12967

Revision 1

November 2007

Based on these conclusions by each contractor team, the following is observed:

A reactor type should be chosen as early as possible to firm up fuel geometry and fuel kernel
type (UCO or UQO,).

Regardless of type, graphite needs to be qualified, and all designs have similar challenges.

Control rods recommended by contractor team are similar, except for the cladding material;
secondary shutdown is also similar.

Core barrel design and material are different for each contractor team, but there are no
significant issues with the designs or materials.

RPV material is different for each contractor team; the SA508 material used in the PBMR
reactor is currently used in LWR designs and will take less development and qualification
effort than the 9Cr-1Mo material that may be required for the prismatic designs. Procurement
issues with both materials require making an early decision.

The temperature of the RPV is based on thermal conductivity and thermal radiation
assumptions, which need to be verified.

The Project needs to resolve the issue of cross-vessel vs. piping (i.e., will the regulator accept
the cross-vessel argument); the material choice for each is different.

IHX vessel material is different for each contractor team. The same issues as identified for
the RPV potentially apply to the IHX vessel and the cross-vessel.

The shutdown cooling system is similar for each contractor team.

The RCCS is similar for Westinghouse and AREV A (water-based), but different for General
Atomics (air-based).

The Westinghouse PBMR uses an on-line refueling system; the AREVA and General
Atomics refueling systems are batch operated and require a plant shutdown.

Helium services are similar.

By choosing the reactor type earlier rather than later, several of the options could be eliminated, and
much of the needed research could be focused and/or eliminated. For example:

The fuel qualification program could be focused on a single fuel type, and any needed
facilities (or facility upgrades) could be either assessed against existing facilities or
construction/upgrades initiated.

Graphite choices could be narrowed, and needed qualification experiments could be
accelerated based on available irradiation space.

The type of fuel handling equipment and storage could be decided.

However, many of the recommendations are independent of the reactor type. As such, trade studies
should be performed to limit the choices. In particular, the following choices could be made prior to
conceptual design:
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e Control rod cladding configuration and material — Both the recommendations by the
contractor teams and current R&D have considered the same material options — high
temperature metallic alloy 800H or C/C composites. A decision could be made based on
factors such as technology maturity and performance.

e Core barrel design and material — Early studies on design and material performance based
on technology maturity and performance could be initiated.

e RPV material — Each contractor team proposed different reference materials. However,
early choices can be made to eliminate those materials that will not meet the performance
criteria or cannot be fabricated. For example, use of 2-1/4Cr-1Mo might be eliminated based
on material strength, and use of mod 9Cr-1Mo may be challenging based on issues with
through thickness properties, post weld heat treatment, and fabricability of large forgings.

o Cross-vessel — Discussions on categorizing the cross duct/piping (that connects the RPV to
the IHX vessels or PCS) as a vessel is critical for the safety case.

e |HX vessel material — As each contractor team has proposed to use the same material as the
RPV, the arguments are the same as those for the RPV.

e Purpose and use of the shutdown cooling system — This appears to simply be a design
choice based on the number of loops, the primary heat transport configuration, and the need
for alternative decay heat removal systems.

e Type of RCCS (water or air; active/passive, or just passive) — A decision could be made
based on factors such as technology maturity and performance. Validation experiments
would be key in such a decision.

e Secondary reactivity shutdown and helium services systems — Although some
differences exist, the secondary reactivity shutdown system and helium services system were
similar, and non-similar design choices can be made based on efficiency and cost.

3.2.2 Heat Transfer and Transport

Each of the contractor teams proposed specific heat transfer and transport designs in their PCDRs.
The design features, proposed thermal cycle, required equipment, and tradeoffs considered in selecting
the method of transferring and transporting process heat were included in each of the contractor teams’
PCDRs.

3.2.2.1 Westinghouse Summary

Westinghouse recommended the use of an indirect power conversion cycle and an indirect hydrogen
heat transport loop arranged in a serial fashion. The IHX for the hydrogen heat transport loop would be
placed first in the series to obtain the highest temperature gas from the nuclear reactor. A reactor outlet
temperature of 950°C and a temperature drop of 50°C across the hydrogen heat transport loop IHX were
assumed. The pressure of the primary loop was assumed to be 9 MPa, and the secondary loop was
assumed to operate at a pressure between 8.1 and 8.5 MPa. The power conversion cycle uses steam
generators and a Rankine Cycle to generate electricity and would be designed to receive the full power of
the reactor (see Figure 26 for a schematic of this configuration).
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Figure 26. Westinghouse Reference Configuration.

Westinghouse recommends the use of a two-section IHX. Section 1 (IHX A) would be expected to
operate at temperatures between 710 and 900°C and is expected to be replaceable. Section 2 (IHX B)
would be expected to operate at temperatures below 710°C and would be designed for a 60-year lifetime.
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IHX A may be composed of metal or ceramic, while IHX B would be made of metal. Both IHX sections
are recommended to be composed of compact heat exchanger modules, as it is believed that tubular heat
exchangers would be too large and costly to be economical.

The heat transport piping would be composed of layers of internal and external insulation, and would
employ concentric pipe arrangements that use colder gas to cool the metallic pipe surfaces that come in
contact with the highest temperature gases. Figure 27 shows a diagram of one such piping scheme.

Figure 27. Concentric Pipe Arrangement with Active Cooling.

Helium is the fluid of choice for the secondary heat transport loop. Molten salts were briefly
examined, and it was decided that there is not sufficient information available at this time to consider
deploying molten salt coolant in the NGNP.

3.2.2.2 AREVA Summary

AREVA provided two plant configurations — one that uses a Brayton cycle to generate electrical
power, and another that uses steam to generate electricity via a Rankine cycle. The Brayton-cycle
configuration is based on the ANTARES design, which was originally used by AREVA as the baseline
for application to NGNP requirements. In the course of their evaluations, AREVA concluded that the
Rankine-cycle configuration may be more adaptable to NGNP requirements. Though it is not stated
clearly in their final report, AREVA indicated in the 90% reviews that they favor the Rankine-cycle
configuration. These configurations are briefly described below.

The combined Brayton-cycle configuration assumed a 565 MWt reactor with an outlet temperature of
900°C and a reactor pressure of 5 MPa. It employs an indirect power conversion unit and an indirect
hydrogen heat transport loop. The secondary loop used to provide energy to the Brayton cycle turbines
uses a 20% He/80% N gas mixture at 5 MPa and would be designed to receive the full thermal energy
load from the reactor. Heat recovery steam generators would be deployed following the Brayton-cycle
turbines to supply a bottoming Rankine cycle.
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The hydrogen heat transport loop would operate with 100% He and at 5 MPa, and would be designed
to carry up to 60 MWt to the hydrogen plant.

AREVA recommends three primary to secondary heat transfer loops using metallic shell & tube heat
exchangers to supply gas to the power conversion loop. AREVA considers that the use of shell & tube
heat exchanger designs for the full-power conditions is less developmental than use of compact heat
exchanger designs to meet the 2018 startup objective. AREVA does recommend use of a smaller (60
MW?1) compact metallic heat exchanger in a fourth loop to supply the hydrogen process. The temperature
drop between the primary heat transport loop and the secondary power conversion loop is 50°C, while the
temperature drop for the hydrogen heat transport loop is 25°C, which takes credit for the greater heat
transport efficiencies of the compact heat exchanger designs. The indirect power conversion loop and
indirect hydrogen heat transport loop are linked to the primary cooling loop in parallel (see Figure 28 for
a schematic of this configuration).

The Rankine-cycle configuration differs from the Brayton-cycle configuration in that shell & tube
steam generators are directly coupled to the primary cooling loop to drive the steam turbines. The steam
generators are arranged in parallel with the hydrogen heat transport loop. The steam system would
operate at a temperature of approximately 550°C. No recommendation of steam system pressure was
provided. Section 3.2.3.2, AREVA PCS Summary, contains a schematic of this configuration.

900°C HT isolation valve

Primary

Circulator Circulator

== He
== He or N»/He
== \Vater/steam

) Generator

Compact THX vessel

Figure 28. AREVA Brayton-Cycle Configuration
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3.2.2.3 General Atomics Summary

General Atomics recommends the use of a direct Brayton cycle for electricity generation and an
indirect heat transport loop to transport thermal energy to the hydrogen production plant (see Figure 29).
The primary loop and the hydrogen heat transport loop would use helium at 7 MPa as a heat transport
medium. The hydrogen heat transport loop would be sized to transmit up to 65 MWt. The assumed
operating temperatures of the primary loop and hydrogen heat transport loop are 950°C and 925°C,
respectively. A compact metallic heat exchanger module is assumed to serve as the IHX for the hydrogen
heat transport loop. Helical coil IHXs were also discussed, but General Atomics believes that compact
heat exchangers will offer better performance and will be more economical.

Primary Helium Loop

L Secondary Helium Loop
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Figure 29. General Atomics Recommended Configuration

The pipe configuration for the hydrogen heat transport loop are parallel hot and cold transport pipes
that use internal and external pipe insulation to lower the temperature of the metallic pipe so that metals
less expensive than Inconel 617 can be used for the long-distance (i.e., 90 m) loop. Schematics of this
pipe insulation arrangement are shown in Figure 30.
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Figure 30. General Atomics Pipe Insulation Schematics.

The use of molten salt as a heat transport medium for the hydrogen heat transport loop was examined,
and it was determined that molten salt is not yet ready to be deployed. There are issues of corrosion and
materials compatibility, as well as concerns about the cost of the pipe materials, since it is believed that
internal insulation could not be used to protect the heat transport pipes against the temperature.

3.2.2.4  Heat Transport and Transfer Conclusions and Recommendations

The consensus is that helium should be used as the heat transport fluid in the hydrogen heat transport
loop. For AREVA and General Atomics, helium would be used for a dedicated hydrogen heat transport
loop; while for Westinghouse, helium would be used in a general secondary cooling loop, which would
supply power to the hydrogen plant and the power conversion unit.

The contractor teams also generally agreed that metallic heat exchangers should be used for the IHXs
whenever physically possible. While there were differences on whether tubular IHX designs or a
compact metallic heat exchanger designs should be used, a metallic IHX is more likely to be deployable
in the required time frame than a ceramic IHX.

Recommendations for future studies were focused on either tackling technical issues associated with
the construction and deployment of the NGNP (near-term) and on issues related to improving the
economics or reliability of NOAK systems (long-term). In the near term, it was recommended that
ASME certification of compact metallic heat exchanger designs at the NQA-1 level be pursued, and that
the code cases be prepared for Inconel 617 and/or other high-temperature alloys of interest. Current
ASME codes do not extend higher than 760°C for Inconel 617 and apply only to tubular heat exchangers.
Therefore, if metallic heat exchangers are going to be used, codification of the metals and the designs (if
compact heat exchangers are deployed) must be pursued in parallel with the NGNP design efforts.
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Questions related to tritium transport to the hydrogen plant are also of great interest, as tritium is a
potential contaminant in the hydrogen product. Further studies of tritium transport and tritium mitigation
need to be undertaken to ensure that the hydrogen product does not contain unacceptable levels of tritium.
It is expected that tritium studies must be performed in preparation for any licensing paperwork with the
NRC.

In the longer term, several studies were recommended. Ceramic heat exchangers are of great interest
because of their expected high-temperature performance and resistance to creep and corrosion. Also,
ceramics form much better barriers for tritium diffusion than metallic heat exchangers and may help
mitigate any tritium transport problems. It was recommended that ceramic heat exchangers be pursued
for eventual use as IHXs. This would require building an ASME code case for the ceramic materials of
interest and obtaining ASME certification of ceramic heat exchanger designs at the NQA-1 level.

Another area of interest is in the use of supercritical CO, for the power conversion unit. Preliminary
configuration studies have shown that the use of supercritical CO, in the power conversion unit may offer
increased efficiency vs. steam-driven and even helium-driven cycles. Additional work is needed to
construct and test process equipment and to understand the long-term interactions of supercritical CO, on
the materials of construction.

The last general area of interest was in the use of molten salts as long-distance heat transport fluids.
Helium can be used today for the heat transport loop, but its use is less efficient than if a liquid were used
due to the increased power requirements of moving a compressed gas vs. pumping a liquid. Also, using a
liquid salt instead of helium would allow for smaller-diameter piping and may allow the heat transport
loop to be extended over distances longer than several hundred meters without appreciable energy losses.
It is recommended that research continue in the area of molten salts as heat transfer fluids with the hope
that practical long-distance heat transport loops might eventually be constructed and tested that use
molten salt as a heat transport fluid.

3.2.3 Power Conversion System

Each of the contractor teams proposed specific PCSs, which are outlined in their respective PCDRs.
The PCS design details are given below as summaries from the recommendations from each contractor
team.

3.2.3.1 Westinghouse Summary

Westinghouse recommends the NGNP utilize a conventional Rankine power cycle (see Figure 31).
The use of a conventional Rankine cycle provided a flexible, well-proven, highly reliable system with the
potential for process integration and use of waste heat from the HPS. Additionally, with the exception of
the steam generator (SG), the major equipment is readily available from a multitude of vendors. R&D
requirements and cost uncertainty are limited to the SG.
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Figure 31. Direct Rankine Cycle Coupled to Reactor via Steam Generator

Key features of this design areas follows:

The system is designed using commercially available components to minimize R&D and
technology development needs.

High-temperature helium piping is minimized to limit leakage and system heat losses.

The system has capability to interact and accommodate operational transients associated with
the Hydrogen Production Unit Facility

INL is a dry site, so air-cooled condensing is selected.

Physical size limitations of SG components must be based on transportation limits. This may
influence selection of multiple trains.

The system must be adaptable to commercial sized application of hydrogen/power
cogeneration.

Design requirements and performance parameters for major equipment are identified:

Steam generator

Steam turbine generator
Feed-water heaters

Air-cooled condenser

Condensate and feed-water pumps
De-aerator

Support systems.
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The SG has been identified as a developmental component based on prior design development
experience for other HTGR applications. The requirements, configuration, materials, and design features
of this component require that a number of DDNs be satisfied for successful design, manufacturing,
delivery, and long-term operation of the prototype and follow-on components. Eighteen items of need are
identified for the SG.

It is recommended that studies be conducted in the subsequent conceptual design phase to optimize
selection of components influencing cost effectiveness of the PCS.

Steam Generator Design Trade Study

It is recommended that a future study be conducted that will evaluate alternative approaches for the
SG, including more conventional designs (e.g., refractory lined, U tube) compared to the once-through
helical-type SG proposed in the PCD. Single vs. multiple trains will be evaluated. The results of the
study will establish a path forward for design development of the steam generator.

Rankine Cycle Trade Study

Further engineering studies are recommended to optimize Rankine-cycle configuration and
performance during conceptual design. The study will assess costs and performance benefits of more
efficient cycles with steam reheat vs. more simple but less costly systems. The study will proceed in
conjunction with the SG design trade study discussed above.

Design Basis Transient Study

An engineering study is recommended to identify and analyze transient cases that could effect the
design requirements of the PCS regarding ensuring the safety of the NHSS and HTS. Demonstration
cases and commercial configurations will be assessed to ensure that the NHSS, HTS, and HPS function
within the design basis envelopes through the assumed transient conditions.

3.2.3.2 AREVA Summary

AREVA provided two PCS configurations — a Brayton combined cycle, and a Rankine cycle.
AREVA provided the Brayton cycle because it is based upon the ANTARES design; they provided the
Rankine cycle because it is what they believe would be more easily deployed in the 2016-2018
timeframe. Though it is not clearly stated in their PCDR, AREV A recommends the Rankine cycle for the
NGNP.

AREVA concluded that the Steam-Rankine cycle (possibly supercritical) is the best fit for near-term
applications (see Figure 32 and Table 7). It provides high-efficiency electricity production and can
readily service near-term process heat markets. The promising benefits of the supercritical CO, cycle
warrant continuing development for long-term electricity production applications. Further, a more
detailed evaluation of equipment costs and size would be beneficial for confirmation of these
recommendations.
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Figure 32. Steam Rankine Cycle

Table 7. Steam Rankine Cycle Power Balance

Power (MW) Efficiency (%)
Reactor 565.0 Carnot Efficiency 63.6%
Heat Losses -5.65 Gross Cycle Efficiency 46.6%
Circulator Power 10.97 % of Carnot 73.3%
Net to Cycle 570.3 Net Cycle Efficiency 42.8%
Steam Turbine 265.8
Gross Cycle Power 265.8
Generator Losses -5.3
BOP Losses -2.7
Circulator Power -11.0
Feed & Condensate -5.1
Net Cycle Power 241.7

3.2.3.3 General Atomics Summary

General Atomics’ recommendation consists of a direct cycle vertical integrated PCS design, which
was selected for the GT-MHR from trade studies performed as part of the GT-MHR PCD that was
developed under a joint initiative of the DOE and U.S. utilities between 1991- 1994. The original PCS
design concept was developed by General Atomics, General Electric, and Allied Signal. In 1994, the GT-
MHR was selected as the basis for a joint effort by the United States and Russia to design a modular
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helium reactor (MHR) to be used for disposition of weapons-grade plutonium. OKB Mechanical
Engineering (OKBM) was given responsibility for the GT-MHR design development and is the chief
designer of the reactor plant. In support of this arrangement, DOE also negotiated a contract with OKBM
to perform R&D work. Starting with the U.S. version of the GT-MHR PCS design, OKBM has further
developed the design through preliminary design and has made several design improvements. The PCS
design concept is shown in Figure 33
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Figure 33. General Atomics Recommended PCS Configuration.

. The PCS consists of four major components: a turbomachine, a recuperator, a precooler and
intercooler, and the in-vessel metalwork. The turbomachine speed is 4400 rpm, having a frequency at the
generator outlet of 73.33 Hz. A frequency converter is used to connect the generator with the outside grid
with a standard current frequency of 60 Hz.

The key design features include:

3.2.3.4

A direct Brayton cycle that provides high efficiency and superior economics

A vertical shaft that minimizes blade/stator clearances to reduce bypass flows, reduces plant
footprint and associated capital costs, and allows vertical lifts for maintenance and the use of
gravity to offset turbine thrust

Electromagnetic bearings that reduce energy losses and eliminate the possibility of lubricant
ingress into the primary circuit

A single stage of intercooling that improves thermal efficiency by about 2% over a non-
intercooled cycle

A submerged generator that eliminates a rotating seal in the primary pressure boundary and
reduces leakage of primary helium coolant.

Power Conversion Conclusions and Recommendations

The three contractor teams’ recommendations for the NGNP PCS are summarized in Table 8.
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Table 8. Contractor Recommendation for the NGNP PCS
Contractor Team Cycle Configuration PCS Type
Westinghouse Indirect cycle Rankine
AREVA Indirect cycle Steam Rankine

General Atomics

Direct cycle

Brayton

3.24

Hydrogen Plant

The Westinghouse and General Atomics teams proposed specific hydrogen production technology
recommendations. AREVA’s work scope did not include the hydrogen production plant.

3.2.4.1 Westinghouse Summary

Westinghouse’s PCDR recommended that the Hybrid Sulfur process be adopted as the hydrogen
production technology for the NGNP. The two-step Hybrid Sulfur process is a modification of the
thermochemical SI Process that eliminates the need for iodine by employing an electrolysis unit to re-
constitute the sulfuric acid and release the hydrogen from the feed water. This process is shown

schematically in Figure 34.
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Figure 34. Hybrid Sulfur Process Schematic.

Sulfunic Acid Vaporization
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According to Westinghouse, the Hybrid Sulfur process is the best fit for the NGNP because it requires
a significantly large portion of its energy in the form of high-temperature heat in comparison to high-
temperature electrolysis (making it potentially more efficient on a large scale), and because it is more
simple and straight-forward than the thermochemical SI process. Also, the process does not use iodine,
and so the burdensome separation trains related to iodine separation are not needed in this process.
Corrosion problems are also greatly reduced. The recommended size of the Hybrid Sulfur plant is 50
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MWt with additional power (13 MWe) provided by the NGNP’s power conversion unit or the electrical
grid.

High-temperature electrolysis was recommended as a back-up technology. Westinghouse also
identified hydrogen, oxygen, and liquid and solid waste materials as the significant products and by-
products of the hydrogen production plant.

3.2.4.2 General Atomics Summary

General Atomics recommended that the NGNP consist of two hydrogen production plants operating
in parallel — a thermochemical SI plant, and a high-temperature electrolysis plant. The SI plant uses a
three-step chemical reaction to split water into hydrogen and oxygen (see Figure 35), while the high-
temperature electrolysis splits water electrochemically into hydrogen and oxygen using a single
decomposition step (see Figure 36).
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Figure 35. SI Process for Making H, and O, from H,O.
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Figure 36. High-Temperature Electrolysis (SOEC = solid oxide electrolysis cell).

The SI process has been under development by General Atomics for more than 20 years and is the
leading plant offered by General Atomics. Toshiba is a member of General Atomics and has developed
solid oxide fuel cells that are part of the primary technology in the high-temperature electrolysis process.
Accordingly, General Atomics included this process as an alternative to the SI process for NGNP. No
parametric study or side-by-side comparison of these hydrogen production technologies was performed
by General Atomics, and each hydrogen production concept is offered without critical review.

General Atomics recommends a three-train SI plant having a total power requirement of 60 MWt and
a multi-module high-temperature electrolysis plant having a total power requirement of 4 MWt. Though
the technologies can be demonstrated at a smaller scale, these sizes are the minimum recommended size
for testing not only the individual plant performance, but also how commercially sized trains or modules
interact with each other and with the nuclear plant.

The significant products and by-products identified from the hydrogen plant include hydrogen,
oxygen, solid waste materials (e.g., discarded equipment, corrosion by-products), and trace contaminants
in the gas streams (e.g., tritium, sulfur dioxide).

3.24.3 Hydrogen Plant Conclusions and Recommendations

Though the approaches taken by General Atomics and Westinghouse were different, their opinions on
the size of the hydrogen plant were consistent. Both contractor teams recommend that full-sized trains be
demonstrated in the hydrogen production plant, and that multiple trains be operated to understand how
modularized trains interact with each other and with the nuclear plant. Both contractor teams have also
listed tritium and waste materials as significant items of interest that will need further examination.

Westinghouse recommends that more work be done to fully define the flow sheets and supporting
thermodynamics and kinetics data for the hydrogen production processes under consideration. The flow
sheets provide information on the energy and mass balances, stream chemical compositions and flow
rates, and so forth, and are used to support component sizing determinations, component development
activities, develop plant layouts, and other uses. Having reference flow sheets is a pre-requisite to
preliminary hydrogen plant design, and so this activity should be placed high on the list of priorities.

Both contractor teams recommended that detailed tritium transport modeling be performed to
understand how tritium moves from the nuclear plant to the hydrogen plant and how tritium
contamination might be mitigated through operational and engineering controls. Conceptual design of the
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feed water purification plant and the waste disposal processes for the hydrogen production plant was also
recommended as it has bearing on the permitting and cost of the plant.

Market studies were recommended for the hydrogen and oxygen product in the context of the local
market for the NGNP. Though the EPAct was silent on the need to demonstrate a use for the hydrogen
and oxygen produced by the NGNP, there is significant opportunity once the NGNP is operating for
testing add-on technologies and other industrial plants that might use hydrogen and oxygen to produce
synthetic fuels or to process or produce other industrial materials.

3.25 Balance of Plant

Each of the contractor teams proposed specific details concerning the BOP. Westinghouse’s work
scope included the entire BOP, while both the AREVA and General Atomics teams’ work scope only
included those key BOP systems and structures necessary to support their design, capital cost estimate,
and schedule at a PCD level.

3.2.5.1 Westinghouse Summary

The Westinghouse PCD of the BOP systems was based on similar systems and components
developed for the Advanced Light Water Reactor Utility Requirements Document and systems used on
typical power plant and industrial projects. The Westinghouse BOP systems provide the mechanical and
electrical support utilities for all areas and processes in the plant, and environmental control systems for
those buildings in the PCS, HPS, and BOP buildings. Also included are the site security systems and
environmental monitoring systems.

To minimize water consumption by the BOP systems, it is proposed to use closed-circuit cooling
towers for the component cooling water heat sink and to use air-cooled chillers for HVAC chilled water.
This approach reduces evaporation, blow-down, and drift losses associated with standard cooling towers.

It has been determined that the HPS system makeup and evaporative coolers for the NHSS, PCS, and
HPS call for a significant amount of water requiring treatment and recycling. The wastewater treatment
system is designed to use an evaporator to remove solids and recover water for reuse by the plant
(service) water system.

The BOP systems interface with the NHSS, HPS, and PCS major systems to supply and receive
electric power, make up water, cooling water, wastewater, compressed air, control and supervision, solid
and liquid waste, compressed gases, and laboratory support. The Westinghouse BOP systems include
those systems that generally provide support functions for more than one of the major systems in the
plant, namely:

e Plant Control and Instrumentation Systems

e Plant Electrical Distribution System

e Plant Water System

e Auxiliary Cooling (Component Cooling) Water System
e Potable Water System

e Demineralized Water System

e Chilled Water System

e BOP HVAC System
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e Compressed Air System

e Equipment Handling System

e Decontamination System

e Waste Handling Systems

e Wastewater Treatment System
e Fire Protection System

e Environmental Monitoring Systems
e Sanitary Sewer System

e QGas Storage and Supply System
e Laboratories

e Auxiliary Boiler

e Storm Water System.

The Westinghouse BOP systems identified and described in Section 9.0 of the Westinghouse PCDR
have been developed to provide necessary support functions to the NHSS, PCS, and HPS, as well as to
provide building serviced to the remainder of the proposed NGNP facility. The system-by-system
discussion in the Westinghouse PCDR details the requirements and functions for each of these systems,
and describes the features and equipment associated with the primary and subsystems associated within
each. Since these BOP systems and the associated equipment are commonly used in power and other
industrial applications, it is not anticipated that design data related to technology development are
required. Westinghouse recommends that trade studies be performed in the conceptual design phase for
water and wastewater optimization and control system architecture, as described below.

Water and Wastewater System Optimization Trade Study

It is recommended that a trade study be performed in the conceptual design phase to optimize the
approach to water and wastewater usage, treatment, and disposal. This recommendation is based on the
assumption the NGNP will be a zero liquid discharge site, and large amounts of water are required for
make up and cooling of HPS, PCS, and BOP systems. Treatment is required for process discharge and
blow-down from these systems.

Control System Architecture

It is recommended that a study be conducted to investigate costs, safety, and benefits of an integrated
vs. distributed control system and the locations for various system control functions throughout the plant
site to satisfy operational and safety needs of the NHSS, PCS, HPS, and BOP systems. Figure 37 is a
block diagram of the Westinghouse Central Control and Supervisory System (CCSS) proposed for the
NGNP.
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Figure 37. CCSS Block Diagram
3.25.2 AREVA Summary

The AREVA SOW did not include the PCD of the entire BOP. As such, the AREVA Pre-Conceptual
Design Studies Report (PCDSR) included only those key BOP systems and structures necessary to

support their design, capital cost estimate, and schedule at a PCD level. AREVA identified the following
key BOP systems in their PCDSR:

Radioactive Waste and Decontamination System

Plant Control System

Plant Protection System

Plant Monitoring System

Electrical System

Component Handling System.

Overall control of the NGNP facility is provided by the Plant Supervisory Control System (see Figure
38). This system provides coordination between the nuclear heat source, the power generating facility,
and the hydrogen production facility. It oversees overall load control for the plant and coordinates startup
and shutdown activities. Actual control and protection functions within the nuclear heat source and
within the hydrogen production facility are handled by separate dedicated systems. These systems
receive load instructions from the supervisory system.
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Figure 38. Simplified Overall Plant Control Configuration

The Plant Protection System is a collection of safety and non-safety systems. It includes the
following safety-related systems:

Reactor Protection System

Reactor Control and Limitation System

Priority and Actuator Control System

Post-Accident Monitoring System

Seismic Monitoring System.

It also includes the following non-safety systems:

Investment Protection System

Diagnostic and Maintenance System for Safety Instrumentation and Control (1&C).

The Plant Electrical System and its associated subsystems support the process and BOP facility
functions and services during all modes of plant operation, including start-up and testing, normal
operation, shutdown, and plant outages. The system includes the following subsystems:

Plant Main AC Power Supply

DC and Uninterruptible Power Supply

Plant Standby Power Supply.

The main buildings identified in the AREVA PCDSR as having significant impact on the construction
cost estimate are as follows:

Reactor Building

Reactor Service Building

Reactor Auxiliary Building
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Personnel Service Building

Make Up Water and Auxiliary Boiler Building
Control Building

Radioactive Waste Management Building

Hot and Cold Machine Shops

Power Conversion Building.

The AREVA PCDSR did not identify any technology development or R&D needs for BOP systems
and structures.

3.2.5.3

General Atomics Summary

The General Atomics’ SOW did not include the PCD of the entire BOP. As such, the General
Atomics’ PCDSR included only those key BOP systems and structures necessary to support their design,
capital cost estimate, and schedule at a PCD level. General Atomics identified the following key BOP
systems in their PCDSR:

Plant Operation and Control System

Waste Heat Rejection System

Spent Fuel Cooling System

Nuclear Island Cooling System

Essential Plant AC Electrical System

Essential Plant DC Electrical System

Nuclear Island HVAC System

BOP HVAC System

Power Conversion Handling System
Radioactive Waste and Decontamination System
Hydrogen and Oxygen Storage and Handling System
Chemical Storage System

Hydrogen Distribution System

Water Supply System.

The Plant Operation and Control System provides normal control and instrumentation functions and
overall integration of the control and protection functions into a combined plant control system. The
Nuclear Island Cooling System provides auxiliary cooling to a number of users in the immediate reactor
area. These include:

Shutdown Cooling Water System
Primary Coolant Helium Purification Cooling Water System

Liquid Nitrogen Recondenser(s)
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e Gaseous Radwaste System Compressors
e Helium Transfer and Storage System (Transfer Compressors)

e Various Nuclear Island Sampling Systems.

The Nuclear Island Cooling System is a closed-loop arrangement consisting of two 100% capacity
pumps, five 25% capacity air-cooled heat exchangers, a surge tank, and a water chemistry package.

The BOP HVAC System provides heating, ventilation, and air conditioning services to the following
buildings:

e Reactor Service Building

e Main Control Building

e Radioactive Waste Management Building
e Administration Building

e Personnel Service Building
e Maintenance Building

e Auxiliary Services Building
e Remote Shutdown Building
e Hot Machine Shop

e (Cold Machine Shop

e Security Structures

e Storage Facilities

e Miscellaneous Support Buildings.

The Power Conversion Handling System is composed of equipment contained within the PCS that is
designed for removal of PCS components as may be necessary for replacement, cleaning, or repair during
a maintenance outage scheduled for that purpose. It is expected that these activities will require the use of
remotely operated handling equipment in concert with approved procedures due to the radiation fields
caused by accumulated plate-out of radioactive deposits on the various power conversion equipment
surfaces. Such remote handling equipment involves special purpose robotic devices that contain multiple
operating heads as necessary to perform welding, cutting, machining, local in-situ post-weld heat
treatment, X-Ray radiography, and laser alignment procedures. Various manipulators capable of making
and breaking bolted connections are also required.

The main buildings/structures identified in the General Atomics’ PCDSR as having significant impact
on the construction cost estimate are as follows:

e Helium Storage Structure
e Nuclear Island Warehouse
e Personnel Services Building

e Reactor Containment Building
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Reactor Services Building
Radioactive Waste Management Building
Remote Shutdown Building

Interim Spent Fuel Storage
Operations Center

Water Treatment Facility

Standby Power Facility
Turbomachinery Maintenance Facility
Fire Protection Pump House
Auxiliary Building

Cask Washdown Bay

Unit Transformer

Fire Water Storage Tank
Demineralized Water Storage Tank
Standby Power System Fuel Storage
Switchyard

HTE Area

SI Process Area.

The General Atomics’ PCDR identified the need for a Hydrogen and Oxygen Storage and Handling
System trade study to determine the most economic storage mode for use with the anticipated hydrogen
production plant consistent with user demands and with the volume of space that could be allocated for
such storage. The General Atomics’ PCDSR also identified the Plant Operation and Control System as

having the following technology development or R&D needs:

3.2.5.4

Nuclear Island Control and Instrumentation

Verify Core Inlet and Outlet Helium Temperature Measurement Instrumentation

Verify Plateout Probe Operation.

Conclusions and Recommendations

The three contractor teams each prepared and provided BOP information in accordance with their
respective scopes of work. Westinghouse was the only contractor team tasked with the PCD of the entire
NGNP BOP. Both AREVA and General Atomics SOW did not include the PCD of the entire BOP. The
AREVA and General Atomics PCDSRs included only those key BOP systems and structures necessary to

support their design, capital cost estimate, and schedule at a PCD level.

In summary, it is recommended that the following trade studies be performed in the conceptual design

phase:
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e Water and Wastewater System Optimization Trade Study to optimize the approach to water
and wastewater usage, treatment, and disposal

e Control System Architecture Trade Study to investigate costs, safety, and benefits of an
integrated vs. distributed control system and the locations for various system control
functions throughout the plant site

e Hydrogen and Oxygen Storage and Handling Trade Study to determine the most economic
storage mode for use with the anticipated hydrogen production plant consistent with user
demands, and with the volume of space that could be allocated for such storage

It is also recommended that the following Plant Operation and Control System technology
development/R&D needs be addressed:

e Nuclear Island Control and Instrumentation
e Verify Core Inlet and Outlet Helium Temperature Measurement Instrumentation

e Verify Plateout Probe Operation.

3.2.6 Site Integration

Each of the three subcontractor teams prepared PCD site integration information for the NGNP. The
Westinghouse team's site integration work focused on systems integration, which is the process that leads
to the formal establishment of design requirements for SSCs. The AREVA and General Atomics teams'
site integration work focused on the SRM, which defines and documents the requirements for the NGNP.
The following information summarizes the site integration work conducted by each of the three
subcontractor teams.

3.2.6.1 Westinghouse Summary

The Westinghouse PCDR provided a summary of the NGNP demonstration design and the process
that leads to the formal establishment of design requirements for SSCs. Those design requirements are
the starting point for the subsequent sections on system and building descriptions.

Systems integration is a disciplined approach to managing and designing complex systems. It is
required for the successful attainment of goals where divergent engineering technologies from separate
disciplines are combined. Aerospace and nuclear projects are examples of such complex systems where
formal systems engineering is applied with success. The core of the systems integration process in the
pre-conceptual and conceptual design phases is the development of design requirements. The process is
vital at the beginning of the design process, and system integration needs to be maintained as a process
during design, capturing, linking, analyzing, and managing changes to requirements and their traceability.
Successful system integration also ensures conformance to the plant user’s goals and compliance of the
resulting design with regulations and standards.

This process and the resulting requirements flow-down are one step down from the “top” of the
documentation “pyramid” and at the convergence of the documentation of the overall systems. The
documentation is as follows:

e Summary Description of the Reference Design
e The Plant WBS

e Organization of the Plant Systems
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Identification of Critical SSCs

Allocation of Top Level Requirements to Overall Systems
Allocation of Functions to Overall Systems

Tabulation of Plant Interfaces

Tabulation of Overall System-to-System Interfaces.

The objective of NGNP Systems Integration is to establish and control the design requirements
whereby an optimal balance is adopted in the overall integrated plant design. The design requirements
come (1) from the top-level user, regulatory, and mission-specific plant design requirements, and (2) from
functional requirements. The functional requirements are developed according to formal functional
analysis that responds to the top-level requirements.

Functional analysis is one element of an integrated approach to overall design that has been
previously defined. It has been applied in the past to related nuclear plant designs, particularly in detail to
the Modular High Temperature Gas-Cooled Reactor (MHTGR) and at the top-level to hydrogen
production design concepts.

The role of functions and requirements in the integrated design and technology development program
is illustrated in Figure 39. Also shown is the relationship of the design process to technology
development via the DDNS.

60



NGNP Pre-Conceptual Design Report

INL/EXT-07-12967

Revision 1 November 2007
Tap Level
Regumrements
i
Furictlonal
Analysis
*
Dresign
Raquiremanls
+
Bndlyses &
Trade Studias [
&
Anmpmiplions
o+
Deesigm
Baléctions |
Recyols to I
Analyses & I
Trade Studies
Diesign I
Selecticns mest I
Regmls
Reevaluate I
with besting g
regiilla 1 1
l & Materials Guslifisaticns
Ha besling Technolagy Develop R&D o Diesign Cods Appraval
" d Dresign Data Pragram
maainid NH:E Weeds [DDMs] I Developmemnt * Perform Tests
® Analysis Code
I Warifeaticn
De=ign I
TR Design | R&D
[

Figure 39. Process of Design and Development

Figure 40 shows the relationship of the sections of the Westinghouse NGNP PCDR, with emphasis on
Section 3, Plant Level Design and Integration. Figure 41 schematically shows how the design
requirements evolve, with a key to the subsections of Section 3 of the Westinghouse NGNP PCDR.
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For plant-level design and system integration, there are several apparent complexities that represent
risks. These are associated with the meshing of the methods and disciplines of nuclear engineering and
those of the chemical process industry. Slightly different approaches and practices could result in
engineering disconnects that could pose a potential risk to fulfilling overall goals. These are to be
addressed in the ongoing WBS element of plant-level design and integration. No DDNs have been
identified to date for plant-level design and integration.

Areas where this complexity may affect the plant level design include the following:

e Maintenance of a tight envelope of nuclear-related focus apart from conventional (non-
nuclear) process related

e Determination of developmental maturity in design engineering phases and the need to
maintain fallback or performance options.

The functional Analysis will be revised and refined in the conceptual design phase. This will include
establishing a scheme for tracking requirements down through the plant design documentation.
Additionally, the scopes of the description, the WBS, the organization of systems, and the allocation of
top-level requirements will need to be expanded as the design progresses. Tabulations of functions,
requirements, and interfaces could be expanded to tiers below the level of the overall systems to the major
SSCs. To respond to these and other needs as the design progresses, a front-end future special study is
recommended to select a commercially available systems engineering software, such as CORE® or
DOORS®, for these tasks.

There is a need for a comprehensive transient computational model for the NGNP. This model would
predict the performance of the actual plant in other than the steady-state mode. Such a program is needed
for several applications, the most significant being to generate the thermal and mechanical loads imposed
on SSCs for use in their design analyses. The model is also essential to determine control set points and
controller dynamic settings and to verify the adequacy of protective features of the control systems. The
model will also serve to develop plant simulation for planning of operations and for operator training.

A Value Engineering process should be initiated for the conceptual design phase. Value Engineering
is a systematic evaluation of the plant design features, particularly addressing the features that challenge
technology and/or drive overall cost, to find more elegant solutions that will improve system performance
and/or reduce cost compared to the initial selections. To be effective, a Value Engineering study needs to
allow some time for the conceptual design to start and take shape, but not so long that the opportunities to
make changes are lost. The Value Engineering studies would be at the facility level or system level, or a
combination, based on an initial screening process.

3.2.6.2 AREVA Summary

The AREVA PCDSR included an SRM that defines the requirements for the NGNP with hydrogen
production. AREVA noted that a similar SRM will be required for the fuel fabrication plant.

The AREVA SRM was prepared at the PCD phase of the project and detailed the design requirements
at this level. AS such, the scope of the initial effort did not include preparing requirements for all
sections. . The AREVA format can be expanded for use in the conceptual design and later phases. The
AREVA outline contains the sections needed for a complete SRM, but only limited requirements were
included in certain sections as necessary to drive the AREVA NGNP design adaptation work.

The NGNP process heat load demand drives the nuclear heat source design options and decisions.
For the purposes of this project, the hydrogen production plant was not included in the AREVA SOW.
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Therefore, the requirements for the process heat load were based on a hydrogen production plant using
the thermo-chemical SI process or a thermally assisted electrolysis method. The heat load requirements
for other hydrogen production schemes can be different from what was assumed for this work; therefore,
the design of the nuclear heat source produced by this set of requirements is optimized for the SI or the
HTE methods of hydrogen production.

It is a general practice that system requirements must be uniquely numbered to be referenced and
traceable in down-stream documentation. At the PCD stage, it is premature to define an exact numbering
system that would allow sufficient flexibility for design, function, and requirement changes that may
occur during conceptual design. Therefore, requirements in the AREVA SRM are listed with a rather
elementary numbering system, and it is recommended that requirements listed in this document be
referred to by section number followed by a dash and the requirement number. For instance, requirement
#3 from Section 7.3.1.2 would be referred to as 7.3.1.2-3.

Figure 42 shows the hierarchy proposed by AREVA for the requirements of the NGNP. At the
highest levels are the project goals and objectives as well as the regulatory requirements for the plant,
which are documented in Section 3.0 of the AREVA SRM. From these requirements, the plant level
functions and requirements are defined and documented in Section 4.0 and 5.0 of the AREVA SRM,
respectively. The functions and requirements of each of the individual systems and subsystems are then
defined in Section 7.0 of the AREVA SRM; each of these system level functions and requirements is
based upon one or more of the top-level requirements defined above.
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Figure 42. Proposed Hierarchy for the Requirements
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From a systems engineering and functional analysis point of view, a formal process for developing
requirements at each level must be applied. At the top level of this project, requirements are drawn from
NGNP program goals and objectives as well as from various regulatory requirements. These top-level
requirements are all externally defined. At the plant level, requirements are developed by determining
what will be required of the plant to satisfy each of the top-level requirements; this may involve several
levels of requirements at the plant level. From this point, systems requirements, divided between each of
the areas of the plant (Nuclear Island, Electric Plant, Hydrogen Plant, and BOP) and possibly involving
several levels of requirements, are developed by determining what will be required of each system based
on each of the above requirements. This process is repeated at the subsystem and eventually the
component level.

In the PCD phase, the plant design is not at a mature enough level to strictly follow the process
described above. Therefore, this phase uses a simpler approach. It lists top-level requirements taken
from the NGNP project goals and objectives as well as various regulatory requirements. At the system
and subsystem level, however, requirements were developed based on requirements from other more
mature designs, such as the AREVA ANTARES concept and the General Atomics GT-MHR and
MHTGR designs.

In the conceptual design phase, a more structured and rigorous approach to systems engineering will
be necessary. This will be a top-down approach to system design development, and AREVA will use a
standard computer software tool, such as CORE® from Vitech Corporation. System engineering
processes and procedures will be uniquely configured and implemented at the start of conceptual design.

The AREVA SRM contains general requirements for each of the plant designs, from the top-level
requirements to the plant level and eventually the system and subsystem levels. The set of requirements
developed here are considered sufficient for the NGNP PCD adaptation work and set the starting point for
the subsequent conceptual design phase.

3.2.6.3 General Atomics Summary

The General Atomics SRM includes both institutionally imposed and functionally derived
requirements. At the top level, the requirements define the objectives for the plant, and at lower levels
they specify how the objectives will be achieved. The top most requirements include the project mission,
as defined in the EPAct, and the NGNP Project objectives, as defined by DOE/INL in the Next
Generation Nuclear Plant Project Preliminary Project Management Plan, INL/EXT-05-00952. At the
next level are the high-level functions and requirements as defined in the Next Generation Nuclear Plant
High Level Functions and Requirements, INEEL/EXT-03-01163, as modified based on the
recommendations of the ITRG in Design Features and Technology Uncertainties for the Next Generation
Nuclear Plant INEEL/EXT-04-01816.

The organization of the General Atomics SRM and the approach used for requirements flow-down
are based on the NP-MHTGR Plant Design Requirements Document, Preliminary Issue, CEGA-000002,
Rev 3, developed by General Atomics for the GT-MHR, and Overall Plant Design Specification,
600MW(t) GT-MHR, DOE-GT-MHR-100001, Rev. 0, developed by General Atomics for the NP-
MHTGR. Section 2 of the General Atomics SRM identifies the institutional requirements that comprise
the basis for the NGNP design. These requirements include the mission statement, the mission
objectives, and the high-level functions and requirements established by the INL. Section 2 also
identifies other institutional requirements that must be considered in defining the NGNP plant-level
requirements. These institutional requirements include DOE/INL programmatic requirements, regulatory
requirements, environmental and safety requirements, utility/user recommendations for the NGNP, and
utility/user requirements for a commercial MHR. The latter requirements are particularly pertinent given
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that a primary mission of the NGNP is to serve as a prototype for a commercial VHTR. Section 3 of the
General Atomics SRM lists the plant-level requirements derived from the high-level institutional
requirements identified in Section 2. Section 4 performs the critical function of translating the plant-level
requirements stated in Section 3 into design requirements applicable to the plant systems. This flow
down of requirements is intended to ensure that the individual plant systems will be designed such that
the plant as a whole will meet its requirements.

Given the INL-stated purpose of the initial version of the SRM, General Atomics believes that it
would be appropriate to limit the scope of their SRM to a flow-down of NGNP requirements to the plant
level; deferring lower-level requirements definition until after NGNP concept down-selection at the end
of the PCD phase of the project. However, in recognition of past DOE-sponsored work by General
Atomics that has resulted in a relatively-mature definition of the GT-MHR concept and PCDs for both SI-
based and HTE-based commercial H,-MHR plants, General Atomics expanded the scope of their initial
version of the SRM to include design-specific requirements developed for the GT-MHR and the H,-
MHR. The previous work on the GT-MHR included essentially the same concept selection studies that
were performed as part of the scope of the NGNP PCD.

Table 9 presents a set of preliminary selections for the NGNP design that are based on the GT-MHR
and H,-MHR design studies. These preliminary selections serve as the point of departure for General
Atomics’ NGNP PCD effort and are the basis for the design-specific system-level requirements presented
in Section 4 of the General Atomics SRM.

Table 9. General Atomics Preliminary Selections for the NGNP Design

Property Design Selection
Reactor type Prismatic block
Reactor power 550 MW(t) with stretch capability to 600 MW(t)
Power conversion cycle Direct, Brayton cycle gas turbine
Number of loops 2
Primary coolant Helium
Core inlet helium temperature 490°C - 590°C
Core outlet helium temperature 850°C - 950°C
Secondary loop working fluid Helium
Hydrogen production process SI, HTE

The systems, the functions of the systems, and the design-specific requirements for these systems
defined in General Atomics’ initial version of the SRM are preliminary in nature and will need to be
updated as the design of the NGNP evolves. Nevertheless, General Atomics considered it appropriate to
incorporate the GT-MHR and H,-MHR information into the SRM at this time to provide the guidance to
the NGNP PCD effort and to establish a methodology and framework for further development of the
requirements for the NGNP.

3.2.6.4 Conclusions and Recommendations

The three contractor teams each prepared and provided an SRM in accordance with their respective
SOWs. Each of the three SRMs provides an adequate level of detail at the PCD stage of the NGNP.
These SRMs will establish the methodology and framework for further development of the requirements
for the NGNP.
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The NGNP SRM (see Section 5 and Appendix D) will be updated during the next phase of design
development. The functional analysis will also be revised and refined in the conceptual design phase.
This will include establishing a scheme for tracking requirements down through the plant design
documentation. Additionally, the scopes of the description, the WBS, the organization of systems, and

the allocation of top-level requirements will need to be expanded as the design progresses. Tabulations of

functions, requirements, and interfaces could be expanded to tiers below the level of the overall systems
to the major SSCs. To respond to these and other needs as the design progresses, a front-end future

special study is recommended to select a commercially available systems engineering software, such as
CORE" or DOORS®, for these tasks.

3.2.7

Table 10 summarizes the operating conditions and the configurations proposed by the three contractor

Overall Pre-Conceptual Design Conclusions and Recommendations

teams for the NGNP and as a single module for the commercial application of the HTGR technology.

Table 10. Proposed Operating Conditions and Configurations

Item Westinghouse AREVA General Atomics
Functional and Operational Requirements
Power Level, MWt 500 MWt 565 MWt 550 - 600 MWt
Outlet Temperature, °C 950°C 900°C Up to 950°C
Inlet Temperature, °C 400°C 500°C 490°C
Cycle Configuration Indirect — Series hydrogen | Indirect — Parallel Direct PCS

process and power
conversion

hydrogen process and
power conversion

Parallel indirect hydrogen
process

Secondary Fluid

He

He-Nitrogen to PCS

He to H, Process

He

Power Conversion Power

100% of reactor power

100% of reactor power

100% of Reactor Power

Hydrogen Plant Power 10% of reactor power 10% of reactor power 5 MWt-HTE
60 MWt —S-1
Reactor Core Design Pebble Bed Prismatic Prismatic
Fuel TRISO UO, TRISO UCO TRISO
Variable
RPV Design Cooled by primary Not cooled; potentially Not cooled
coolant insulated
RPV Material SAS508/533 9Cr1Mo 2-1/4 Cr— 1Mo
9Cr-1Mo
Reactor cavity cooling Water jacket Water jacket Natural circulation
cooling
Shutdown Cooling Core conditioning system | Water cooled separate Active with water cooled
— water cooled heat exchanger auxiliary heat exchanger
Potential use of THXs and dedicated circulator
IHX Printed Circuit Heat Power — 3 - Helical Coil Process — printed circuit
Exchanger (PCHE), Shell & Tube, In 617 heat exchanger, In617

Inconel617 material

Process — PCHE or Fin-
Plate, Inconel 617
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Ttem Westinghouse AREVA General Atomics
Functional and Operational Requirements
Hydrogen Plant Hybrid thermo-chemical Initial -HTE Initial - HTE
plus electrolysis Longer Term — SI Longer Term — SI
Power Conversion Rankine; standard fossil Rankine using Direct gas turbine
power turbine generator commercial turbine Option — Direct

set generator equipment Combined Cycle

The operating conditions and the configurations proposed by the three contractor teams will be
considered in establishing the criteria and requirements for which the NGNP final design and operating
conditions will be decided. The PCDR Executive Summary Reports prepared by each of the vendors are
included as Appendices I, J, and K.

4. MISSION NEEDS / FUNCTIONAL and OPERATIONAL
REQUIREMENTS

4.1 Mission Needs

As stated in the 2005 EPAct (Public Law 109-58 Subtitle C; Sec 641-645), the NGNP shall
demonstrate the production of electricity, hydrogen or both using high temperature gas cooled graphite
moderated nuclear reactor technology, herein referred to at High Temperature Gas Reactor (HTGR)
technology. The demonstration plant shall be sited at the INL. The development of the plant shall be
completed in a cost-sharing public-private partnership between industry and the Department of Energy
using commercial processes. The plant shall be owned by the DOE, but will be operated by a non-
government entity directed by the industry Alliance in partnership with DOE. This non-governmental
entity shall hold and maintain the license for operation of the plant as issued by the NRC. The mission of
the plant shall be to demonstrate the technical, licensing, operational and commercial viability of HTGR
technology and thereby support certification of the technology by the NRC and commercial application of
the technology over a wide range of industries. The schedule for design, licensing, construction,
commissioning and initial operation of NGNP shall support completion of the demonstration of this
technology no later than the beginning of FY-22.

4.2 Functional and Operational Requirements

The PCD work has developed a foundation from which the F&ORs and fundamental configuration
for NGNP can be built. Specifically, this work defined the state-of-the-art in HTGR technology today
and identified the work necessary to advance the state-of-the-art to meet NGNP objectives. In the early
phase of conceptual design, several studies will be completed to build upon the PCD work to support the
selection of critical technologies for NGNP (e.g., reactor type, HTS configuration, and PCS and hydrogen
production power levels and configurations, see Section 6.5 for a summary of these studies). The final
selection of the F&ORs and configuration for NGNP will be based on the results of these studies
combined with the results from the PCD work. These selections will also involve extensive consultation
with the potential industry end-users of the HTGR technology that are members of the Alliance facet of
the Public-Private Partnership with DOE.
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4.3 NGNP Design Requirements

The PCD work has bounded the ranges of operating parameters that are believed to be achievable for
the NGNP and initiated the characterization of the technical risks at the extremes of these ranges. This
work forms the bases for going forward in the early phase of conceptual design to expand the
understanding of the risks and the alternatives to mitigate these risks in the time period left to initiate
NGNP operation in 2018. The outcome of the early phase of conceptual design work will establish the
F&ORs and fundamental configuration of the NGNP. NGNP Project Engineering evaluations and
reconciliations of the PCD work have resulted in selecting a narrow and high-level set of design
requirements that will be applied to the design progression in addition to the high-level requirements
defined in the EPAct, ITRG study, and other evaluations (see Section 5, Systems Requirements Manual).
These requirements are summarized as follows:

1. Nuclear Island
e Both pebble-bed and prismatic reactor designs should be considered.

Further work is required to support making the final decision on the reactor design.
The PCD work did not identify any discriminating factors that would provide a
significant technical advantage of either design.

e The nuclear island design should not preclude achieving a gas outlet temperature of
950°C.

This temperature goal affects the design of major components within the reactor that
cannot be realistically replaced over the lifetime of the plant (e.g., RPV). This goal
would support achieving the ultimate objective of a 950°C gas outlet temperature
over the long-term operation of the plant, but allow for a lower temperature
configuration for initial operation, recognizing the potential technology limitations
associated with the heat exchanger.

e The NGNP nuclear island will not include a direct-cycle PCS.

Precluding the use of a direct-cycle PCS provides more flexibility in the operating
conditions and configuration of the NGNP and emphasizes the application of the
technology as a process heat provider.

2. Intermediate HTS

The system to transfer heat from the primary (helium gas) side to the secondary side of the
plant should incorporate multiple primary and secondary heat transport loops. The system
should be configured to facilitate change out of heat exchange, circulating, and valve
components. The secondary side of the plant will supply heat to the power conversion and
hydrogen production system and other applications as they are identified over the life of the
plant.

This arrangement supports the demonstration of the HTGR as principally a process heat
supply. It also provides the greatest degree of flexibility for demonstrating new technologies
and components over the life of the plant. For example:

e Plate-fin and printed circuit style compact heat exchangers have potential size,
weight, and efficiency advantages over more traditional shell & tube style heat
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exchangers for application as the IHX for HTGR. The current designs of these
compact heat exchangers may not be capable of operating at the full operating
temperature and pressure of NGNP, and the development of these designs at the
required operating temperatures may not progress sufficiently to support NGNP
operation by 2018. As the designs of these heat exchanger styles evolve, they can be
demonstrated on a prototype engineering scale in one or more loops of NGNP.

Steam generation technologies offering improved efficiencies (e.g., through
innovative tube arrangements) can be demonstrated as they evolve.

Alternative secondary heat transport materials (e.g., molten salts, liquid metals) can
be tested.

A Brayton-cycle turbine in either a vertical or horizontal orientation could be adapted
to run in a secondary loop.

3. Nuclear Heat Supply System (NHSS)

The NHSS should be defined to include:

The nuclear island and all of its support, control, monitoring, maintenance, refueling,
spent fuel storage, etc. SSCs

The Intermediate HTS(s) including, at the least, the IHXSs, primary circulation
systems and the support, control, monitoring, maintenance, etc. SSCs. Depending on
the design, it may also include the secondary circulation system up to and including
isolation valves.

This supports the licensing objective (stated below) of ultimately supporting NRC
certification of the HTGR NHSS design independent of the application. This will
require developing a set of steady state, normal transient, abnormal transient, and
accident conditions that bound the potential applications to support safety analyses.

4. Power Conversion System (PCS)

The PCS should incorporate steam generation. The configuration should not preclude,
however, use of Brayton-cycle gas turbine PCSs in a combined-cycle configuration.

Steam is an effective medium for heat transfer and is widely applied in the private
sector. This requirement facilitates demonstration of the broad applicability of the
technology.

For example, the non-utility generation industry in the United States provides
significant quantities of electricity and steam to a wide range of industries and
applications. The HTGR power range fits well either as a single module or in
multiple modules within the range of power and steam conditions required to meet
the needs of these applications. NGNP will be effective in demonstrating the
technical, licensability, reliability, maintainability, and economics of the HTGR in
these applications

5. Licensing and Permitting

The licensing strategy should be formulated to meet the following objectives:
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e The strategy should support the objective scheduled operational date (currently 2018)

e The strategy should consider that full-term qualification data may not be available to
support all design assumptions included in the Safety Analysis Reports (SARs) and
that additional qualification data to fully support these assumptions will be obtained
during the initial two to three years of plant operation and specific inspections and
tests to be conducted during this period. For example, the final fuel irradiations and
PIE may not be complete by 2018. These will be completed over the 3-year initial
operating period. Periodic results from this work can be used to verify assumptions
in the final SAR prior to plant operation.

e The strategy should be consistent with and take into account contemporary NRC
licensing positions (e.g., during licensing of LWR designs).

e The strategy should consider the potential impact of the significant number of LWRs
that may be in the licensing queue on the NRC resources available to support
licensing of the NGNP.

e The strategy should include alternative paths with identified criteria and schedule for
establishing if and when alternative paths should be executed.

e The ultimate objective of the licensing strategy should be to support application for
and receipt of a design certification for the commercial application of the HTGR
technology independent of the application.

6. Design Features to Support Short-Term and Long-Term Operating Objectives

The NGNP should be designed to monitor key operating parameters in the NHSS, PCS, and
hydrogen production plant required for proving the principles of the designs. The plant
should also be designed to permit change out of principal components and to vary operating
conditions to perform special testing to collect data/experience to support validation of design
assumptions, extension of operating conditions (e.g., to higher gas temperatures), and
upgrade of components (e.g., design, capacity, efficiency, maximum temperature and lifetime
of the IHXs, and higher heat capacity heat transport fluids, such as liquid metals and molten
salts) over the life of the plant.

This is required to support validating design assumptions during initial operation of the plant
to increase operating conditions to the objective power levels and gas temperatures, and for
meeting a second objective of adapting to evolving and emerging technologies.

7. Initial Operating Conditions

The initial operating conditions and configuration for the NGNP (i.e., at initial operation in
2018) will be based on these requirements and consideration of the impact of the technical
development risks on the schedule for operation.

The selection of initial operating conditions and the plant configuration for the NGNP must
be balanced against the schedule and cost risks associated with design, licensing, R&D, and
construction. This balance must also consider the impact of technology selections on the
viability of translating the NGNP experience to the private sector.

A formal decision-making and risk management process was initiated as part of PCD work. TRL and
DRL criteria were defined and initial estimates of the TRL and DRL were made for critical SSCs. The
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process for combining the estimates of TRLs and DRLs with known risks to support making decisions on
the key characteristics of NGNP and to assess project technical risk (e.g., risk on cost and schedule) was
formulated on a preliminary basis. This process will be completed and applied to support decision
making and to track and assess the uncertainty in the maturity of the TRLs and DRLs of the critical SSCs.
This process will also identify criteria and necessary actions to achieve the TRLs and DRLs required to
move from one level to the other; thereby reducing overall project technical risk and improving
confidence levels in the assessment of the risks as the design progresses.

5. SYSTEM REQUIREMENTS MANUAL

The format of the NGNP SRM is based on the SRM provided in the General Atomics PCDSR. It is
the top-level design document for the NGNP. The NGNP SRM serves as the roadmap document that
identifies the source of the NGNP top-level requirements (i.e., mission needs and objectives) and how
these top-level requirements flow down through the subordinate requirements at the plant, system,
subsystem, and ultimately the component level.

As stated above, design requirements for the NGNP include both institutionally imposed and
functionally derived requirements. At the top level, the requirements define the objectives for the plant,
and at lower levels they specify how the objectives will be achieved. The top most requirements include
the project mission as defined in the EPAct and the NGNP Project objectives as defined in the Next
Generation Nuclear Plant Project Preliminary Project Management Plan. At the next level are the high-
level functions and requirements as defined in the Next Generation Nuclear Plant High Level Functions
and Requirements, as modified based on the recommendations of the ITRG in Design Features and
Technology Uncertainties for the Next Generation Nuclear Plant.

The high-level functions and requirements establish the performance definitions for what the NGNP
will achieve, and served as the basis for PCD. Achievement of these high-level functions and
requirements will be accomplished through implementation of plant-level requirements derived from the
high-level requirements and other institutional sources, such as utility/user requirements for commercial
reactors, or that are developed through plant-level functional analyses, including trade studies, plant
performance analyses, engineering decisions, etc. The plant-level requirements are either allocated
directly to the systems to which they apply or are used as the basis for developing more-specific
requirements for the plant SSCs.

The primary purpose of the NGNP SRM at this early stage of the project is “to define the design
independent high-level requirements that establish the framework within which subsequent work will be
performed to establish the specific design attributes of the NGNP (e.g., type of reactor, direct versus
indirect power conversion, hydrogen production processes, etc.).” These requirements include, for
example, reactor plant power level, primary coolant conditions, secondary coolant conditions, thermal
power split between the PCS and the HPS, hydrogen plant heat flow and temperature requirements,
hydrogen production goals, etc.

Given the purpose of the initial version of the NGNP SRM, it is appropriate to limit the scope of this
NGNP SRM to (1) a definition of its purpose, content, configuration, and requirements in completing it,
and (2) as illustrated by the example provided by General Atomics, a flow-down of requirements to the
plant level, deferring lower-level requirements definition until after NGNP concept down-selection during
the next conceptual design phases of the project. The systems, the functions of systems, and the design-
specific requirements for these systems defined in the pre-conceptual version of the NGNP SRM are
preliminary in nature and will be updated as the design of the NGNP evolves. The NGNP SRM
completed at the PCD phase is included as Appendix D to this document.
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6. DESIGN DATA NEEDS AND R&D REQUIREMENTS

The NGNP project has tailored a systematic approach to managing technology-related risk and
uncertainty. This approach combines similar technology maturity measurement methodologies used by
NASA and the Department of Defense in their programs with unique approaches and tools developed at
the INL for using uncertainty measurement to both make decisions and manage project execution.

6.1 Known Risks and Uncertainty

Data needs for most projects are related to the known risks associated with the project scope. Each
risk introduces uncertainty to either the cost, schedule, or performance of the project against a defined set
of performance criteria. The uncertainty, or risk, can be measured by the probability of the risk coming to
fruition multiplied by the consequence of the risk. That consequence is measured in terms of the project
cost, schedule, or other performance criteria.

Research and development may be conducted to manage technology-related risk. In that case, the
specific scope of the R&D effort is tied directly to the risk statement or risk management method. The
R&D effort is tracked to ensure it delivers the risk-reducing answer(s), including data where appropriate,
in a timely manner, and within expected budget. Upon completion, the outcome of the R&D is evaluated
to see if it actually reduced the risk as expected. It is possible that the R&D will completely, partially, or
not reduce the risk. The NGNP project uses risk waterfall charts, described in Section 6.3, to track the
risk-reducing activities conducted by the project or its partners.

6.2 Unknown but Anticipated Risk —
Technology and Design Readiness Levels

Most projects have observed that not all risks are known and quantified at the beginning of a project.
As projects mature, more potential risks are identified and come to fruition, often negatively impacting
the project scope, schedule, and cost. To minimize this condition, the NGNP Project follows the
systematic TRL approach recommended by the Government Accountability Office (GAO; see
Department of Energy, Major Construction Projects Need a Consistent Approach for Assessing
Technology Readiness to Help Avoid Cost Increases and Delays, GAO-07-336) and combines that
approach with a methodology of assessing the likely impact of unknown risk. As the maturity of various
system elements increases (along with their corresponding TRLs), the associated potential impact of
unknown risk is reduced. From a technology perspective, R&D activities increase TRL and reduce
unknown risk level. Therefore, one of the critical focus areas of the NGNP Project’s R&D planning is to
increase technical maturity and associated TRL.

The Project has also developed a similar scale measuring design maturity, called DRLs. As with
TRLs, this scale uses measurable steps to rank the design maturity associated with any element of the
NGNP system, or the system as a whole, if desired. The DRL scale provides a method of measuring the
synchronicity of the technology development and design efforts associated with the NGNP. The
preliminary TRL and DRL descriptions for the NGNP Project are provided in Table 11.
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Table 11. TRL and DRL definitions for the NGNP Project

Level Technology Readiness Design Readiness

10 Technology acceptable for commercial Demonstrate in Prototype
application

9 Total system used successfully in project Finalize Design Output Documents
operations

8 Total system completed, tested, and fully Support Construction, Start-up Testing
demonstrated

7 Subsystem prototype demonstration in an Initiate Long Lead Procurement

operational environment

6 System / subsystem model or prototype Develop Design Output Documents
demonstration in relevant environment (Calculations, Drawings, Functional Design
Descriptions, SDDs, including components,
Specifications, Procedures, Training Material,

etc.)
5 Component and / or breadboard validation in Develop Licensing & Permitting Documents,
relevant environment Support Licensing & Permitting
4 Component and / or breadboard validation in lab | Prepare Cost & Schedule Estimates
environment: Demonstrate technical feasibility
and functionality.
3 Analytical and experimental crucial function and | Prepare Trade Studies, Evaluate Alternatives,
/ or characteristic proof of concept: Lab level of | Identify Long Lead Items and Select
pieces of components Configuration
2 Technology concept and / or application Establish Functional & Operational
formulated Requirements, Design Criteria and Identify
Alternatives
1 Basic principles observed and reported Develop Concept

6.3 Technology Roadmap

The plan that combines the R&D efforts, the known risks that they address, and the expected effects
of those R&D efforts on the TRLs and DRLs is known as the Technology Roadmap. Each R&D activity
is either focused on reducing known risk, increasing TRLs or DRLs, or both. Assuming success of the
R&D effort, the expected completion dates for each R&D effort become the dates upon which the risk is
reduced. This allows the formation of a risk waterfall chart, like the one shown in Figure 43. As the
timeline moves to the right, the risk is reduced each time a relevant piece of information is gathered from
an R&D activity that reduces known uncertainty or increases technology maturity, with the graph
showing the shape of a waterfall. In the case of Figure 43, the risk quantification scale (Y-axis) reflects
project cost uncertainty. Similarly, it could be depicted in terms of project schedule uncertainty.
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Figure 43. Generic Risk Waterfall Diagram.

The rate at which the uncertainty for a given alternative can be reduced, combined with its overall
performance against the project’s key decision criteria, are used to select project alternatives.

6.4 Specific Design Data Needs Identified During
Pre-conceptual Design

NGNP Project Engineering has combined the recommendations of the contractor teams and its own
understanding of design and technology uncertainty into the following list of critical design data need
areas:

¢ Qualification of critical components and materials, including preparation of code cases
e Verification and Validation (V&V) of analysis methods and codes

e Successful completion of the licensing process

e Auvailability and ability to fabricate materials

e Availability of competent design, construction, testing, O&M personnel.

The risks within the last category are outside the direct control of the design organization, although
the design will consider design features to facilitate construction (e.g., modular construction) and DD&D.

The qualification risks affect the reactor fuel and graphite, core internal ceramics (including reflector
and support graphite), and application of metallic materials in high temperature applications (e.g., up to
950°C). There are also comparable risks associated with the development and V&V of analytic tools
used to support the use of these components in the reactor plant. Resolving these risks are the principal
focuses of the NGNP R&D Program:
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e Fuel

The Fuel Development and Qualification Program will qualify TRISO-coated particle fuel for
use in the NGNP. TRISO-coated particles will be fabricated at pilot scale for use in the
formal qualification testing. The testing program consists of irradiations, safety testing, and
PIEs that will characterize the behavior of TRISO-coated fuel under both normal and off-
normal conditions. The program also contains out-of-pile experiments, special irradiations,
and safety testing to characterize the release and transport of fission products from the kernel
through the coatings, fuel matrix, graphite, and primary system (i.e., source term). Formal
validation testing is also planned to validate fuel performance and fission product models
required for core performance assessments and safety analysis. The program is currently
considering both UCO and UO,. Once a design decision is reached by the project, the
program will focus on either UCO for prismatic or UO, for pebble bed. Feasible acquisition
strategies for fabrication of first core and qualification of the associated production-scale fuel
fabrication facility for both design concepts have been established and will be executed once
the reactor design decision is made.

e Graphite

The objective of the NGNP Graphite Program is to develop the qualification data set of
thermomechanical and thermophysical properties for unirradiated and irradiated candidate
grades of graphite for the NGNP. Where practical, other grades of graphite may be
tested/characterized to provide a baseline for comparison or to help understand material
property changes for the NGNP graphite grades. The program consists of statistical
characterization of unirradiated graphite material properties to establish the lot-to-lot, billet-
to-billet, and within-billet variability of the material. Irradiations are planned at specified
temperatures and doses within the design service condition envelope anticipated for the
NGNP. Extensive PIEs are planned to establish the change in relevant material properties as
a function of temperature and neutron dose. Of particular interest is the irradiation induced
creep of graphite, which is critical to determining the lifetime of the graphite under
irradiation. From these data sets, constitutive relations will be established for use in a
detailed, predictive thermo-mechanical finite element model. These data will also support
development of relevant ASTM standards and ASME design rules. In the longer term, the
program plans to evaluate processing route and raw material constituent influences on
graphite behavior so that additional large qualification irradiation programs are not needed
when new coke sources are used to make graphite for HTGRs.

e High-Temperature Materials

The goal of the NGNP High Temperature Materials Program is to establish the relevant
thermomechanical performance data to support the development of IHX and another high-
temperature components for an outlet temperature up to 950°C. Creep, creep-fatigue, aging,
and environmental degradation testing is planned using the candidate high-temperature
material selected for the NGNP. Thick and thin sections of base material, weldments, and
other joints (e.g. diffusion bonding) will be evaluated given the different design options under
consideration for the IHX (current candidates are Inconel 617 and Haynes 230.). Depending
on the outlet temperature selected by the NGNP Project, additional high-temperature data
may be needed to support relevant ASME code cases for the material. R&D to establish
requisite ISI techniques will be developed as key components are being designed. Prototype
testing of key components is envisioned in a high-temperature flow loop to characterize
overall behavior under prototypic flowing HTGR conditions and validate ISI techniques.
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e Methods

The goals of the NGNP Design and Safety Methods Validation Program are to (1) develop
validation experiments and data to validate models and analytical tools for the NGNP; (2)
resolve key safety, performance, and technical issues through confirmatory modeling and/or
tool development when existing models and/or tools are judged to be inconclusive or
inadequate; and (3) modify, upgrade, and/or develop new analytical tools for future use that
will reduce uncertainties and improve the capability of understanding the behavior and
operating margins of the plant. Current areas of focus include:

— Developing improved differential cross-sections for Pu isotopes to reduce
uncertainties in the reactivity performance of high-burnup LEU HTGR cores

— Assessing and improving reactor physics and kinetic methods for prismatic and
pebble-bed HTGRs

—  Performing physics benchmark studies on past relevant experiments

— Evaluating important phenomena that influence thermal-fluid behavior in HTGRs
and establishing relevant experiments for V&V

— Evaluating air-ingress phenomena in HTGRs and participating in relevant validation
experiments

— Developing experiments to validate reactor cavity cooling system behavior

— Evaluating and establishing system-level codes appropriate for HTGR safety
analysis.

The contractor teams indicated that there is an expectation that the NGNP Project will perform the
majority of the R&D. However, the contractor teams also identified R&D information that they will
provide as part of the value-in-kind contribution to the NGNP Project. During the initial phases of
conceptual design and throughout design development, these data needs and plans will be reconciled and
coordinated to support completing the NGNP as scheduled.

The design and materials of the IHX and transport system are considered among the higher technical
risks for the project. The principal risk concerns operation of the heat exchange system at temperatures in
the creep range for the candidate materials that will be available to meet the schedule constraints for the
NGNP (e.g., Inconel 617 and Haynes 230). In this temperature range, the acceptable normal operating
material stress levels are low, and to meet these stress conditions the normal differential pressure on the
heat exchanger must be low. This requires operating the secondary side at a pressure similar to the
primary pressure. Under transient and abnormal operating conditions, control schemes are required to
minimize the extent and duration of excursions in the differentials between primary and secondary
pressures. The calculated creep life for the material may be low, requiring relatively frequent
replacement of the heat exchangers or components of the heat exchanger. To achieve higher overall plant
efficiencies, the contractor teams have recommended use of compact heat exchangers, which have higher
effectiveness for the same area and volume than more traditional shell & tube heat exchangers. These
type of heat exchangers have not been used at these temperatures or in these applications so are also
developmental. A significant effort has been identified by the contractor teams to address these issues.
These issues also apply to the design of the process heat exchangers in the hydrogen production system
and are being addressed as a component of the NHI. Efforts are being taken to coordinate the NHI work
with that in the NGNP High Temperature Materials Development Program.
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There are also several issues associated with selection of the design and materials of the RPV. The
AREVA and General Atomics’ designs have high reactor inlet gas temperatures in the range of 500°C.
The current designs for these plants expose the large vessels to this temperature during normal operating
conditions. The RPV is also exposed to higher temperatures for some period of time during postulated
loss-of-coolant conduction cool down design basis accidents. This requires use of material with an
acceptable strength and creep resistance at these temperatures. AREVA is recommending the use of 9Cr-
1Mo (P91) for these vessels, while General Atomics is considering P91 and 2-1/4Cr-1Mo material.
Several factors affect risk with use of these materials:

e There is no experience with application and welding these materials for the large sections
required in these vessels.

e Japan Steel Works is the only foundry in the world that can handle the ingots that will be
required to forge the flanges of the RPV, and they have very limited experience with these
materials in these sizes

o These vessels are too large to be shipped pre-assembled by land. Accordingly, they will have
to be site fabricated for at least the NGNP, requiring on-site welding, post-weld heat
treatment, and inspection.

e New code cases will be required to apply these materials at these temperatures.

The Westinghouse PBMR design uses a lower inlet temperature that does not require the use of
higher alloy material, and a more common SA-508/533 steel is used for these vessels. The code case for
this material will have to be extended to these operating temperatures. The vessels will also need to be
fabricated on-site.

These latter issues must be resolved early in conceptual design to support selection of the reactor type
and operating conditions for the NGNP. Several studies will be undertaken in early FY-08 to address
these issues as well as others. These are discussed in the following section. The complete list of DDNs is
provided in Appendix E.

6.5 Future Studies

During the PCD work, including the several review meetings held between NGNP Project
Engineering and the contractor teams, several areas were identified for emphasis and further study in the
conceptual design phase of design development. These were captured by the contractor teams and
presented as recommended future studies in the PCDRs. Upon receipt of the reports, NGNP Project
Engineering extracted all of the recommended future studies from the reports for review and eventual
incorporation into the conceptual design work scope. Approximately 100 study descriptions were
extracted. In many cases, the subject, scope, and objectives of several studies were similar enough to
permit consolidating them into a single study. This consolidation effort distilled the number of studies by
about half (i.e., there are now about 50 uniquely defined future studies). NGNP Project Engineering then
separated the studies into three categories:

e Technical Selection Studies — These studies need to be completed to support the selection
of key parameters and technologies for the NGNP (e.g., reactor power, gas outlet
temperature, IHX design and materials, RPV materials, and hydrogen plant). These have the
highest priority since these decisions need to be made to begin the actual design of the plant.
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e Design Development Studies — These studies address areas that will affect the actual
design of the plant and critical systems and components (e.g., site selection within INL,
design to facilitate construction, and design to support the initial proof-of-principle operating
period). These have high priority since these areas need to be resolved to begin the actual
design work.

e Other Studies — These studies cannot be initiated until the other higher-priority studies are
completed since the nature of the study depends on the results of the prior studies and design
selections.

The following subsections provide brief summaries of the 28 studies that fell into the Technical
Selection and Design Development categories. Selected Technical Selection studies will be performed as
part of the initial phase of conceptual design in FY-08. The Design Development studies will be initiated
in part, but some may continue as the design progresses (e.g., I&C hardware, because of the rapid
evolution of that field.) As discussed in Section 10, detailed work plans are being developed for each of
these studies. These work plans include detailed specification of scope, deliverables, and the estimated
schedule and cost to complete the scope. NGNP Project Engineering will prioritize these studies;
assigning highest priority to those that need to be completed to support making the final decision on the
operating conditions and configuration of NGNP. During FY-08, contractors will be selected to perform
directed tasks to complete these studies based on the detailed work plans and negotiated costs and
schedule.

6.5.1 Technical Selections Studies

A total of twelve areas that affect technology selections were identified for further study as part of
conceptual design. The first seven of these are judged to have the highest priority. (Note: the notation in
brackets is the WBS designation for the study):

1. NHS System F&ORs [WBS NHS.000.S11]

This study entails an assessment of the appropriate design operating conditions for the NGNP
(e.g., maximum reactor power level, reactor inlet and outlet temperatures, and primary
pressure), considering cost, technical risk, translation of the NGNP experience to the private
sector, and the level of confidence of the private sector that NGNP has effectively
demonstrated the technical, licensing, reliability, and economic viability of the HTGR
technology. This assessment will be completed by nuclear plant owner/operators, potential
end users (e.g., petro-chemical companies, petroleum companies), and subject matter experts.
This effort will ensure that the specification of the NGNP operating conditions balances the
need to maximize the translation of the NGNP design; licensing; cost; construction;
operating; and reliability, availability, and maintainability (RAM) experience to the private
sector against the need to minimize technical, cost, and schedule risks to bringing the NGNP
on-line.

2. IHX and Secondary Heat Transport Loop Alternatives [WBS HTS.000.S01]

This study entails characterization and development of the advantages and disadvantages and
technical risks of the potential alternatives for the intermediate heat exchanger (IHX) and
secondary heat transport loop, including materials, design configuration, fabrication,
operation, maintenance, in-service inspection, and means for periodic replacement. This
study will be completed by selected members of the contractor teams and subject matter
experts, and includes the following:
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e A comparison of the characteristics and development requirements for the candidate
IHX designs (e.g., shell and tube, plate-fin, compact and other potential designs as
identified). This should include:

— Maintainability of modules or entire heat exchanger
— Replaceability of modules or entire heat exchanger

—  Ability to detect material failures and the consequence of material failures
during operation

— The impact of environmental effects on the IHX and HTS (e.g., corrosion
potential due to fluid contaminants, potential for dust clogging and erosion)

— The impact of required in-service-inspection requirements for each design
and the practicality in meeting those requirements

— Required material properties

— Availability and fabricability of the candidate materials with the requisite
properties.

e Evaluation of a “two-stage” IHX design, including a high-temperature module with a
limited expected lifetime, but that is easily replaceable, feeding a lower temperature
module with longer expected lifetime

e The compatibility or other considerations (e.g., load sharing, outlet temperature
variability, heat transfer surface pressure differential) of the candidate designs when
included in multiple primary and secondary loop configurations, including expected
responses during plant normal and upset transients, such as loss of the PCS and/or of
the hydrogen production system (HPS).

The results of this study should include specific recommendations for the IHX design(s),
primary and secondary loop configurations, and materials in the following areas:

e All pressure boundaries
e Valves and piping at IHX outlet
e Heat exchange surface.

RPV and IHX Pressure Vessel Alternatives [WBS NHS.000.S01]

This study will evaluate options for RPV and IHX materials considering required and
achievable metallurgical and physical properties, acquisition, fabricability, and reliability
This study will also identify and evaluate the advantages of options to provide cooling or
other design features to use less developmental materials for these components that reduce
cost and schedule risk to the NGNP Project. This study will be completed by selected
members of the contractor teams and subject matter experts.

This study should include the following:

e Defining the required material properties for the operation of these pressure boundary
components
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o Identifying candidate materials for each component and determining the expected
properties of each candidate material in the dimensions and conditions of each
application

e Determining whether the candidate material is capable of achieving the required
material properties for each application. For example, this study should consider
required thickness, operating temperature window, welding and post-weld heat
treatment requirements, availability with the required metallurgical and physical
properties, size, manufacturability, fabricability, etc.

¢ Evaluating the maximum power level and temperatures that can be achieved using
SAS508/533 material for the RPV.

Evaluating the alternatives for cooling or other design features for the RPV as an
option to revising power level and temperature to permit use of SA508/533 material
for the RPV.

4. Reactor Containment and Building Functions [WBS NHS.000.S02]

This study will define initial operating strategies to preclude the need for a containment,
recognizing the state of qualification of NGNP at the time of startup, and will review certain
requirements for the reactor building. This will include:

e Review of the NRC regulations regarding design basis threats and hazards

¢ Evaluation of the need for a vented/filtered confinement and, if needed, definition of
its requirements

e Consideration of the effects of air ingress on calculated dose rates (i.e., under
postulated air ingress events) and the potential application of an inert atmosphere to
reduce the effects.

5. Contamination Control

This study will determine expected generation and transport rates and allowable limits on
expected contamination of the gas and other heat transport loops during operation (e.g.,
contamination with tritium, cesium, silver, dust), the required limits on the concentrations in
the HTS and the product streams (e.g., steam, hydrogen, and oxygen), the requirements for
cleanup, and the impact of the contaminants on primary and other HTS components operation
and reliability. This study will evaluate, for example:

e The potential of contamination of the product streams with tritium and the limits on
concentrations of tritium in the product streams depending on the application (e.g.,
hydrogen use in refining applications vs. transportation)

e The potential for dust erosion of primary system components (e.g., pipes, valves, and
circulators), contamination of the electromagnetic bearings in the circulators and
plugging in the IHX

e The impact of silver plate out and cesium contamination on the ability to maintain
primary coolant components
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e The equipment required for cleanup of the contaminants and/or the need for multiple
stages of heat transport to limit transfer to the product streams.

Helium Circulator Limitations and Design Issues [WBS HTS.000.S02]

This study will evaluate the current state-of-the-art for circulator design (e.g., maximum
capacity) relative to the flow and developed head requirements of the potential primary and
secondary loop configurations proposed for the NGNP. It will also identify any constraints
on the individual loop flow rates and pressure drops due to expected limitations in the
capacities of the circulators available for NGNP construction. This study will also include:

e A review of the reactor vendor requirements

e A review of the circulator supplier experience and capabilities, particularly with
respect to application of magnetic bearings and the maximum size used to date and
practically achievable.

White Paper on PBMR Stochastic Core [WBS NHS.000.S08]

This study will identify the methods that will be used to analyze the nuclear, thermal, and
hydraulic characteristics of the mobile pebble-bed core and how these will be verified and
validated to develop sufficient confidence on the operational and safety performance of the
plant to meet private sector expectations and NRC licensing requirements.

The following are of lower priority than the preceding and will be conducted throughout the course of
the design effort:

8.

10.

11.

1&C for NHS and Plant Control [WBS NHS.000.S07]

This study will identify any discriminating characteristics in the I&C and plant control
requirements of the nuclear heat supply types and configurations that affect the design
decision. IT will also identify and document technical risks in these areas that need to be
addressed in complementary design development studies and are potential candidates for
additional future studies.

HTGR Applications [WBS NHS.000.S03]

This study will develop the requirements and perform economic assessments for applications
of HTGR technology for a broad range of industry needs (e.g., Alberta oil sands, coal to
liquids, co-generation, etc.)

Hydrogen Plant Alternatives [WBS HPS.000.S01]

This study will develop life-cycle comparisons of potential hydrogen production processes to
interface with the NGNP (e.g., HTE, SI, and hybrid-sulfur). This comparison will also
establish whether the design requirements and criteria for the reactor, HTS, and PCS are
sensitive to the specific process.

Control Room Location [WBS BOP.102.S01]

This study will evaluate the appropriate location of the control room (e.g., inside or outside
the vital area).
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12. Helium Supply Economics [WBS NHS.000.S06]

6.5.2

Address the current concerns with the potential shortages in Helium supply and its potential
impacts on the operation of the NGNP and economics of the commercial plant. Develop
mitigation strategies as required from the results of these evaluations.

Design Development Studies

Sixteen areas were identified for consideration during the initial phase of conceptual design that are
important to the progression of the NGNP design. The first five of these are considered to have the
highest priority. They include the following:

1.

Plant Design Requirements to Support Initial Operations [WBS BOP.000.S04]

This study will establish specific design features of the plant that will be required to support
the proof-of-principle initial operating period of the NGNP (e.g., instrumentation, ISI, critical
component replacement, and PIE). The study will identify the critical plant operating
parameters to be measured to support design verification and the instrumentation required for
this purpose, including development of instrumentation that will be required to satisfy these
needs.

Design Code of Record [WBS BOP.000.S05]

This study will identify the industry consensus mechanical, electrical, civil, and structural
codes and any DOE, INL, and NRC codes and standards that will apply specifically to the
NGNP.

Reactor Building Embedment Depth [WBS NHS.000.S09]

This study will develop the requirements and criteria for embedment of the reactor building.
This study will include embedment studies for the NGNP reactor concepts, considering the
interaction among factors that influence the depth of the embedment. These factors include
cost, design basis threats, seismic effects, hazards resistance, etc. The results of this study
will be used to characterize the interactions of these factors on embedment depths for
commercial application of this technology. The recommendations from relevant sections of
the EPRI Advanced Light Water Reactor Utility Requirements Document will be evaluated
for applicability in this study.

INL Site Selection [WBS BOP.000.S02]

This study will finalize the site selection within the INL for the NGNP. This study will be
performed by a contractor with expertise and relevant experience in the power plant site
selection process. The recommendations from relevant sections of the EPRI Advanced Light
Water Reactor Utility Requirements Document will be evaluated for applicability in this
study.

High Temperature Gas Reactor — Component Test Facility F&OR and Pre-Conceptual
Design Requirements [WBS HTS.000.S05]

A test facility (referred to as the CTF) is planned to support development of high-temperature
gas thermal-hydraulic technologies (e.g., helium, helium-nitrogen, CO,) as applied in heat
transport and heat transfer applications in HTGRs. The initial use of this facility will be in
support of the completion of the NGNP.
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This study will prepare the F&ORs for the CTF and PCD requirements. This will include site
plan, floor plans, elevations with typical sections, piping and instrumentation drawings, block
flow drawings, electrical one-line drawings, a SEMP, and an FDD all at a PCD level. A
contractor to perform this work will be identified and the work will be initiated in early FY-
08.A white paper on the justification and specification for the CTF is included as Appendix
H.

The following are studies and areas that have lower priority than the preceding and will be performed
as the design of NGNP progresses.

6.

10.

11.

Construction Techniques [WBS BOP.000.S03]

This study will identify and evaluate the advantages and disadvantages of potential
innovative techniques (e.g., modularization) that would improve the efficiency of plant
construction. It will also consider the potential efficiencies of factory assembly vs. on-site
fabrication, including the impact of transportation. This will be an ongoing effort throughout
the design process

NGNP Software and Hardware Specifications [WBS BOP.000.S06]

This study will develop the specifications for the computer software and hardware that will
be used in design development of the NGNP. Chapter 1 of the Advanced Light Water
Reactor Utility Requirements Document provides an example of this kind of specification.

NGNP Geotechnical Investigation [WBS BOP.000.S07]

This study will identify all of the required NGNP geotechnical investigation bounds,
parameters, geology, seismology, seismic source term, and geotechnical design criteria
associated with the INL NGNP site. This includes preparation of the SOW for the
Geotechnical Investigation Subcontract for subsequent subcontract execution.

ISI Strategy and Impact [WBS NHS.000.S10]

This study will prepare an ISI strategy and impact analysis for the NHSS, heat HTS, and
HPS. As an example for the NHS, this will include: all primary vessels, RPV, reactor
internals, other key components, etc. This will also include an impact analysis on design,
construction, and operations with recommendations and alternatives to mitigate high-impact
areas. This study will be performed for the configuration selected for the NGNP. The ISI
requirements and methods are factors that are included in the trade-off studies of alternatives
for the RPV and the IHX (see Technology Selection Studies, above).

NGNP Mockup and Pilot Plant Testing Plan [WBS BOP.000.S08]

This study will prepare a consolidated NGNP Mockup and Pilot Plant Testing Plan that
assembles and coordinates all of the NGNP mockup and pilot plant testing requirements.
This will include all laboratory and bench-scale testing and will be used to coordinate and
establish the CTF F&ORs. This plan will also document all previous and existing mockup
and pilot plant work completed or underway.

Plant-Wide 1&C Measurement Hardware [WBS BOP.000.S09]

This study will prepare the requirements for NGNP plant-wide 1&C measurement and
hardware, which includes: establishing what needs to be measured, what data/information
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12.

13.

14.

15.

16.

collection is required, and how that data/information will be used. With this basis, the study
will then determine the commercial hardware and software availability and establish any
DDNs for hardware and software development.

Steam Cycle Concept Evaluation [WBS HTS.000.S03]

This study will prepare a trade study that evaluates the issues associated with heat transfer
from the reactor to the hydrogen production plant processes and other applications of high-
temperature heat using a high temperature test loop to steam cycle and associated SG. This
study will address the technical (e.g., pumping costs, hydrogen process constraints,
equipment simplification, R&D, maximum power, materials of construction, risk analysis,
etc.), schedule, and economical issues and prepare a pro-con analysis with primary and
secondary loop recommendations.

Site Integration (Plant Layout) [WBS BOP.000.S10]

This study will prepare an integrated plant layout that is independent of reactor type or
hydrogen process selected. This overall plant layout shall make provisions for the differences
in the reactor type and hydrogen process such that when these key technologies are selected
only minor modifications will required. This will allow the design development of the BOP
and hydrogen production facilities and systems to catch up with the maturity of the other
major NGNP facility areas.

Plant Wide Physical Security Plan [WBS BOP.000.S11]

This study will evaluate the issues associated with the risk protection areas of the plant (e.g.,
NHSS) and interface with support facilities, systems, and structures.

NGNP Waste Stream Identification and Disposition [WBS BOP.000.S12]

This study will prepare a system-by-system analysis and identify all waste streams and
potential waste disposal facilities/repositories.

INL Water Resource Availability [WBS BOP.000.S13]

This study will review the INL ground water rights to the Snake River Aquifer and determine
available water usage for the NGNP, including well drilling and pumping
requirements/limitations and use, treatment, and disposal of wastewater.

7. LICENSING STRATEGY
7.1 Objective

The purpose of this section is to summarize the NGNP licensing recommendations provided by the
three contractor teams. Only Westinghouse was tasked to develop a licensing special study. However,
AREVA and General Atomics included licensing-related topics in their respective work plans, and the
results from these activities were included in their associated PCDRs. Therefore, analysis of AREVA and
General Atomics’ recommendations are also included in this section.
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7.2 Licensing Evaluation
Criteria
The contractor team licensing recommendations were evaluated using the following criteria:

e The strategy takes advantage of the evolving experience with the licensing of Gen III and
Gen I1I+ LWRs and the progress in developing NRC licensing regulations.

e The schedule for the licensing strategy supports the NGNP schedule for completion by 2018.

e Realistic schedules are used for development of licensing submittals, NRC review and
approval, and public hearings.

e The strategy includes alternatives with (1) mechanisms for monitoring progress, (2) defined
criteria for assessing the progress and likelihood of success for the current strategy, and (3)
trip points on progress vs. schedule for deciding when to shift to an alternative strategy.

e The use of PRA concepts during the design and licensing phases of the project are described.

e The strategy addresses the desire to license the reactor facility independent of the PHP that is
selected for the facility.

Evaluation

Westinghouse’s recommended 10 CFR 52, one-step licensing approach for the demonstration plant
differs from the proposed two-step approach in the NGNP Preliminary Project Management Plan. Use of
10 CFR Part 52 potentially reduces the capital investment risk because the final design is approved by the
NRC prior to the start of construction. However, it increases the licensing schedule risk should the
NRC’s review of the design take significantly longer than projected. Westinghouse also recommends
development of an ESP to independently address siting issues and a limited work authorization (LWA) to
minimize the time required for plant construction.

AREVA recommended a 10 CFR 50, two-step process for the NGNP demonstration plant. This
potentially provides the earliest opportunity to start plant construction, but also presents the largest capital
investment risk if regulatory reviews dictate design changes after significant construction is underway.
Additional risk is involved because the NRC may decide that the two-step licensing process is
inappropriate for an advanced reactor design because of the capital risk issue and the NRC’s inability to
allocate resources for that type of review. General Atomics also recommended a two-step licensing
approach for the demonstration plant (same as AREVA).

Westinghouse’s licensing schedule shows that the issuance of the Combined Operating License
(COL) may be possible in the 2015 timeframe. This is based on an NRC review period of three years,
including hearing. All of the NRC review periods are judged to be optimistic based on existing
experience with ESP reviews (usually taking 3 years) and projections for COL reviews for a FOAK plant
design. Westinghouse’s schedule assumptions rely heavily on successful PBMR design certification
activities with the NRC (currently in the initial pre-application review phase). Progress in review of the
PBMR design is expected to benefit the NGNP in that it is assumed that the NRC will not need as much
time to review the NGNP safety issues due to the similarity of the design. This creates a significant
licensing risk when the NGNP is dependent on the success of an independent project. However,
Westinghouse did recommend that a fall-back approach of using the 10 CFR Part 50, two-step licensing
process be taken if NRC reviews of the PBMR design do not progress on schedule.
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AREVA’s licensing schedule shows that the issuance of the operating license may be possible by
August 2018. This is based on an NRC LWA/Construction Permit review period of two years and an
Operating License review period of three years, including hearing. These NRC review periods are judged
to be optimistic, especially for the LWA/Construction Permit review. Other issues that directly affect
licensing schedule risk are: (1) completion of fuel qualification, (2) qualification of materials and
methods, and (3) ASME code acceptance. No alternate paths or fall-back provisions were identified in
the licensing discussion or schedule.

General Atomics’ licensing schedule shows that the issuance of the Operating License may be
possible by December 2017. This is based on an NRC Construction Permit review period of 1.5 years
and an Operating License review period of two years, including hearing. These NRC review periods are
judged to be unrealistic. Similar to AREVA, General Atomics did not identify any alternate paths or fall-
back provisions in the licensing discussion or schedule.

All three contractor teams recommended that a risk-informed approach be used for the development
of licensing bases for the NGNP. Specifically, this approach would include: (1) the use of accident
frequency vs. radiological dose criteria that are derived from current U.S. licensing requirements, referred
to as top-level regulatory criteria, (2) the use of a full-scope PRA to select the licensing basis events, (3)
development of reactor-specific functions and selection of the corresponding safety-related SSCs and
their regulatory design criteria, (4) deterministic design conditions and special treatment requirements for
the safety-related SSCs, and (5) a risk-informed evaluation of defense-in-depth attributes. This approach
is consistent with other industry efforts to apply PRA insights for licensing advanced reactor designs.

It is highly desirable to have the licensing of the nuclear plant be independent of the process heat
systems. While Westinghouse and General Atomics provided a discussion on how a hazards analysis
might be applied to a co-located hydrogen facility, and AREVA provided a discussion on what regulatory
criteria might apply. None of the licensing discussions included a strategy to address this desire.

7.3 Licensing Conclusions

AREVA and General Atomics both recommend using a 10 CFR Part 50, two-step licensing process to
obtain an operating license by 2018. Westinghouse recommended using the 10 CFR Part 52, one-step
licensing process. While it is desirable to use 10 CFR Part 52 to reduce risk, it is not clear that this
approach will allow development of a rational schedule that supports plant startup by 2018 because the
design must be complete before the licensee can submit a COL application. In addition, construction is
delayed until the COL is reviewed and approved by the NRC. Westinghouse offered an alternative
strategy, incorporating a 10 CFR Part 50, two-step process in case pre-application discussions with the
NRC don’t go well.

None of the contractor teams provided a licensing schedule that included reasonable durations for the
necessary NRC reviews. This determination is based on a comparison of the contractor team schedules
with various sources of NRC review estimates (e.g., SECY-01-0188, actual ESP review data, and
discussions with NRC staff).

7.4 Licensing Recommendations

The NGNP Preliminary Project Management Plan recommends that the 10 CFR 50, two-step
licensing process be used as the licensing starting point because the 10 CFR 52, one-step process requires
that the safety systems design be complete and the final SAR finished before submitting an application for
a COL. It is unlikely that the final safety systems design will be available in time to support standard use

87



NGNP Pre-Conceptual Design Report INL/EXT-07-12967
Revision 1 November 2007

of a one-step COL and still meet the 2018 startup milestone. Two of the contractor teams (AREV A and
General Atomics) agree with this general approach.

However, other issues (in addition to schedule) must be considered in selecting a successful licensing
approach for the NGNP. Some of these include: (1) choosing an approach that reduces investor capital
risk and (2) choosing an approach that fits well with the current NRC licensing review infrastructure.
Using the one-step licensing process would potentially address these two objectives. An optimal solution
to meeting schedule and reducing risk may be possible, but will require consideration of the following
issues:

e  Waiting for completion of the safety systems design (and the subsequent NRC review) is the
biggest obstacle to applying a standard one-step licensing approach. Any actions taken to shorten
the design schedule reduce this problem.

e Several NRC managers have stated in public meetings that the NRC will not accept applications
for new reactors that utilize the 10 CFR 50, two-step licensing process. The rationale for this
position was based on a desire to avoid the long project delays that could result if the NRC
requires design changes to safety-related equipment after plant construction is underway. Use of
the two-step licensing process (i.e., construction permit and subsequent operating license) by the
existing fleet of LWRs created several examples where construction periods extended to a decade
or more when review of the operating license application revealed design safety issues part way
through the construction period.

e New code language being implemented [i.e., 10 CFR 50.43(e)] states that if a prototype plant is
used to qualify an advanced reactor design, then additional conditions may be required for the
licensed prototype plant to compensate for any uncertainties with the unproven safety features.
This language may provide a path that allows the NRC to approve the NGNP design (absent
completion of the confirmatory R&D results) provided that additional compensatory measures are
imposed to account for the greater uncertainties in the safety basis for the design. Some examples
of potential conditions are: (1) siting the prototype in a remote location, (2) requiring a robust
containment design, (3) requiring additional or redundant safety systems that would not be
included in the commercial design, or (4) having operational “hold points” that restrict prototype
operation until confirmatory research is complete. The risks in following this approach must be
carefully considered because NRC policy regarding application of this language does not
currently exist.

A licensing study should be performed to determine the feasibility of developing a one-step licensing
strategy that is adaptable to changes in the licensing climate and the research/design constraints of the
NGNP. This strategy could possibly take advantage of new prototype licensing language, with later
transition to a typical commercial license once key elements of the R&D program are complete and the
associated code committee work (e.g., ASME) is finished.

It is highly desirable to have the licensing of the nuclear plant be independent of the process heat
systems. This principal design objective for the PHP ties the licensing approach directly to the design of
the secondary heat transport systems. Meeting this objective would allow for maximum flexibility of
facility design and increase the NGNP’s ability to adapt to a wide range of process heat applications (e.g.,
hydrogen production, oil extraction from tar sands, or syn-fuel generation). Additional licensing studies
need to be conducted to determine the feasibility of developing a licensing strategy that allows for
maximum flexibility in the configuration of the process heat applications for subsequent commercial
applications of NGNP technologies. These studies will be initiated in the initial phase of conceptual
design.
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8. COST, SCHEDULE, AND WORK BREAKDOWN STRUCTURE

8.1 Cost Estimates

All three contractor teams prepared pre-conceptual level cost estimates and schedules as part of the
PCD work for the NGNP. The cost estimates were developed using different development methodologies
that included parametric modeling, vendor quotes, actual costs, and proprietary costing databases.

NGNP Project Engineering reviewed the assumptions and bases of estimate that supported the cost
estimates for credibility. This included meeting with Westinghouse to review in detail the specific
assumptions and cost data applied to develop the estimates. (Note: This review was made of the
Westinghouse estimates since they had the full scope of effort for PCD). Multiple studies were then
performed to reconcile the variations in scope and assumptions among the three cost estimates. These
studies included Monte Carlo analyses using estimates of the potential ranges in the detailed components
of the contractor teams’ estimates to develop an expected range for the NGNP project cost to initial
operation. Table 12 summarizes the key results of this effort along with the comparable period of
performance for each element based on the best estimate schedule (discussed below).

Table 12. NGNP Prototype Cost Estimate Range and Periods of Performance

Item Best Estimate Cost, SK Period of Performance
Low High

Conceptual Design $168,838 $191,054 FY-08 - 09
Preliminary Design $269,775 $305,271 FY-10- 11
Final Design $468,215 $529,823 FY-11-13
Licensing $128,996 $145,969 FY-08 — 18
R&D $478,572 $541,541 FY-07-18
Construction $1,772,171 $2,005,352 FY-13-16
Startup & Test $205,317 $232,332 FY-16 - 18
Project Support $308,116 $348,658 FY-08—18
Total $3,800,000 $4,300,000

Note: The low to high spreads do not reflect an assessment of the individual risks

These estimates reflect the work of the three contractor teams and do not include any potential
reductions in project costs that may occur through contributions of value-in-kind by the reactor vendors
(e.g., completed design work, current or planned testing and qualification, etc.).

These cost estimates will be updated with higher confidence levels as design development progresses.
The cost estimates and economic assessments for the NOAK commercial plant are covered in Section 9.

8.2 Schedule

A critical path, logic driven, integrated project schedule is being developed in correlation with the
project WBS structure. It will cover design, high-risk material and fuel development, technology
development, licensing and permitting, construction, acceptance testing, startup, and operational
shakedown. It will incorporate key milestones and Critical Design points for conceptual, preliminary, and
final design, as well as approvals to start long-lead procurements, start of construction, and start of
operations. The NGNP Project Schedule will be a living document, and the associated confidence level
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will increase as the NGNP Project progresses through the design process. The NGNP Project Schedule
that is reflective of the PCD cost estimate is included as Appendix F.

8.3 Work Breakdown Structure (WBS)

8.3.1 General

The NGNP Project WBS is based on a deliverable or product-oriented grouping of project work
elements that organize and subdivide the total work scope of the NGNP Project. A graphical display of
the WBS is shown in Appendix G. The WBS is an important and key project life-cycle management tool,
and considerable thought and planning has been and will continue to be given to its development and
implementation so that subsequent changes are minimized. Major revisions to a WBS require both
substantial effort and resources due to its application to a wide array of project activities. The NGNP
Project Summary WBS is driven by the scope of the project and is reflective of the nature and
characteristics of the NGNP. All the work contained within the WBS is to be identified, estimated,
scheduled, and budgeted.

As noted above, major revisions to the WBS are very difficult and expensive. Therefore, during the
PCD phase, only the WBS framework was established for the NGNP to begin the coordination of
information and documentation between the SRM, systems engineering and plant integration, cost
estimating, economic analysis and the resource loaded schedule.

8.3.2 NGNP Summary WBS Development

DOE O 413.3 provides the rolling wave planning concept in that the overall project planning is
performed at a level commensurate with the project with focused detailed planning for the next phase of
work. In agreement with this project management philosophy and input from the three contractor teams,
the NGNP Project WBS was prepared at a level commensurate with the NGNP. The WBS is used as a
management tool throughout the life cycle of a project to identify, assign, and track its total work scope.
The overall WBS structure was completed from project initiation to DD&D and with the three contractor
teams’ PCDRs referenced as a project basis for the summary WBS. This overall WBS was developed to
a level 4 WBS element, which included the NGNP five major facility areas: overall site and BOP, nuclear
NHS facility, process heat distribution (PHD) facility, PCS facility and HPS facility (see Appendix G).

8.3.3 Next Phase of Work & Contractor WBS Development

Currently, the NGNP Project Summary WBS is being developed to a progressive level of detail to
support planning for conceptual design. In accordance with DOE-O 413.3, the NGNP Project Summary
WBS will be fully developed and completed during conceptual design to a contractor WBS level by the
five NGNP facility areas, including the WBS dictionary. The WBS dictionary defines each WBS element
down to the control account or work package level in terms of the content of the work to be performed.

8.3.3.1 Organizational Breakdown Structure (OBS)

During conceptual design planning, the WBS work will be defined to a level where unique
organizational and personal responsibilities can be established. Control accounts will also be established
and assignments made. The control accounts will be divided into smaller, discrete SOWs called work
packages. Work package managers will be assigned to each work package. These work packages will
then be bundled into formal SOWs that will be managed by NGNP Project Management.
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Integrating the WBS with the project and functional organizations will assure that all NGNP work is
accounted for, and that each element of work is assigned to the level of responsibility necessary for
planning, tracking progress, accumulating costs, and reporting. Determining whether a specific SOW is
to be performed in-house or by a subcontractor or supplier will be done through Battelle Energy Alliance
(BEA) NGNP Project Management.

8.3.3.2  Responsibility Assignment Matrix (RAM)

During conceptual design planning, the WBS and organizational breakdown structure will be
developed to the point where a project responsibility assignment matrix can be developed and
implemented to control conceptual design development. The development and use of this responsibility
assignment matrix will provide several advantages for NGNP Project Management:

e Identifies individual work responsibility and authority in a structured, easily understood
format

e Establishes a basis for the Project’s Records Management and Configuration Management
systems

e Serves as a basis for identifying, planning, progressing, and reporting the work of all project
organizations (i.e., subcontractors, suppliers)

e Develops and defines individual ownership for specific project tasks

e Provides a basis for developing budgets, schedules, and milestones; tracking costs and
spending; and preparing progress reports.

In addition, once responsibilities are assigned to the work tasks, these individuals or companies
assume ownership of the assigned work, namely, baselines, milestones, performance, reporting, changes,
procurements, subcontracts, testing, etc.

8.3.3.3 Configuration Management

, The OBS, WBS, WBS dictionary, and RAM will be prepared, reviewed, approved, and issued at the
start of conceptual design, and all will be maintained under change control. During conceptual design,
these documents are of a dynamic nature and are at the forefront of the design and NGNP Project
Management’s attention. As the design progresses, all proposed changes will be evaluated, reviewed,
dispositioned, and documented. This is critically important with these particular documents because they
relate to and are the backbone of and/or influence the various sub-projects: systems engineering, work
package organization and management, specifications, drawings, scope, schedule, reporting, cost
estimates and economic analysis. At the end of conceptual design, these documents will be in a final and
static state and will be difficult to change after that time, emphasizing the great care and thought required
during conceptual design for these key project management tools.

9. ECONOMIC ASSESSMENT

Each of the contractor teams prepared an economic assessment using their recommended design for a
NOAK commercial plant producing hydrogen and, in two cases, electricity. The contractor teams did not
use the same economic assessment methodology, nor did the they assume the same values for key
economic parameters. For these reasons, the NGNP Project included a review of the contractor teams’
methods and results and then revised each contractor team assessment using, in general, more
conservative but consistent assumptions for key parameters and a consistent methodology. These revised
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assessments were performed using the cost estimates (e.g., capital, operations, DD&D) estimated by each
contractor team. A fourth assessment was then performed using the best estimate costs that were
developed by the NGNP Project in reconciling the cost estimates provided by the three contractor teams,

as reported above.

The following compares the values of the economic parameters assumed by the contractor teams with
the values assumed in the revision of the assessments.

Table 13. Values of Assumed Economic Parameters.

NGNP Project Re-Assessment

Parameter Contractor Team Assumptions Values
Energy Conversion Efficiency
(Energy in products / energy ~33% to ~56% Same
consumed)
Period of Evaluation 30 years to 60 years 40 years
Plant Availability 90% to 95% 92%
Capital Cost Contingency 0% to 10% (base) 20%

20% (in sensitivity)

Operations Cost Contingency 0% 20%
DD&D Cost Contingency 0% 20%
DD&D Costs 6% to 10% of initial cost 15% of initial cost
General Inflation Rate 0% to 2.52% 3.3%
Escalation Rate for energy products 2.77% to 3.10% 4.13%
(H2, 02 and kWh)
Current price of hydrogen $2.13 / kg to $3.00 / kg $2.50 / kg
Price of Electricity $58 to $60 / MWH $60 / MWH

Because the contractor teams did not use consistent methodologies in performing their economic
assessments, the NGNP Project minimally modified and “homogenized” the methods and basis to
produce a more like-to-like comparison. Given these modifications, the NGNP Project’s economic
assessment concludes that these proposed HTGR plants would be competitive with current commercial
processes in the production of hydrogen and electricity. Whereas the three contractor teams calculated
internal rates of return (IRR) ranging from 6.8% to ~12% for the NOAK plant, the NGNP Project
calculated IRRs ranging from 7.7% to 12.8%, both in an inflationary environment. In general, the shift of
the IRRs to a slightly higher and more economically viable range reflects the higher escalation value for
the energy products and a slightly higher initial price for the electricity. However, these returns were also
tempered by a more conservative assessment that assumed higher and more broadly applied contingency
rates throughout the life cycle of the project.

The NGNP Project performed one last economic assessment — what is referred to as a “most likely
outcome”. In this assessment, the NOAK plant is constructed for $3.914B ($2007) over a four year
construction phase, operates for approximately $310M annually ($2007), and produces 26,100 kg of H,
and 220,000 kg of O, for every hour of operation (assuming a 48% energy conversion rate and 90% plant
availability). Given these adjustments, the most likely IRR is 10.8%. Furthermore, if one assumes no
escalation in any of the energy products (i.e., H, and O, inflate at the general rate of inflation), the IRR
continues to remain at a very competitive 9.7% in a very stable energy market. Given the results of this
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conservative assessment, one could easily assume only an upside on the economic returns in developing
and deploying this technology.

In review of these results, there are many factors that affect the competitiveness and economic
viability of the HTGR technology. Specific to these assessments, two factors drive the relatively large
range in the calculated IRRs. The first factor is the conversion efficiency of energy input (heat) into
energy products (H,, O,, and kWh). All other factors equal, the higher the conversion efficiency, the
more products are sold, sales are higher, and returns on investment are higher. Secondly, the wide range
of operation costs predicted by the three contractor teams has a significant impact on the economic
viability of this technology at this time. The predicted range of $200M to $300M in annual operation
costs has a significant effect on the project’s IRR. This range reflects, in part, the fact that one of the
contractor team designs included the purchase of significant amounts of off-site power. This added
$100M to operation costs and significantly reduced the economic returns for that design. This cost could
be reduced significantly if the power were generated on-site. Given these two observations, a reasonable
strategy for the future development of the HTGR plant would be for the optimal design of energy
conversion that approaches the high range predicted by the contractor teams and the production of on-site
electrical power.

Lastly, the predicted IRRs assume a future where energy supplies will not be as easily available as in
the past with respect to predicted demand. Whether one prefers to assume the lower inflation and
escalation rates assumed by the contractor teams or assume the higher values of the NGNP Project, the
consensus is that energy will be premium, and this is reflected in the increasing (escalating) cost of energy
products with respect to the general economy and products. One may argue against this general forecast
of the future, but the general consensus of these four teams is that the traditional energy market is going to
change, primarily due to the anticipated reduced availability in low-cost crude petroleum and the
increased environmental restrictions on the use of coal to fill the energy supply gap.

In summary, these results confirm the economic viability of the HTGR technology in two markets,
hydrogen and electricity production, using conservative assumptions. Furthermore, these results support
the continued development of the NGNP and fostering commercial application of the HTGR technology.
Typical of any systems approach in the development of a technology, these economic assumptions will be
re-evaluated and adjusted to reflect better knowledge. Usually, the conservative approach of this
assessment is moderated and, hopefully, reduced as more knowledge and confidence in a future outcome
is developed. Lastly, the potential realization of carbon emission credits will become clearer. This factor
has not been considered in these assessments and would only have a positive effect on the economic
viability of this technology.

10. CONCEPTUAL DESIGN — NEXT PHASE PLANNING
10.1 General

The design phases anticipated for NGNP are: PCD, conceptual design, preliminary design, and final
design. These are consistent with the DOE as well as typical commercial project management processes.

The NGNP Project issued an Expression of Interest (EOI) and a subsequent RFP during the last
quarter of FY-06 for the engineering services to prepare PCDRs during FY-07. The commercial industry
responded with three qualified contractor teams, which were awarded SOWs to perform PCD work.
These contractor teams were led by Westinghouse Electric Company, LLC; AREVA NP, Inc.; and
General Atomics, and were collectively composed of 26 worldwide companies comprising designers and
providers of equipment applicable to HTGR and hydrogen production technologies.
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With the issuance of this report, the PCD phase will be completed. An EOI for Design Development
Engineering Services has been issued (see Appendix B) to prepare for the next phase of design and to
accomplish two major goals:

1. Receive a letter of interest from each of the existing contractor teams confirming team
members

2. Reopen the procurement to allow entry of any other qualified design teams.

The three existing contractor teams have submitted letters of interest and confirmation of the
contractor team members. With the receipt of these letters, negotiations for contract terms and conditions
have begun in preparation for the start of conceptual design work on October 1, 2007.

The conceptual design phase will be completed under the DOE O 413.3 project management process
(i.e., through CD-1). It is anticipated that the Public-Private Partnership for NGNP will be in place at the
end of conceptual design, and that the agreements of this partnership will dictate that the remaining
design phases, as well as construction, commissioning and operation of the plant, will be completed using
commercial processes.

10.2 Design Development Acquisition Strategy

The development of the NGNP will be completed in a cost-sharing Public-Private Partnership
between industry and the DOE using commercial processes. The plant will be owned by the DOE, but
will be operated by a non-government entity directed by an industry Alliance in partnership with DOE.
This non-governmental entity will hold and maintain the license for operation of the plant as issued by the
NRC. Figure 44 provides a high-level organizational structure and lines of communication. Alliance
formulation activities were initiated in FY-06, and it is anticipated that the Alliance will be developed to a
point at which it will be able to participate in the NGNP key technologies selections that are scheduled
from April to May of FY-08.

NGMP Public-Private Partnership

| C rati ,
! Pgreemert Alliance
| DOE [emmr] st f——
i Inwestment Corporation | |
i Agreament ' | Advisory
I $ """" = Group
Management
Organization ’\
Natiosal Laboraiores Techokgy Archect! Equipme st
{ncinding NG Dewelope it Exglhieers Sipplers

Figure 44. Organizational Structure and Lines of Communication
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In the conceptual design phase, BEA will act as the Engineer of Record as part of the Management
Organization shown above in Figure 44, and in this role will take responsibility for conceptual design
management. As noted above, the general acquisition strategy for NGNP engineering services is to
negotiate the existing contractor team’s subcontracts and continue on into conceptual design. The NGNP
Conceptual Design SOW will be executed by the negotiation of directed tasks with specific SOWs related
to development of designs in the five major WBS functional areas of the plant: BOP, NHS, HTS, PCS,
and HPS.

Conceptual design studies required to perform key technology selections (see Section 6.5) will be
some of the first work performed during conceptual design and will support the Alliance assisted
technology selection activities scheduled for April and May of FY-08. This will be the beginning of the
transition to the Alliance that is anticipated to be completed no later than the start of preliminary design.
With the Alliance fully in place at the start of preliminary design, the overall NGNP acquisition strategy
will then be completed as recommended by DOE O-413.3.

10.3 Conceptual Design Detailed Work Plan

BEA has prepared a conceptual design DWP that identifies all of the required level-five conceptual
design WBS elements. This DWP will be used to prepare and form the scope basis for the directed task
SOWs that will be issued to the subcontracted design teams. The design teams will prepare and submit
proposals and work plans (i.e., costs, schedule and resources) for each SOW for BEA review. These
SOWs will then be negotiated with the design teams. The directed task SOWSs contain the engineer’s
basis of estimate, which will be used to support the subcontract SOW negotiations.

10.4 Conceptual Design Schedule

The conceptual design schedule is shown in Figure 45 with the major design elements and WBS
element work flow leading up to the CD-1 reviews.
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Figure 45. Conceptual Design Schedule
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10.5 Conceptual Design

The project baseline definition for conceptual design (cost estimates, schedule, design documents,
long-lead items, etc) will be documented in a Conceptual Design Report (CDR) with overall project costs
and schedule. At the end of conceptual design, all major system elements and subsystems will be
identified, defined, sized, and integrated with site and facility area plans, general arrangement drawings,
piping and instrumentation diagrams, bases for design, electrical one-line drawings, process flow
diagrams, floor plans with typical sections and details completed, etc.

The fundamental objectives of conceptual design are to:

1. Develop a project scope that satisfies program needs, operating needs, and statutory
requirements

2. Assure and/or validate project feasibility and attainable technical performance levels

3. Identify and quantify all project risks and complete project risk management
plan/assessments

4. Develop a reliable NGNP cost estimate and a realistic performance schedule
5. Develop a detailed schedule for the next phase of work (preliminary design).
The guidelines developed as part of a conceptual design include the following:
1. General project criteria and design parameters, including applicable codes and standards

2. Quality assurance requirements to satisfy program and project objectives and baseline change
control

3. Safeguards and securities against potential environmental damage and methods for mitigating
environmental hazards

4. Types and material of construction, basic facility drawings, and outline construction
specifications

5. Space allowances for various functions
Significant features and components
Facility siting and utility services requirements

Site development requirements

v e =2

Energy consumption and type(s) of energy supply

10. Energy conservation initiatives and associated design/construction features
11. Operating, maintenance, and reliability concepts completed

12. Health, safety, safeguards, and security requirements

13. Applicable permits, licenses, and regulatory approvals obtained, and milestone dates for
pending and new applications reviewed, revised (as appropriate), established, and under
management control. All permits, licenses, and approvals necessary to construct and operate
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a facility or to initiate and perform project activities are identified and will be obtained when
needed to continue project execution on schedule. Schedule for receipt of authorization from
regulators should be realistic and shall be based on experience.

14. Barrier-free design/construction features for facility accessibility by the handicapped

15. Total estimated cost, performance schedules for design, procurement and construction, and
methods of performance

16. Requirements, cost estimates, and performance schedules for prerequisite R&D related to the
project

17. Any other statutory or special requirements for the project

18. Identification and elimination of uncertainties

19. Acquisition strategy for the project

20. Contingency requirements and analysis

21. Decontamination and disposal requirements.

The conceptual design is formalized into a CDR, which is a summary of the conceptual design results
that contains the conclusions and recommendations reached as a result of the conceptual design process.
The CDR is the major deliverable and forms the basis for the CD-1 design review. The following items
shall be included, as a minimum:

1.
2.

10.

Mission Need Statement
Project justification
Detailed description of the project scope, including key project assumptions

General discussions of the design basis and design criteria documents. These are completed
and enclosed as Appendices.

Performance requirements for the project system or process, formalized in an F&OR
document that includes all systems engineering documentation (SEMP, FDDs, SDDs,
SSDDs, etc.)

Conceptual design studies, trade-off/optimization studies, technology selection reports,
DDNs, and status of R&D

Value Engineering results

Total estimated cost, including individual estimates for each phase of design (preliminary,
final, and construction support), construction, standard equipments uncertainties, and
contingencies. All major project milestones shall be included. Cost estimate methodology
and backup details shall also be included.

Resource loaded project design, procurement, construction, and environmental compliance
schedules (critical path method schedule is required), including long-lead items and
procurements

Methods of performance for design, procurement, and construction with backup details
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Appendix A
A Brief Review Of High Temperature
Gas-Cooled Reactor Technology

A simplified configuration for a High Temperature Gas Reactor (HTGR) to be used for process
heat applications like the Next Generation Nuclear Plant (NGNP) is shown in Figure A-1. This figure is
used as a basis for understanding fundamental HTGR technology and for outlining the principal
extensions of the technology needed in the design, licensing, construction, and operation of the NGNP.

Reactor Island > Helium Flow
_Control Rods, Reactor & IHX Pressure
Access Ports & Vessels

Inlet Plenum

(primary & secondary pressures

5to 7 MPA)
-{

Circulator .
Hot Ducts : IHX Outlet

Core Inlet - 850 to 925 °C
350 to 500 °C
: To / From the
; : Process Heat
Core Outlet Applications
900 to 950 °C

* Core Support = \
. Structure/ \ Q, : IHX Inlet
. Outlet Plenum - 325t0 450 °C

* Core includes fuel, graphite, core structural and other ceramic
components and the metallic core barrel

Figure A-1. Fundamentals of HTGR Technology

NGNP - An Extension of HTGR Technology

NGNP is an extension of past applications of HTGR technology to demonstrate the viability of this
technology for wide ranging commercial applications. A number of prototype and demonstration HTGRs
have been operated over the past 40 years. Two such reactors, Fort St. Vrain and Peach Bottom, have
been licensed by the Nuclear Regulatory Commission (NRC) and operated commercially in the United
States. Internationally, both pebble bed and prismatic reactors have been licensed and operated in the
United Kingdom, Germany, Japan and China. Photos of each facility are shown in Figure A-2.
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DRAGON

HTGR PROTOTYPE

DEMONSTRATION PLANTS

AVR PEACH BOTTOM 1 FORT ST. VRAIN THTR
(UK) (FRG) (US.A) (US.A) (FRG)
1963 - 76 1967 - 1988 1967 - 1974 1976 - 1989 1986 - 1989
Figure A-2. Pebble Bed and Prismatic Reactor Facilities
A comparison of the reactor operating conditions is shown in Table A-1.
Table A-1. Comparison of Reactor Operating Conditions
Dragon AVR Peach Ft.St. Vrain | THTR-300 | HTTR
Bottom
Country of Origin OECD Germany U.S. U.S. Germany Japan
Thermal Power MW 21.5 46 115 842 750 30
(Net Electric Power MW - 13 40 330 300 10
Core Outlet Temp °C 750 950 725 775 750 950
[Helium Pressure MPa 2.0 1.1 2.25 4.8 39 4
Steam Temp °C -- 505 538 538 530 --
Reactor Type Sleeve Pebble Sleeve Block Pebble Prism
Vessel Material Steel Steel Steel PCRV* PCRV Steel
Date of Operation 1965-1976 | 1966-1989 | 1966-1974 | 1974 - 1989 1985-1989 1999

The commercial applications produced electricity and operated at significantly lower gas
temperatures than the temperatures at which a process heat HTGR would need to operate (e.g., 746°C
outlet temperature at Ft. St. Vrain versus an objective of 950°C for the NGNP). Although several of the
test reactors have operated at much higher temperatures for brief periods of time, no commercial
application of the higher temperatures has been made. The higher temperature objective for the NGNP is
necessary to shift the focus of this technology from an electricity producer to a provider of high quality,
reliable, economic, and non-emitting process heat for a wide range of applications and industry. The
majority of the technical risk to the successful demonstration of the NGNP technology results from
operation at the higher temperatures.

An HTGR Application / Plant Configuration

Referring to the plant configuration schematic, the process heat applications that will be
demonstrated in NGNP include electricity and hydrogen production processes, supplied from the
intermediate heat exchanger (IHX). These production processes were selected for demonstration by the
Environmental Policy Act of 2005 (EPAct). Electricity will be produced using a power conversion
system (PCS), which can take several forms independent of the nuclear heat supply. Hydrogen will be
produced using one or more of several different hydrogen production systems (HPS) independent of the
nuclear heat supply. (Note: Depending on the process, much of the electricity produced by the PCS could
be used by the HPS, for example, those employing some form of electrolysis). The nuclear heat supply is



comprised of the nuclear island and one or more IHXs. The nuclear heat supply can be attached to a wide
variety of applications requiring a wide range of process heat temperatures.

The Nuclear Heat Source — An Inherently Safe, Passive Design

Two different types of HTGRs are under consideration for NGNP: a prismatic reactor (see Figure
A-3) and a pebble bed reactor (See Figure A-4). In the prismatic version, the core consists of hexagonal
graphite blocks that contain coolant holes and fuel holes. The fuel holes are loaded with fuel compacts.
The inner and outer annular regions of the reactor consist of graphite reflectors to shape the neutron flux.

In the pebble bed, the core
consists of graphite pebbles about
the size of a tennis ball stacked
between an inner and outer
graphite reflector. In both of
these systems, these large
graphite reflectors also act as a
large heat sink to mitigate the
effects of thermal transients in the
core. Surrounding the outer
reflector is a metallic core barrel
and Reactor Pressure Vessel
(RPV). Helium is used as the
coolant. In the prismatic variant,
the coolant flows through the
coolant holes in the graphite
block; in the pebble bed design,
the helium flows in the free
volume between the pebbles. In
each case, the helium transfers
heat from the reactor fuel to the
IHX.

The reactor fuel in both
systems is comprised of many
multi-layered, TRISO-coated
particles distributed within fuel
elements comprised of either
compacts or in spheres (also called
pebbles; see Figure A-5). The
active fuel kernel (e.g., uranium
oxycarbide or uranium dioxide) is
surrounded by a layer of porous
carbon, a layer of dense carbon, a
layer of silicon carbide, and
another dense carbon layer that
collectively provide for
accommodation and containment
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Figure A-5. TRISO-coated Fuel Pebbles

of fission products generated during operation. These fuel constituents are extremely stable and are
designed to not fail (e.g., melt and release fission products) under any possible operating or accident
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condition, and thereby provide effective barriers to the release of fission products to the atmosphere under
any condition.

The graphite and other core ceramics used in the core are very stable materials. There is a large
volume of graphite in the core, which can store significant thermal energy at ambient pressures, thereby
reducing the intensity of reactor temperature excursions and extending the time frame for reaching these
excursions under analyzed abnormal and accident conditions (e.g., peak conditions are reached in
transients under the most severe postulated accident conditions in hours and days, providing ample time
to take corrective actions). The helium is inert, which minimizes chemical reactivity concerns. It is also
a good conductor of heat from the fuel to the IHX, but has lower heat capacity and operates at lower
pressures relative to other heat transport media (e.g., water). Therefore, the amount of stored energy in
the coolant is low; mitigating the consequences of loss of coolant conditions.

Thus, it is the structural and retentive capabilities of the individual fuel particles, the small volume
of each particle, the relatively low power density of the reactor, the inert coolant, and the large heat
capacity afforded by the graphite in the core and reflector regions that form the bases for the relatively
benign safety case for this technology. This in turn minimizes the need for active safety systems,
simplifies emergency planning, and thereby facilitates licensing, permitting, and plant siting.

The Helium Flow Path, Heat Transfer, and Transport Systems

In Figure A-1, the reactor uses an
annular cross duct to communicate between
the reactor and the IHX. The helium coolant
enters the reactor at the bottom of the RPV
through the outer annulus of the cross duct
and flows up through an annulus to the inlet
plenum, entering the reactor core at the top.
This is the general path of the coolant in the
prismatic reactor design. The path in the
pebble bed reactor design is different but
still enters the vessel at the bottom and
eventually enters the core at the top (see
FigureA-6). The coolant flows down
through the graphite fuel and moderator
blocks where it is heated, then through the
core support structure and outlet plenum,
ultimately exiting out the high-temperature
path of the cross duct to the inlet of the IHX.
The hot gas enters the top of the IHX and is
cooled as it flows down and out the bottom
of the heat exchanger core elements. The
he.lium coplant flow is maintained by the Figure A-6. Pebble Bed Reactor Design
primary circulator at the top of the IHX
pressure vessel. The cooler helium flowing
up through the annulus in the IHX, through the circulator, and into the outer annulus of the cross duct
completes the circuit to the reactor.

Reactivity Control System (Control rods)

Inlet from Primary Heat
Transport System

Downflow between
Reactor Pressure Vessel
and Core Barrel

Upflow in riser channels
|l_—"in Side Reflector

Downflow through
¥ packed bed Fuel Core

Reactor Pressure Vessel

™= Side Reflector = |

Annular pebble bed Fuel Core

Central Reflector

Outlet to Primary Heat
Transport System

Secondary fluid flows to and from the attached applications (e.g., the PCS and the hydrogen
process system of the NGNP) interface at the bottom and top of the IHX.



Technology Extensions to be Demonstrated by NGNP

High Temperature Materials

The ranges in the helium coolant outlet temperatures at the reactor and IHX interfaces that bound
potential operating conditions for the NGNP are higher than experienced in prior commercial applications
of gas-cooled reactors and are higher than experienced in traditional nuclear and fossil power plants.
They are typical of temperatures seen in gas-fired applications, (e.g., combustion gas turbines generating
electricity for hydrogen generation, petroleum refining, and steel making). Materials used in past and
current nuclear power applications are, therefore, not generally directly usable in the HTGR technology.
As such, one of the principal technical development objectives of the design and research and
development (R&D) efforts and operation of the NGNP demonstration plant is to prove the capabilities of
selected materials for operation at the higher temperatures. The specific applications include the RPV,
the hot ducts, the IHX pressure vessel, and the core barrel. High temperature metallic alloys being
considered for these applications include SA508/533, Inconel 617, Incoloy 800H, 2-1/4Cr-1Mo and 9Cr-
1Mo (P91). For example, a key factor in the design of the RPV is the reactor inlet temperature. At the
lower end of the anticipated inlet temperature (350°C), a more traditional material such as SA 508/533
may be applicable; whereas at the higher inlet temperatures (500°C), more developmental alloys (e.g., 2-
1/4Cr-1Mo and 9Cr-1Mo) or other means to reduce the operating temperature will be required (e.g.,
external means to cool the RPV).

Design and R&D activities are focused on establishing the strength characteristics and high
temperature creep resistance of these materials at bounding operating temperatures and radiation exposure
levels. It is also important to consider the availability of the material (e.g., the availability of sources in
the size ranges required to support HTGR), the fabricability of the material (e.g., for on-site fabrication of
the large vessels), and the lifetime of the components (e.g., does the plant have to be designed for
replacement of the component over the design lifetime of the plant) in the overall assessment of each
material candidate.

Qualification of Reactor Core Materials

The other key technical development area is the qualification of the fuel and graphite components
that make up the reactor core. The qualification confirms the structural integrity of the graphite and the
fission product retentiveness of the fuel particles under bounding conditions of temperature, fuel burnup,
and radiation exposure. This is confirmed by long-term irradiations of representative samples under
controlled bounding conditions of temperature and fluence followed by extensive post-irradiation
examination (PIE) and safety testing.

Proof of Principle Operation of NGNP

These up-front R&D and design activities will be augmented by further validation of design assumptions
during the initial operating period of the NGNP (two to three years after initial startup). During this
period, (1) extensive instrumentation of the plant will confirm assumptions on plant conditions during
operation; (2) controlled transient operation will confirm component and system responses and
interactions; (3) periodic in service inspections (ISIs) will confirm continued integrity of structural
components and maintenance of geometric configurations; and (4) removal, PIE, and testing of fuel,
graphite, and metallic and ceramic coupons will further support confirmation of the design assumptions
that form the bases for the safety analyses.
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Appendix B
EOI for Design Development Engineering Services

Vendors . | \
Federal Business Opportunities 0
L

YIS OF 12
A -- REQUEST FOR EXPRESSION OF INTEREST - NEXT GENERATION NUCLEAR PLANT
(NGNP) DESIGN DEVELOPMENT ENGINEERING SERVICES FOR THE NGNP

PROTOTYPE TO PRODUCE PROCESS HEAT, HYDROGEN, AND

ELECTRICITY AT THE INL
General Information
Document Type: Sources Sought Notice
Solicitation Number: Reference-Number-PROCO035
Posted Date: Jul 24, 2007

Original Response Date: Aug 20, 2007

Current Response Date: Aug 20, 2007

Original Archive Date: Sep 04, 2007

Current Archive Date:  Sep 04, 2007

Classification Code: A -- Research & Development
Naics Code: 541330 -- Engineering Services

Contracting Office Address

Department of Energy, Idaho National Laboratory (DOE Contractor), Idaho National Laboratory, 2525
Fremont P.O. Box 1625, Idaho Falls, ID, 83415-3920, UNITED STATES

Description

REQUEST FOR EXPRESSION OF INTEREST - NEXT GENERATION NUCLEAR PLANT (NGNP)
DESIGN DEVELOPMENT ENGINEERING SERVICES FOR THE NGNP PROTOTYPE TO
PRODUCE PROCESS HEAT, HYDROGEN, AND ELECTRICITY AT THE IDAHO NATIONAL
LABORATORY (INL)

L BACKGROUND/INTRODUCTION
The Department of Energy has selected the Idaho National Laboratory as the lead national laboratory for
nuclear energy research. Per the terms of the Energy Policy Act of 2005, Title VI, Subtitle C, Section

642, INL, under the direction of the DOE, will lead the development of the Next Generation Nuclear
Plant (NGNP) by integrating, conducting, and coordinating all necessary research and development
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activities and by organizing project participants. INL, as the Managing Contractor, will be responsible
for conducting project related procurements and coordinating project efforts with industry and the
international community.

Battelle Energy Alliance, LLC (BEA), Management & Operating Contractor of the INL, is requesting an
expression of interest from prospective subcontractors (teams, consortiums, joint ventures, etc.) that are
capable of providing complete and comprehensive Engineering Services for Design Development for the
Next Generation Nuclear Plant prototype that produces very high temperature heat, hydrogen, and
electricity.

In FY 2007, BEA subcontracted engineering studies and pre-conceptual design activities with three
design teams led by Westinghouse Electric Company, LLC, AREVA NP, Inc., and General Atomics. A
total of 26 companies participated in this design work. In addition to the reports prepared by each of
these teams, a consolidated and integrated Pre-conceptual Design Report will be issued in September
2007 based on this design work.

IL. PURPOSE

In FY 2008, BEA is planning to continue design development by performing selected further studies and
proceeding with conceptual design. This work will support progressive selection of NGNP prototype
functional requirements, design features and configuration, and refinement of cost and schedule estimates.
Functional, operational, and design requirements included in the Pre-conceptual Design Report will be
used as the starting point for these design activities.

III. REQUEST FOR EXPRESSION OF INTEREST

BEA requests an expression of interest from qualified potential subcontractors to perform this work. The
specific scope of work will be developed as part of an extension of current subcontracts or selection for a
subcontract with BEA and will depend on available funding, design and technology risk characterization
from pre-conceptual design work, and the capabilities of the interested potential subcontractors.

The three design teams that performed pre-conceptual design activities and provided engineering services
in FY 2007 are requested to provide a confirmation of interest in performing these design development
services and confirm the makeup of the teams. Extension of existing subcontracts is anticipated if
existing subcontractors remain interested. However, as appropriate, other subcontracts may be awarded.
To that end, additional prospective subcontractors with interest in performing such design and
engineering services are requested to provide a summary submittal of qualifications in accordance with
section IV Submittal Requirements.

V. SUBMITTAL REQUIREMENTS
Prospective subcontractors shall provide brief statements of qualifications in the following areas:

1) A description of current knowledge or capabilities related to Pebble Bed and Prismatic gas cooled
graphite moderated reactor system designs, hydrogen plant design, and balance of plant design.

2 Demonstrated ability to integrate specialty disciplines and industry expertise to provide for an
integrated design for a prototype reactor, power generation, and hydrogen production plant.
Specialties shall include but not be limited to reactor design, Brayton and steam cycle
turbomachinery, controls, hydrogen production, and balance of plant engineering and design.
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3) The prospective subcontractor must also be able to effectively identify and evaluate technology
development status and needs.

4) A minimum of three references who represent a direct client of the lead team member that can
validate past history regarding reactor engineering and design services, ability to assemble and
integrate highly specialized design elements, and performance satisfaction.

5) An indication of whether the prospective subcontractor possesses the capability to design a
commercial scale prototype NGNP modular reactor, including examples of past design efforts.

6) A statement to describe the prospective subcontractor's Quality Program Plan with a discussion on
how it is qualified to ASME NQA-1, 2000, requirements for engineering design services.

7) Demonstrated experience in licensing nuclear plants for construction and operation with the United
States Nuclear Regulatory Commission.

Failure to provide the requisite submittals may limit a prospective subcontractor's ability in being a viable
candidate for a future RFP.

Again, it is the intent of this expression of interest to develop a representative list of qualified prospective
subcontractors that can and will provide all submittal requirements identified within this EOI, as well as
possess the interest, the resources, and capabilities to cooperatively and successfully perform the required
tasks.

Please provide your expression of interest to the undersigned by 5 p.m. Mountain Time, August 20,
2007. If you have questions or need additional information, please contact Greg Anderson on Extension
(208) 526-1816 or email gregory.anderson@inl.gov. Technical questions must be submitted in writing
(U.S. mail or email).

Point of Contact

Dawn Karns, Administrative Specialist, Phone 208-526-9554, Fax null, Email Dawn.Karns@inl.gov

Place of Performance

Address: 2525 Fremont Ave. P.O. Box 1625 Idaho Falls, ID
Postal Code: 83415-3890
Country: UNITED STATES
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Executive Summary

The purpose of this white paper is to summarize and compare the different Next Generation
Nuclear Plant (NGNP) licensing recommendations provided by the three subcontractors. Only one of the
subcontractors (Westinghouse) was tasked to develop a licensing special study. However, the other
subcontractors have provided limited information on their licensing suggestions that will be integrated
into their pre-conceptual design products. This information has been included, where available.
Recommendations based on the available licensing information are as follows:

e Continue to assume (as stated in the Preliminary Project Management Plan) that the two-step Part
50 licensing process will be used unless Westinghouse develops a cogent schedule based on the
Part 52 process that meets the 2018 completion date.

e Continue to assume use of an Early Site Permit (ESP) with the two-step Part 52 process.
However, after the pre-conceptual design studies are complete, conduct internal and external
discussions to reevaluate the usefulness of this mixed licensing approach.

e Focus research & development (R&D) and engineering efforts during the conceptual design
phase to 1) identify the design’s safety analysis data needs, 2) evaluate where the license by test
(LBT) approach is beneficial, 3) determined what type of integrated test program would be
required, and 4) assess the potential impacts on the plant design.

e Conduct additional licensing discussions with subcontractors to determine the feasibility of
developing a licensing strategy that allows for maximum flexibility in the configuration of the
process heat applications for subsequent commercial applications of NGNP technologies.

e Initiate development of an Environmental Permitting Plan (EPP) during the conceptual design
phase.

e Continue to monitor the PBMR Design Certification review discussions with the Nuclear
Regulatory Commission (NRC) to gain experience in application of probabilistic risk assessments
(PRA) in licensing products and to improve our overall understanding of risk-influenced licensing
strategies.
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NGNP Engineering White Paper:
Licensing & Permitting Special Study

Introduction

Westinghouse was requested to prepare a study that compares licensing the NGNP under NRC
regulations 10 CFR Part 50 vs. use of 10 CFR Part 52. The advantages and disadvantages of each
approach and the risks associated with each approach were requested. Also, the following issues were to
be evaluated:

e The feasibility of using Part 52 for development of an ESP and Part 50 for licensing the reactor
facility (construction permit and operating license),

e The availability and pros and cons of using the new advanced reactor licensing framework (to
become Part 53) being developed by the NRC,

e The feasibility of applying a “license by test” philosophy for obtaining an NRC license for the
NGNP demonstration facility,

e Identify the issues and recommend an approach for licensing an integrated nuclear
facility/hydrogen production plant,

e Identify applicable Environmental Protection Agency (EPA) and State permit requirements
associated with construction and operation of an integrated nuclear facility/hydrogen production
plant,

e Develop an approach for integrating PRA methodologies early into the design process so that the
reactor facility design is optimized from a safety perspective, and

e Integrate licensing considerations while performing economic assessments and construction
scheduling.

Of the three contractors (Westinghouse, AREV A, and General Atomics), only Westinghouse was
tasked to perform a licensing special study. However, the other two contractors were directed to consider
licensing issues associated with the NGNP that were to incorporated into their respective preconceptual
design studies reports. The licensing work scope for these two contractors is provided below.

AREVA

AREVA was requested to perform engineering and design activities for the NGNP pre-conceptual
design and preliminary planning for permitting and licensing their recommended design for NGNP. This
was to include establishment of NGNP safety strategy, licensing and permitting provisions and evaluation
of overall nuclear system operation. The Preconceptual Design Studies Report will describe the AREVA
NGNP Team’s recommended licensing strategy, but the decision process and evaluation of alternatives
will not be described.
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General Atomics

General Atomics was asked to develop a strategy for licensing their recommended design for

NGNP under 10 CFR Part 50 vs. 10 CFR Part 52, and to evaluate these evolving licensing and regulatory
requirements. This included:

Considering the feasibility of using Part 52 for development of an ESP and Part 50 for licensing
the reactor facility,

Evaluate the availability and pros and cons of using the new advanced reactor licensing
framework being developed by the NRC (to become Part 53),

Evaluation of the feasibility of applying a “license by test” philosophy for obtaining an NRC
license for the NGNP demonstration facility,

Identify the issues and recommend an approach for licensing an integrated nuclear
facility/hydrogen production plant,

Identify applicable EPA and State permit requirements associated with construction and operation
of an integrated nuclear facility/hydrogen production plant.

Perform a Preliminary Hazard Assessment (PHA) that defines the hazard levels associated with
the high-temperature heat transport system and hydrogen plant, and chemical systems in the

hydrogen plant, and

Integrate licensing considerations into construction scheduling.
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Summary of the Results

The following table provides a side-by-side comparison of the licensing recommendations provided by the three subcontractors. As noted
above, only one of the subcontracts (Westinghouse) included a licensing special study. However the other subcontractors are addressing similar
licensing issues as they develop their pre-conceptual designs. Therefore, the table organizes the key licensing issues in accordance with the
Westinghouse special study work scope (see above) and includes corresponding information from the other two subcontractors, where currently
available. Sources for the non-Westinghouse licensing data include presentation slides provided as part of the 50% Special Studies meetings and

system requirements manuals.

Licensing Task

Westinghouse Special Study

AREVA Licensing Presentation

General Atomics

Should we use Part 50 or
Part 52 to license the
NGNP?

Use Part 52 to obtain an ESP with an embedded
Limited Work Authorization (LWA) followed by a
COL. Maintain a Part 50 fallback strategy for a
two-step license pending the success of the pre-
application interactions.

Utilize Part 50 two-step licensing
rule to obtain a Limited Work
authorization (LWA) and
Construction Permit (CP) by 2011.
Use Part 50 Rules w/ exceptions and
conditions and obtain Operating
License (OL) by 2018.

Licensing the prototype NGNP
facility in accordance with 10CFR50
is the preferred option. Part 50 and
its associated guidance are well
understood; The 2-step process
supports plant construction activities
in parallel with the evolution of the
final design.

Feasibility of using Part
52 ESP with Part 50 two-
step process

If the fallback Part 50 approach is applied, this
option can be exercised with or without an
optional LWA prior to issuance of the ESP.
Provides early site approval and allows early site
work.

AREVA’s Part 50 strategy
recommendation includes obtaining
an Early Site Permit (ESP) under
Part 52.

Licensing under 10CFR52, while
possible, may not be advantageous
for initial licensing of the prototype
NGNP production facility.

Evaluate pros and cons
for using new Part 53
advanced reactor
licensing framework

The time-frame for the rule is inconsistent with the
development of a licensing application for the
NGNP under Part 52, since there will not be a final
rule against which the application can be reviewed.
Moreover, the review of the first application for a
particular reactor design type under Part 53 will be
especially difficult since there is no experience that
shows how compliance of an application can be
evaluated against the expected technology-neutral
regulatory requirements. Therefore,
implementation of Part 53 is not recommended.

Support the NRC’s development of
the new licensing framework, but not
rely on it for prototype licensing.
Develop bases and exercise Part 53.

Licensing under 10CFR53, while
promising, does not appear to be a
viable near-term option.
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Licensing Task

Westinghouse Special Study

AREVA Licensing Presentation

General Atomics

Practicality of using the
“license by test” concept

Consider selective use of license by test (LBT).
Implementation of the EMDAP process would
identify what additional data is required to
adequately support approval of the evaluation
models. Then a cost/benefit/risk study would be
performed to determine what data should be
generated by LBT. The studies would evaluate the
tradeoff with required instrumentation, design
changes, and potential power level limitations. The
end result would be to use LBT selectively only
when justified by risks and benefits. Finally, any
LBT would more than likely be included in the
ITAAC, increasing the steps toward achieving full
power operation.

Not addressed by licensing
presentation.

License by test does not appear
viable. It is considered to be a high-
risk option because the testing could
create severe stress on the systems,
structures, and components, requiring
repair and analysis.

Identify approach for
licensing an integrated
nuclear/hydrogen facility

Licensing of an integrated nuclear power /
hydrogen plant must address the regulations that
apply to each plant plus consideration of potential
interactions between the plants. Each plant design
should initially meet its own regulatory criteria. In
addition, the transient and accident consequences
of potential interfacing events should have
sufficiently limited impact on the other plant so
that the combined regulations for both plants are
met. Finally, depending on normal plant operation,
safety system operation, transient/accident
consequences and required operator actions, some
regulatory criteria for one plant may apply to the
other plant. Establish and demonstrate the
licensing requirements commensurate with the
chosen hydrogen production design(s) reflecting
separation distance and facility interactions
stemming from such design(s).

Not addressed by licensing
presentation.

Not addressed by licensing
presentation.
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Licensing Task

Westinghouse Special Study

AREVA Licensing Presentation

General Atomics

Identify EPA and State
permits

EPA, State and local permitting are not expected
to present any significant licensing impediment for
the NGNP. Develop an Environmental Permitting
Plan (EPP) to ensure that permits that are required
prior to procurement of construction materials and
the commencement of construction will be
obtained in a timely manner to avoid negative
schedule impacts on the overall schedule. The EPP
will also ensure that environmental permits
required prior to operations will be obtained in a
timely manner to avoid the situation of having the
facility completed and ready for operation, but
having these permits as a constraint on such
operation.

Not addressed by licensing
presentation.

General Atomics noted that air
quality, water quality, and waste
management permits will be
required. They noted that the
environmental permitting process
was estimated to require 3 to 4 years
at a cost of $9 to $12 million.

Approach of integrating
PRA into the design
process

Build on PBMR (Pty) Ltd-NRC pre-application
interactions, including adoption of the PRA
methodology for HTGR/MHTGR/PBMR to the
NGNP to the maximum degree possible, including
selection of licensing basis events (LBEs),
classification of systems, structures, and
components (SSCs), and implementation of the
DID principles. Build on specific PRA system
models for HTGR/MHTGR/PBMR wherever
model similarities between the plants allow.
Develop new models that may be needed for the
NGNP.

Not addressed by licensing
presentation.

System Requirements Manual: The
NGNP license application shall be
supported by a full-scope
probabilistic risk assessment analysis
for internal and external events. The
analysis shall be conducted in
accordance with the requirements of
either 10 CFR 50 or 10 CFR 52.
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Conclusions
Use Part 50 or Part 527

AREVA and General Atomics both recommend using NRC Part 50 two-step licensing process to
obtain an operating license by 2018. Westinghouse recommends using the one-step Part 52 licensing
process with a fallback alternative to use Part 50, if necessary.

While it is desirable to use Part 52 to reduce risk, it is not clear that using Part 52 will allow
development of a rational schedule that supports plant startup by 2018, because the design must be
complete before the licensee can submit a combined operating license (COL) application. In addition,
construction is delayed until the COL is reviewed and approved by the NRC. Unfortunately,
Westinghouse will not have an integrated schedule available until their final products are complete. So, it
is difficult to understand how the 2018 completion date can be met until the schedule assumptions are
reviewed. It’s interesting to note that Westinghouse hedged their bets by identifying use of a two-step
Part 50 process in case pre-application discussions with the NRC don’t go well.

Use Early Site Permit (ESP) with Part 50 Process?

If Part 50 is used, both Westinghouse and AREVA recommend that an Early Site Permit (ESP) be
obtained to reduce risk and allow partial site preparation. Neither subcontractor identified any regulatory
issues that would prevent use of this mixed approach. The limited information available from General
Atomics did not address this option.

Developing an ESP application has some advantages; however, as the project schedule becomes
more compressed due to funding issues, the advantages become minimal. The commercial industry is not
in total agreement concerning the usefulness of ESPs, especially if a project for a given site is planned for
completion in the near term. After further consideration and initial discussions with the NRC, we may
find that it is more efficient to include all of the environmental information as part of a standard
construction permit application.

Consider Use of Part 53?

All three of the subcontractors agree that new Part 53 technology-neutral advanced reactor
licensing framework will not be developed in time to be used to license the NGNP demonstration plant.
This recommendation is appropriate. In addition, it would be appropriate to look for opportunities to
assist the NRC with Part 53 development, possibly through exercising the framework in some fashion.

Should We Consider “License by Test”?

Westinghouse recommends a selective use of the license by test (LBT) concept, based on results
from studies to determine what data will be needed and cost/benefit analyses to determine where LBT is
best used. The limited information available from General Atomics noted that they did not believe that
the LBT concept was feasible. This issue was not addressed by AREVA.

It is beneficial to consider the Westinghouse recommendation with the understanding that this type
of testing may lead the NRC to impose additional restrictions on the demonstration plant design to
account for plant performance uncertainties to ensure that public safety is maintained.



NGNP Engineering White Paper: INL/EXT-07-12726
Licensing & Permitting Special Study April 2007

Approach for Licensing an Integrated Nuclear/Hydrogen Facility

Westinghouse proposed a method for addressing the licensing requirements for each individual
plant and then to consider any interactions that may occur that would exceed the regulatory limits that
govern the individual plant. This issue was not addressed in the available materials from AREVA and
General Atomics.

It is highly desirable to have the licensing of the nuclear plant be independent of the process heat
systems. Meeting this objective would allow for maximum flexibility of facility design and increase the
NGNP’s ability to adapt to a wide range of process heat applications (e.g., hydrogen production, oil
extraction from tar sands, or syn-fuel generation). None of the three subcontractors has suggested a
reactor licensing approach that addresses this issue.

Identify EPA and State Permits

Westinghouse recommends development of an Environmental Permitting Plan (EPP) to ensure that
required permits will be obtained in a timely manner to avoid negative schedule impacts on the overall
schedule. The EPP will also ensure that environmental permits required prior to operations will be
obtained in a timely manner. This issue was not addressed in the available materials from AREVA.
General Atomics noted that the effort was estimated to require 3 to 4 years at a cost of $9 to $12 million.

Integration of Probabilistic Risk Assessment (PRA) Methods

Westinghouse and General Atomics agree that a full-scope probabilistic risk assessment (PRA) be
developed for the NGNP demonstration plant. Westinghouse provides more detail; in that the PRA
should be used for selection of licensing basis events, selection of safety related equipment, and
implementation of defense in depth principles. This approach can be used with either the Part 50 or
Part 52 licensing process. In addition, this approach is consistent with current industry efforts to
implement PRA techniques as part of NRC licensing activities (e.g., PBMR Design Certification).

The Westinghouse recommendations are acceptable. Note that this approach is consistent with the
PRA licensing discussion in the Preliminary Project Management Plan.

Recommendations

e Continue to assume (as stated in the Preliminary Project Management Plan) that the two-step Part 50
licensing process will be used unless Westinghouse develops a cogent schedule based on the Part 52
process that meets the 2018 completion date.

e Continue to assume use of an ESP with the two-step Part 52 process. However, after the pre-
conceptual design studies are complete, conduct internal and external discussions to reevaluate the
usefulness of this mixed licensing approach.

e Focus R&D and engineering efforts during the conceptual design phase to 1) identify the design’s
safety analysis data needs, 2) evaluate where the LBT approach is beneficial, 3) determined what type
of integrated test program would be required, and 4) assess the potential impacts on the plant design.

e Conduct additional licensing discussions with subcontractors to determine the feasibility of
developing a licensing strategy that allows for maximum flexibility in the configuration of the process
heat applications for subsequent commercial applications of NGNP technologies.
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o Initiate development of an Environmental Permitting Plan (EPP) during the conceptual design phase.

e Continue to monitor the PBMR Design Certification review discussions with the NRC to gain
experience in application of PRA in licensing products and to improve our overall understanding of
risk-influenced licensing strategies.
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Executive Summary

The Westinghouse and AREVA Teams performed this special study. It was not included in the
work scope of General Atomics. The AREVA study was performed by Hamilton Sundstrom / Rockwell /
Pratt Whitney; the Westinghouse study was performed up by M-Technologies of South Africa. These
studies combined to evaluate nine Power Conversion System (PCS) configurations:

Cycle Configuration Westinghouse AREVA

Direct Brayton 5 variations were evaluated X
Indirect Brayton X X
Indirect Combined Cycle Gas-Turbine X X
Direct Combined Cycle Gas-Turbine 3 Confi%ﬁi:gés were

Indirect Rankine Subcritical Steam X X
Indirect Rankine Supercritical Steam X
Direct Rankine Subcritical Steam X

Indirect Supercritical CO, X
Indirect / Cascaded Supercritical CO, X

Several conclusions and recommendations follow based on this short study:

e The AREVA team considers the direct Brayton cycle to have relatively high technological risk.
Westinghouse PTY - PBMR is developing a direct Brayton cycle PCS for the Demonstration
Power Plant (DPP) in South Africa. (Note that General Atomics also recommends a direct-cycle
PCS in the GT-MHR design currently being designed by OKBM for use in Russia.) The
difference in the Teams’ evaluation of the maturity of a direct Brayton-cycle PCS and the
translation of that maturity to technological risk should be reconciled.

e Neither Westinghouse nor GA consider radioactive contamination nor dust as a problem for a
direct Brayton cycle PCS. AREVA considers that radioactive contamination will have on the
maintenance and long term reliability of direct-cycle power conversion equipment.

e There are significant differences in the net plant efficiencies calculated for the several different
PCS configurations considered by Westinghouse and AREVA. The predicted operating
efficiencies of the options selected for further evaluation for NGNP will be developed as the
design progresses.

e The AREVA Team prepared a more comprehensive evaluation of several PCS concepts that will
be of use in further design efforts for NGNP.

e Neither of the teams considered the impact of the transient characteristics of the various cycles in
their evaluations of alternatives. These will need to be considered in the design of the PCS for
NGNP. Such transients include loss-of-load, compressor surge, and other scenarios as defined in
a typical plant safety analysis report.
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Power Conversion System Trade Study

Introduction

The principal objectives of the Power Conversion System (PCS) Special Study effort are to answer
the following questions:

1. What is the recommended NGNP Power conversion System concept? Potential candidates are
direct vs. indirect cycle; Brayton vs. combined cycle gas-turbine vs. steam cycle or some
combination thereof.

2. What is the recommended working fluid if an indirect cycle is recommended?

A systematic study process was expected of the participants to address these questions considering
the following:

1. Evaluate the potential PCS configurations against the following key discriminating criteria, as a
minimum (i.e., others may be added as necessary)

Direct versus Indirect

System performance

Flexibility and operability
Adaptability of existing technology

°© a0 ow

Technology risks, if additional development is required

2. Establish a criteria and decision hierarchy

3. Identify the range of available solutions

4. Obtain required input, if not readily available, as necessary to complete the evaluation

5. Identify and assess options regarding each criterion (individual inputs or expert opinions)

6. Synthesize results required for an optimum solution (expert opinion and reviews). That is, the
decision sequence should be prioritized based on hierarchy. This should be accomplished by
prioritizing the PCS decision considerations and the selected PCS concept decision should be
optimized based on these decision considerations.

7. Perform an expert review of the draft special study results

Westinghouse and AREVA teams have addressed the PCS questions noted above. Their results are
summarized herein. It should be noted that neither of the teams have selected an optimal cycle and set of

working fluids. For continuing with the NGNP design the answers to the questions presented above
require further analysis.
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Summary of the Results

The results are separated according to vendor. The following two subsections first discuss
AREVA’s finding and then Westinghouse’s findings.

AREVA: AREVA tasked the Rocketdyne Division of Hamilton Sunstrand, Inc. to perform
comprehensive evaluations of power conversion system options for NGNP. This study summarized key
parameters of importance for PCS based on characteristics of: (a) an indirect-cycle using supercritical
carbon dioxide as the working fluid, (b) an indirect steam Rankine cycle PCS, (c) both direct and indirect
Brayton cycles using helium as the working fluid, and (d) an indirect combined cycle gas-turbine. The
team conclusions are presented in: Gregory A. Johnson, Hamilton Sundstrand Inc, “Power
Conversion System Special Study,” Lynchburg, VA, April 4, 2007, the following conclusions were
reached:

»  The conclusions of the evaluations * are dependent upon the relative importance of efficiency and
the importance of cycle maturity, that is, the importance of risk.

*  Supercritical CO, very promising

—  Low Technical Readiness Level (TRL)" is the only negative for this candidate PCS. On a
scale of 1 to 9, TRL for this PCS is 3.

— Arrange in cascaded configuration for large differential temperature applications®
*  Steam Rankine cycles are the most mature

— Cost & size of steam turbines reduces attractiveness
— Supercritical steam with two reheats is best steam cycle option
— TRL =9 for subcritical and TRL = 8 for a supercritical system.

* Brayton cycles are adequate

Operational and Maintenance difficulties are present with direct cycle
«  Radioactive contamination of PCS*
— Loss of efficiency with indirect cycle

— Relative attractiveness compared with supercritical CO, (SCCO2) brings further pursuit of
cycle development into question

— TRL =4 for both direct and indirect.
*  Combined Cycle Gas-Turbine (CCGT)

—  Cost & size of steam turbine reduces attractiveness

* The “answer” to the questions posed to the teams.

® A measure, developed in the acrospace industry, to support assessing the risk inherent in using a particular technology. A technology with a
high TRL scale index would be considered mature and many examples of it being used in industry could be readily found. A technology with a
low TRL scale index would add to technological, cost and schedule risk since it has not been developed sufficiently to identify and address issues
that might cause the technology to fail.

¢ This need stems from the large differential temperature mismatch that exists between the reactor (~400 °C) versus the PCS (~170 °C)

4 Dust is not mentioned probably because the AREVA design is only considering a prismatic reactor which generates much less dust than a
pebble-bed reactor.
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— Added complexity & possible development issues with non-standard gas-turbine

— Recommend examining helium and/or argon if pursued

— Potential long term economic advantage from small efficiency increase compared to
supercritical steam & indirect Brayton

— TRL=6.

Westinghouse: As noted in Gerard du Plessis, M-Tech Industrial (Pty) Ltd, “NGNP Special Study
20.4 — Power Conversion System Trade Study,” NGNP-RPT-004, Jan. 10, 2007:

In the Westinghouse (PBMR) study various cycle configurations were compared in order to identify
representative Brayton, Combined and Rankine cycles for the NGNP. The most promising Brayton
cycles, GTCCs and Rankine cycles were analyzed and compared with regard to thermodynamic
performance and practical considerations when employed in conjunction with a given PBMR. A
representative cycle was chosen for each group of cycle configurations.

For the Brayton cycle configurations, it was found that a single-shaft cycle with inter-cooling would
be the best option in terms of net cycle efficiency and turbo-unit size. The representative Brayton
cycle (Cycle B - Error! Reference source not found.®) has a net cycle efficiency of 42.3%. For the
CCGTs, a single-shaft recuperative Brayton cycle without inter-cooling was found to be the most
suitable cycle configuration. Although the cycle (Cycle J - Error! Reference source not found.)*
does not have the highest net cycle efficiency (45.1%) of the GTCCs under investigation, the turbo-
machines employed by the cycle builds on the PBMR DPP design. Cycle J was therefore chosen as
the representative GTCC on the basis of readiness of technology. A single conventional Rankine
cycle coupled to a PBMR through a steam generator was chosen as the representative Rankine cycle
(Cycle K - Error! Reference source not found.)". The representative Rankine configuration uses
proven Rankine cycle technology and has a net cycle efficiency of 41.2%.

®

tec

WAL

Figure 1. Selected Brayton cycle (Cycle Figure. 2 Gas-turbine combined cycle: single-shaft
B): single-shaft cycle with inter-cooling recuperative Brayton cycle without inter-cooling (Cycle J)

¢ Figure number is given in du Plessis 2007.
"See Fig. 1 below.
¢ See Fig. 2 below.
" See Fig. 3 below.
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Figure 3. Direct Rankine cycle (Cycle K) coupled to reactor via steam generator

The influence of a direct versus indirect PCS was also investigated for each group of cycle
configurations. As expected, it was indicated that the net cycle efficiency of the cycles in each group
decreases for an indirect configuration.

The influence of the coupling configuration of the hydrogen plant with the PCS, as well as the size
of the hydrogen production plant, was also considered. The sensitivity of cycle efficiency to the hydrogen
plant size was compared for Brayton and Rankine cycles. It was found that the net cycle efficiency of the
representative Rankine cycle is not as sensitive to the coupling configuration and hydrogen production
plant size as the representative Brayton cycle.

Comparison of the AREVA and Westinghouse Results

The AREVA Westinghouse Teams combined to evaluate nine Power Conversion System (PCS)
configurations:

Table 1. AREVA/Westinghouse PCS configurations

Cycle Configuration Westinghouse AREVA

Direct Brayton S variations were evaluated X
Indirect Brayton X X
Indirect Combined Cycle Gas-Turbine X X
Direct Combined Cycle Gas-Turbine 3 conf;%gia;i;rés were

Indirect Rankine Subcritical Steam X X
Indirect Rankine Supercritical Steam X
Direct Rankine Subcritical Steam X

Indirect Supercritical CO, X
Indirect / Cascaded Supercritical CO, X

These configurations and the information provided by AREVA and Westinghouse on each
configuration are summarized and compared in Tables 2 and 3.
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Table 2. Comparison of studies done by AREVA and Westinghouse concerning PCS: Power cycles,
system performance, and flexibility & operability

Study or Parameter AREVA Westinghouse

Power cycle concept | Brayton—direct: single-shaft with Brayton—direct: single-shaft with

(direct vs. indirect) intercooling intercooling—see Fig. 1; Cycles A through E.
Brayton—indirect Brayton—indirect: single-shaft with
CCGT—indirect intercooling—Cycle F.

CCGT—direct: single-shaft recuperative

Rankine—subcritical & direct | ] i
Brayton cycle without intercooling; Cycles G,

Rankine—supercritical & direct H. and J.
SSCO2 CCGT—indirect: Cycle L.
SSCO2—cascaded Rankine—subcritical & direct":

conventional—coupled to reactor through
steam generator; Cycle K.

Rankine—subcritical & indirect: Cycle L.

System performance | Reactor thermal power: 565 MWt Reactor thermal power: 500 MWt
Reactor inlet temperature: 500 °C Reactor inlet temp (min): 280 °C’
Reactor outlet temp: 900 °C Reactor outlet temp: 900 °C
Core pressure drop: 55 kPa Core pressure drop: not given
IHX pressure drop: 55 kPa IHX pressure drop: 0.5% inlet press
Reactor inlet pressure: 5 Mpa Reactor max inlet pressure: 9 Mpa
Heat loss: 1 % Heat loss: not given
Generator efficiency: 98 % Generator efficiency: not given
Balance of plant loads: 1 % Balance of plant loads: not given
Cycle efficiencies: Cycle efficiencies:
Brayton—direct: 47.6 % Brayton—direct: 42.3 %
Brayton—indirect: 44.5% Brayton—indirect: 38.3 %
CCGT—indirect: 47.9 % CCGT—direct: 45.1 %

Rankine—subcritical/direct: 42.8% CCGT—indirect: 43.1%
Rankine: supercritical/direct: 46.9% Rankine—direct: 41.2%

SSCO2: 47.4 % Rankine—indirect: 39.2 %

SSCO2 cascaded: 49.8 %
Flexibility & Most reliable: Rankine cycles Westinghouse appears to consider the Brayton
operability Most risk: SSCO2 and Brayton direct cycle technology as quite reliable—no

mention of risk was made in conjunction with
this technology. No mention was made of
“dust” and its influence on the turbomachinery.
No mention of radioactive contamination of the
PCS for direct cycle balance-of-plant
equipment.

 Westinghouse terms a “direct” Rankine cycle as one where the reactor piping is used in the steam generator to boil water. An “indirect”
Rankine cycle is one where an intermediate loop exists between the reactor loop and the Rankine loop such that an IHX exists between the
reactor piping and the steam generator. By this definition all of the AREVA Rankine cycles are “direct.”

J Minimum reactor inlet temperature given on page 19 of du Plessis 2007. It was not clear what reactor inlet temperatures could be used to
compare Westinghouse design to AREVA design since M-Technologies varied the inlet temperatures (e.g., see pages 14, 26 and 31 of du Plessis
2007).
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Table 3. Comparison of studies done by AREVA and Westinghouse concerning PCS adaptability,
technology risks, decision hierarchy, required input, optimal solutions, etc.

Item

AREVA

Westinghouse

Adaptability of
existing technology

Most apparent with Rankine; other
technologies adaptability indicated by
TRL scale.

Brayton cycle (direct) discussed as though it is
existing technology with well-known
characteristics for size of machinery considered.

Technology risks if
additional
development is
required

Risks were considered directly and
evaluated qualitatively using the TRL
scale.

Technology risks were not specifically addressed
for all systems discussed. A short discussion on
“technology maturity” was used to select the
CCGT cycle shown in the previous section.

Was decision
hierarchy established?

Measures for establishing a formal
decision hierarchy were identified
although a formal hierarchical structure
was not defined.

In general, PCS that had highest efficiencies were
chosen. Therefore, direct-cycle PCS was chosen
over indirect-cycle. Final choice between 3
preferred designs left to a special study.

Range of available
solutions

Wide—not as constrained as
Westinghouse study. AREVA did not
analyze specific cycles in as much depth
as did Westinghouse.

Constrained to direct-cycle cycles only and PCSs
that had some relationship to PBMR
demonstration power plant (DPP). Cycles chosen
for evaluation were more limited based on design
choices already made in selecting configuration of
PBMR Demonstration Power Plant (DPP) that is
presently going through licensing process.

Was all required input
obtained?

No—but direction was given indicating
that plant designer should decide PCS
on basis of relative importance of
efficiency and the importance of cycle
maturity, that is, the importance of risk.

No. Analyses very spotty on technological risk
and decisional hierarch. Also no mention was
made of “dust” and radioactive contamination of
balance-of-plant equipment.

Were options
regarding each
criterion presented and
assessed?

Yes.

No—see above box.

Results for optimum
solution synthesized,
i.e., a decision
sequence established?

No—but direction was given indicating
that plant designer should decide PCS
on basis of relative importance of
efficiency and the importance of cycle
maturity, that is, the importance of risk.

No—further study was recommended.

plant heat transfer?

Expert review? No. No.

What is the No. No.

recommended working

fluid if an indirect

cycle is

recommended?

What is the working No. No. Since it is anticipated that the size of the
fluid for hydrogen NGNP’s initial hydrogen plant demonstration will

be relatively small compared to the reactor size,
the hydrogen production plant will not be directly
considered in the analyses when comparing the
various PCS cycle configurations.




NGNP Engineering White Paper: INL/EXT-07-12727
Power Conversion System Trade Study April 2007

Conclusions / Recommendations

The AREVA team and the Westinghouse team evaluated nine different PCS general configurations

and Westinghouse performed optimization studies for two of the general configurations. The general
findings by both teams are summarized in Tables 1 and 2. Several conclusions are apparent based on this
short study:

1.

The AREVA team considers the direct Brayton cycle to have relatively high technological risk.
Westinghouse PTY - PBMR is developing a direct Brayton cycle PCS for the Demonstration
Power Plant (DPP) in South Africa. (Note that General Atomics also recommends a direct-cycle
PCS in the GT-MHR design currently being designed by OKBM for use in Russia.) The
difference in the Teams’ evaluation of the maturity of a direct Brayton-cycle PCS and the
translation of that maturity to technological risk should be reconciled.

Neither Westinghouse nor GA consider radioactive contamination nor dust as a problem for a
direct Brayton cycle PCS. AREVA considers that radioactive contamination will have on the
maintenance and long term reliability of direct-cycle power conversion equipment.

There are significant differences in the net plant efficiencies calculated for the several different
PCS configurations considered by Westinghouse and AREVA. The predicted operating
efficiencies of the options selected for further evaluation for NGNP will be developed as the
design progresses.

The AREVA Team prepared a more comprehensive evaluation of several PCS concepts that will
be of use in further design efforts for NGNP.

Neither of the teams considered the impact of the transient characteristics of the various cycles in
their evaluations of alternatives. These will need to be considered in the design of the PCS for
NGNP. Such transients include loss-of-load, compressor surge, and other scenarios as defined in
a typical plant safety analysis report.
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Executive Summary

The U.S. Department of Energy (DOE) has adopted the Very High Temperature Reactor (VHTR)
for the Next Generation Nuclear Plant (NGNP) Project. This reactor will be a helium-cooled, graphite-
moderated thermal reactor that will be designed to produce electricity and hydrogen as delineated by the
Energy Policy Act of 2005. DOE has contracted with three industrial teams, led by Westinghouse,
AREVA, and General Atomics, for the pre-conceptual design engineering services phase. As part of this
work scope, Westinghouse and General Atomics were tasked with performing specific studies to identify,
quantify and describe the disposition of end products that will be produced by the NGNP and by
commercial VHTRs that will be based on the NGNP demonstration. The purpose of this white paper is to
compare the information presented by the two teams in their respective By-Products Special Studies. The
overall by-products that apply to both the prototype and the commercial plants are:

e Excess electricity and hydrogen.

e Large quantities of high purity oxygen (8 kg of O2/kg of H2).

e Nuclear spent fuel.

e Radioactive and chemical waste streams from reactor operations.

e Limited amounts of gaseous, liquid, and chemical wastes from hydrogen production processes.

e Small quantities of corrosion products (mainly metal sulfates from reaction of sulfuric acid with
structural metals) from hydrogen production processes.

e Spent solid oxide electrolyzer cells from high temperature steam electrolysis.
e  Tritium
e Graphite

The following recommendations apply to the NGNP demonstration plant and follow-on
commercial VHTRs.

Commercial Products

e The size of the NGNP Hydrogen Plant should be a full commercial train.

e The NGNP demonstration plant should be designed such that excess electricity produced by the
NGNP (beyond that needed for hydrogen production) can be sold to the local utility grid.

e Local markets for hydrogen and oxygen produced by the NGNP demonstration plant should be
aggressively pursued and developed.

e A more comprehensive market survey of the potential future customers for hydrogen, oxygen,
high-temperature process heat, and process steam should be performed for a variety of sites.

Waste Products

e The fuel burnup should be maximized to the fullest extent practical to minimize the amount of
spent fuel per unit electrical production and unit mass of hydrogen production.

e Every effort should be made to minimize the radioactive and chemical waste streams. Stringent
radionuclide design criteria should be adopted to limit fission release from the core to the fullest
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extent practical. A design goal for the hydrogen plant should be “zero-discharge” of pollutants to
the environment.

e The recovery and potential recycle of the hazardous constituents from the spent solid oxide
electrolyzer cells should be a high-priority R&D task.

Tritium Control

e An overall trititum mass balance for the NGNP demonstration reactor should be made using the
available design methods. The emphasis should be on estimating the degree of product
contamination. The results will provide guidance on sizing the helium purification systems for the
primary and secondary coolant circuits.

o The international radiological regulations should be reviewed to provide a logical basis for setting
limits in the allowable trititum contamination in the product hydrogen.

e The extensive literature on tritium permeation through heat exchanger materials should be
acquired, reviewed, and evaluated as a basis for selecting the best available correlations for
predicting tritium permeation from the primary to the secondary coolant loops and from the
secondary loop to the hydrogen production plant.

o The extensive literature on tritium permeation barrier coatings should be acquired, reviewed, and
evaluated for possible application in a VHTR. A feasibility study should be made to determine if
there is a practical means of applying such coatings to the intermediate heat exchanger.

e Trade studies should be performed to identify the optimal combination of design options for
assuring tritium contamination levels will be well below anticipated regulatory limits.

Spent Fuel Disposition

The confirmatory testing and analysis to qualify VHTR spent fuel elements as a suitable waste
form for disposal in a geologic repository and to assess the transport of radionuclides from spent fuel
elements in the repository to the environment should be conducted.

Plant D&D

e The contamination of the reactor plant by long-lived radionuclides (e.g., 30 yr- Cs-137, 27-yr Sr-
90, etc.) should be minimized by adopting stringent limits on fission product release limits from
the core during operation.

e The cobalt content of structural metals subjected to significant neutron fluxes should be
minimized to the extent practical to minimize the amount of neutron activation.

e The reactor plant should be properly instrumented (i.e., plateout probes) such that the plateout
inventories in the primary circuit can be accurately monitored throughout the operating lifetime.

e A reactor surveillance program should be planned and conducted to determine the radionuclide
inventories of components changed out of the reactor during plant operation. In particular,
replaceable reflector blocks should be surveyed to determine their radionuclide inventories and
LLW classification.
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NGNP Engineering White Paper:
By-Products Trade Study

Introduction

The specific work scope identified to be performed by Westinghouse included performing a study
to identify the NGNP hydrogen plant size for demonstration of commercial feasibility, the production rate
for each demonstration case, the product and by-product markets, the additional by-product processing
requirements, and the waste streams and disposal means. Three different water-splitting technologies
were considered for hydrogen production in this work scope: High Temperature Steam Electrolysis
(HTSE), Hybrid Sulfur (HyS), and Sulfur-lodine (SI) processes. The results of this study will be used as
input to various sections of the Pre-conceptual Design Report prepared by Westinghouse.

The specific work scope identified to be performed by General Atomics included performing a
study to identify, quantify and discuss disposition of end products produced by commercial-scale
electricity and hydrogen-production plants that are based upon the NGNP demonstration. General
Atomics’ approach included by-product identification, evaluation of potential disposition paths including
an assessment of potential risks and benefits, options for by-product management, and estimating the
current or potential market for by-products with a commercial value. Two different water-splitting
technologies were considered for hydrogen production in this work scope: High Temperature Steam
Electrolysis (HTSE) and Sulfur-lodine (S-I) processes. The results of this study will be used as input to
various sections of the Pre-conceptual Design Report prepared by General Atomics.

Figure 1 shows a schematic of a proposed NGNP for the production of electricity and hydrogen.

Commerdal
Pemer

Power for
Elechrlysis

Hi an Produetion

(Electrolysis) Hydrogan

Hydrog
(Thermochemical) Hydregen

Fower
Convarsion Unit

Figure 1. Proposed NGNP for the production of electricity and hydrogen.
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Although the specific work scopes performed by the two industrial teams are slightly different, the
major areas and issues have been addressed in both By-Product Studies.

Summary of

the Results

The following is a summary of the Westinghouse By-Products Study:

o In the case of the Hydrogen Plant, there are two size limits that were considered in demonstrating
the hydrogen production technology: the smallest practical scale to meet the requirements of
commercial demonstration and a single train of a full-scale plant. Most of the demonstration
criteria will be met if the hydrogen plant is large enough to demonstrate that the critical pieces of
equipment (typically the process-coupled heat exchangers) for each process can be fabricated.
The specific information is included Tables 1 — 3 below.

Table 1. PCHX Thermal Duty technology.

Smallest Practical Total | Commercial Train Total
Technology Critical Equipment PCHX Thermal Duty PCHX Thermal Duty
(MW) (MW)
High Temperature Super Heater Heat 13 13
Electrolysis Exchanger
Hybrid Sulfur Sulfuric Acid 5 50
Decomposer
Sulfur Iodine Sulfuric Acid 5 50
Decomposer

Table 2. Hydrogen production / Oxygen production technology.

Hydrogen Production Oxygen Production
(x10° SCFD) (x10° SCFD)
Technology
Small‘est Commercial Train | Smallest Practical | Commercial Train
Practical
High Temperature 8.0 8.0 4.0 4.0
Electrolysis
Hybrid Sulfur 0.71 7.1 0.36 3.6
Sulfur lodine 0.97 9.7 0.48 4.8
Table 3. NGNP market price comparison.
. Market Price (constant 2006 $)
Commodity NGNP Venue Comments
Electricity ($/MWh) 45 -60 The lower end of the range
should be used for initial
operations
Hydrogen ($/kg) 1.65-1.80
Oxygen ($/kg) 0.04
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Whatever technology or size is chosen for hydrogen production, electric power will be a major
product of the NGNP demonstration, resulting in up to 160 MWe of electricity available for sale
to the local utility grid.

A preliminary market analysis indicates there are limited opportunities for distributing the
product hydrogen from the NGNP demonstration into the local market within reasonable
transportation distances of the INL site. However, if a market could be developed, up to 972 kg/hr
of hydrogen could be available for sale or on site use.

Post-production purification of the hydrogen will be required since hydrogen purity requirements
are typically 99.9% or greater. The HyS and SI processes will require removal of sulfur
compounds and iodine species from the hydrogen gas stream.

Waste streams from the operation of this facility will include the following:

—  Tritium removed from Helium coolant (~115 Ci/yr)

— Qas purification wastes (i.e., caustic liquid, spent carbon)
— Process steam blowdown

— Cooling system blowdown

— Pump seal water

— Solid waste (i.e., spent electrolyzers, absorber packing and catalysts)
— Feed water treatment process waste

— Spent water treatment media/membranes/resins

— Miscellaneous solid and universal waste

— Potentially contaminated storm water

— Oily wastes

— Sanitary wastes

The following is a summary of the General Atomics By-Products Study:

The primary commercial products produced by the NGNP demonstration and follow-on
commercial VHTRs will be electricity and hydrogen. The plants will also produce large quantities
of high purity oxygen (8 kg of O2/kg of H2), which there is currently no identified local market.

Table 4 is a summary of the General Atomics end products:
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Table 4. Summary of end products.
Attribute NGNP Demonstration Commercial VHTR Comments

Plant Design

Location INL TX-LA Gulf Coast

Time frame 2020-2060 2020-2060

H, Plant Technology SI and HTSE SI or HTSE

Reactor power 1x600 MW(t) MHR 4x600 MW(t) MHR

Core outlet temperature 950 °C 950 °C 850 °C initially

Power conversion cycle Direct cycle Direct cycle (HTSE) No PCS with SI plant

Electrical power — to grid 271 MW, (SI) All electrical output to ~20 MW, for NGNP SI
292 MW, (HTSE) HTSE plant <591 (%/?el\f/;ﬁz If;(():ry HTSE;

Process heat input — SI 60 MWy, 4 x 600 MWy,

Process heat input — HTSE 4 MWy, 4x 58 MWy, For steam production

H, production rate — SI 526 kg/hr 3.68 x 10° tonne/yr

H, production rate — HTSE 492 kg/hr 2.68 x 10° tonne/yr

O, production rate — SI 4212 kg/hr 2.94 x 10° tonne/yr

O, production rate — HTSE 3936 kg/hr 2.14 x 10° tonne/yr

Waste Streams — Reactor Plant

Spent fuel elements 384 FE/yr 1536 FE/yr Basis: GT-MHR

Spent reflector elements 15 m*/yr 60 m*/yr Basis: PC-MHR

Radwaste- gas 575 m*(STP)/yr 2300 m*(STP)/yr Specific activity = 10%
PC-MHR

Radwaste — liquid “minimal” “minimal” Liquid wastes solidified

Radwaste — solid 7.2 m’/yr 29 m*/yr Specific activity = 10%
PC-MHR

Waste heat ~300 MWy, — SI 4x336 MWy, — SI Wet cooling tower

~300 MWy, — HTSE

4x246 MWy, - HTSE

Waste Streams — Hydrogen Plant (SI Process)

SO, TBD kg/hr TBD kg/hr O, product stream
Na,SOy TBD kg/hr TBD kg/hr Caustic scrubber
Corrosion Products TBD kg/yr TBD kg/yr Metal sulfates
Waste Heat TBD MW TBD MW Wet cooling tower
Hotel Waste TBD kg/yr TBD kg/yr

Waste Streams — Hydrogen Plant (HTSE Process)

Hotel waste TBD kg/yr TBD kg/yr

Spent solid oxide ~18,000 kg/5 yr ~2.5x 10° kg/5 yr

electrolyzer cells (SOEC)

Waste heat TBD MW TBD MW Wet cooling tower

e Table 5 is the estimated future price of commodities:
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Table 5. Estimated future price of commodities.
Commodity Market Price (constant 2007 $) Comments
NGNP Venue Commercial VHTR
(2020-2060) (2020-2060)
Electricity (mil/kwh) 55 106 EIA forecast
Hydrogen ($/kg) 2.5 2.5 Set by price of natural gas
Oxygen ($/tonne) 23 23 EPRI forecast
Process Heat ($/MMBtu) | 12 12 Set by price of natural gas

e Post-production purification of the hydrogen may be required to meet market requirements. The
S-1 processes may require removal of sulfur compounds and iodine species from the hydrogen gas
stream.

e The excess electricity produced by the NGNP demonstration can be sold to the local utility grid.

e An attractive end use of the NGNP demonstration hydrogen would be for the production of
ammonia to supply the large agricultural fertilizer maker in the region.

e Conceivably, the NGNP demonstration hydrogen might be transported for use at refineries in
northern Utah.

e The HTSE-based hydrogen plant will generate very little chemical waste as a result of plant
operation. The primary waste stream will be spent solid oxide electrolyzer cells (SOEC) which
will need to be replaced periodically since they are expected to have a maximum design life of 5
— 10 years. These spent cells will be produced in quantity and will contain hazardous constituents,
which cannot be disposed of in municipal landfills.

Comparison of the Westinghouse and General Atomics Results
Table 6 was prepared by comparing the results of the two By-Product Studies:

Table 6. Comparison of By-Products Studies.

. . General
Attribute Westinghouse SI Westinghouse Westinghouse Gen?ral Atomics
HTSE HyS Atomics SI
HTSE
NGNP Demonstration Plant
Process heat 50 MWy, 13 MWy, 50 MWy, 60 MWy, 4 MWy,
input
H, 972 kg/hr 806 kg/hr 713 kg/hr 526 kg/hr 492 kg/hr
Production
Rate
0, 7704 kg/hr 6408 kg/hr 5652 kg/hr 4212 kg/hr 3936 kg/hr
Production
Rate
Electrical 160 MW, 167 MW, 160 MW, 271 MW, 292 MW,
Power to grid
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A direct comparison between the Westinghouse and General Atomics results is difficult at best due
to the following factors:

The Westinghouse Study is based upon a 500 MWth Pebble Bed Modular Reactor (PBMR) with
an indirect cycle (estimated electricity conversion efficiency of 40%).

The General Atomics Study is based upon a 600 MWth Modular High Temperature Reactor
(MHR) with a direct cycle (estimated electricity conversion efficiency of 50%).

The hydrogen and oxygen production rates are tentative values, at best, derived from commercial
designs; in fact, the design parameters for the SI, HTSE, and HyS demonstration plants have not
been chosen yet.

Both studies identified a number of waste streams that will have to be quantified during the actual
design phase.

Both studies identified similar estimated future prices of commodities.

Even though the two studies had notable differences, the conclusions and recommendations were
very similar.

Conclusions

The following conclusions apply to both studies and are also considered applicable to both the
NGNP demonstration plant and follow-on commercial VHTRs.

Commercial Products

Waste

The primary commercial products produced will be electricity and hydrogen. Hydrogen is
perceived to be primarily a future replacement for fossil fuels although it is also used extensively
in petroleum refining, chemical processing, ammonia production, and metal processing.

Both studies concluded that the size of the NGNP hydrogen plant be a single train of a full-scale
plant.

The future market value of hydrogen can reasonably be determined by the future cost of natural
gas; the real cost of natural gas will increase significantly in future decades because of supply-
and-demand forces as well as because of an anticipated carbon penalty.

Large quantities of high purity oxygen will also be produced. There is a significant industrial
market for high purity oxygen, but the real future market value will probably remain stable
because it is economically produced by cryogenic distillation of air.

The excess electricity produced (beyond that needed for hydrogen production) can be sold to the
local grid in the vicinity of the plant site.

Products

The NGNP demonstration plant and follow-on commercial VHTRs will inevitably generate
certain waste streams, both radioactive and chemical. As with all nuclear power plants, the most
significant waste stream will be the spent fuel elements from the nuclear heat source.

In general, the most effective means of waste minimization is source reduction, especially during
the design phase.
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The key to minimizing radioactive waste is the use of high quality, high performance TRISO-
coated fuel to retain fission products in the reactor core to the fullest extent practical.

The HyS and SI based hydrogen plants can be designed to limit the gaseous and liquid chemical
waste streams to very low levels. The only feedstock is water, and the only products are hydrogen
and oxygen; the most hazardous process materials (e.g., sulfuric acid, iodine) are fully contained
and recycled.

The hydrogen and oxygen product streams generated using the HyS will likely contain traces of
sulfur dioxide and that generated using the S-I process will likely contain traces of sulfur dioxide
and iodine, which may require polishing by caustic scrubbing. A small quantity of corrosion
products (mainly metal sulfates form the reaction of sulfuric acid with structural metals) will also
be generated.

The HTSE based hydrogen plant will generate very little chemical waste as a result of plant
operation. The primary waste stream will be spent solid oxide electrolyzer cells which require
replacement every 5-10 years.

The HTSE and HyS processes will require feed water clean up which will generate waste streams.

Tritium Control

Tritium will be produced in the NGNP demonstration plant and in the follow-on commercial
VHTRs by various nuclear reactions. Ternary fission will produce the largest inventory of tritium,
but that tritium will be largely retained in the TRISO fuel particles. The major source of tritium in
the primary coolant will likely be the neutron activation of the He-3 in the primary coolant
helium.

Given its high mobility, especially at high temperatures, some tritium will permeate through the
intermediate heat exchanger and the hydrogen plant process vessels, contaminating the product
hydrogen.

The most cost effective means of controlling tritium contamination appears to be the addition of a
helium purification system to the secondary coolant loop which transfers heat from the primary
coolant containing the reactor to the hydrogen production plant. Coating of the intermediate heat
exchanger between the primary and secondary loops to reduce tritium migration may also be
feasible.

Plant D&D

The NGNP demonstration plant and the follow-on commercial VHTRs will be designed to have a
60 year operating life. At the end of this operating life, the physical plant will represent the
ultimate “by-product” of electricity and hydrogen production, both the reactor plant and the
hydrogen plant will have to be decontaminated and decommissioned.

Recommendations

The following recommendations apply to both studies and are also considered applicable to both

the NGNP demonstration plant and follow-on commercial VHTRs.

Commercial Products

The size of the NGNP Hydrogen Plant should be a full commercial train.
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o The NGNP demonstration plant should be designed such that excess electricity produced by the
NGNP (beyond that needed for hydrogen production) can be sold to the local utility grid.

e Local markets for hydrogen and oxygen produced by the NGNP demonstration plant should be
aggressively pursued and developed.

e A more comprehensive market survey of the potential future customers for hydrogen, oxygen,
high-temperature process heat, and process steam should be performed for a variety of sites.

Waste Products

e The fuel burnup should be maximized to the fullest extent practical to minimize the amount of
spent fuel per unit electrical production and unit mass of hydrogen production.

e Every effort should be made to minimize the radioactive and chemical waste streams. Stringent
radionuclide design criteria should be adopted to limit fission release from the core to the fullest
extent practical. A design goal for the hydrogen plant should be “zero-discharge” of pollutants to
the environment.

e The recovery and potential recycle of the hazardous constituents from the spent solid oxide
electrolyzer cells should be a high-priority R&D task.

Tritium Control

e An overall trittum mass balance for the NGNP demonstration reactor should be made using the
available design methods. The emphasis should be on estimating the degree of product
contamination. The results will provide guidance on sizing the helium purification systems for the
primary and secondary coolant circuits.

e The international radiological regulations should be reviewed to provide a logical basis for setting
limits in the allowable tritium contamination in the product hydrogen.

e The extensive literature on tritium permeation through heat exchanger materials should be
acquired, reviewed, and evaluated as a basis for selecting the best available correlations for
predicting tritium permeation from the primary to the secondary coolant loops and from the
secondary loop to the hydrogen production plant.

e The extensive literature on tritium permeation barrier coatings should be acquired, reviewed, and
evaluated for possible application in a VHTR. A feasibility study should be made to determine if
there is a practical means of applying such coatings to the intermediate heat exchanger.

e Trade studies should be performed to identify the optimal combination of design options for
assuring tritium contamination levels will be well below anticipated regulatory limits.

Spent Fuel Disposition

The confirmatory testing and analysis to qualify VHTR spent fuel elements as a suitable waste
form for disposal in a geologic repository and to assess the transport of radionuclides from spent fuel
elements in the repository to the environment should be conducted.

Plant D&D

e The contamination of the reactor plant by long-lived radionuclides (e.g., 30 yr- Cs-137, 27-yr Sr-
90, etc.) should be minimized by adopting stringent limits on fission product release limits from
the core during operation.
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e The cobalt content of structural metals subjected to significant neutron fluxes should be
minimized to the extent practical to minimize the amount of neutron activation.

e The reactor plant should be properly instrumented (i.e., plateout probes) such that the plateout
inventories in the primary circuit can be accurately monitored throughout the operating lifetime.

e A reactor surveillance program should be planned and conducted to determine the radionuclide
inventories of components changed out of the reactor during plant operation. In particular,
replaceable reflector blocks should be surveyed to determine their radionuclide inventories and
LLW classification.
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Executive Summary

Preconceptual design studies for the Next Generation Nuclear Plant (NGNP) were initiated by three
teams led by the following companies: AREVA, General Atomics, and Westinghouse Electric Company.
The Statement of Work for the preconceptual design (under Section 6.3.1) requires that a special study be
performed for the choice of reactor type (i.e., the choice between pebble bed and prismatic block cores),
and each of the three teams were asked to develop discriminating criteria for each design, and compare
the relative merits of the pebble bed and prismatic reactor designs to produce electricity and/or process
heat. The three teams independently proposed prioritized lists of criteria based on design details that each
considered important. While several of the criteria were common, their relative rankings were not. One of
the highest ranked items was the core performance (power density/level, core pressure drop, outlet
temperature, etc.) criterion, where it was rated as high/important by all three teams. However, the
resulting choice was different: AREVA and General Atomics gave the advantage to their prismatic
designs, while Westinghouse gave the advantage to their pebble bed design. Economics was also ranked
high by all three teams, but AREVA and General Atomics give the advantage to the prismatic design,
while Westinghouse considers the pebble bed and prismatic designs to be comparable. Some of those
criteria that were ranked differently by each team include safety, R&D needs/design maturity, and project
schedule.

Based on each of the separate criteria and ranking lists, AREVA and General Atomics
recommended the prismatic block core concept, and Westinghouse recommended the pebble bed core
concept. However, as the criteria priority were not equal among the teams, and conflicted in some cases, a
final recommendation will only be possible after the priority differences are reconciled, and concurrence
on the priorities is reached. As such, a recommendation on reactor type cannot be made from the special
studies alone. Further studies should be performed that allow each design to be optimized, and
discriminating criteria developed that can be jointly used by each design.
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NGNP Engineering White Paper:
Reactor Type Trade Study

Introduction — Scope and Participants

The Energy Policy Act of 2005 authorizes the Next Generation Nuclear Plant (NGNP) as a project
to demonstrate a first-of-a-kind, very-high-temperature gas-cooled nuclear system with the capability to
generate electrical power and produce hydrogen using process heat. In order to focus the research and
fulfill the requirements of DOE Order 413.3, preconceptual design studies were initiated by three teams
led by the following companies: AREVA, General Atomics, and Westinghouse Electric Company. The
Statement of Work (under Section 6.3.1) requires that a special study be performed for the choice of
reactor type:

“Prepare a trade study based on currently available information supplemented as required by this
work scope comparing the pebble bed reactor concept to the prismatic block reactor concept. Identify the
most important discriminating criteria between the two concepts and provide an assessment of the
important technical, operational and maintenance differences, including the important development risks
for each. Discriminating criteria may include: thermal power rating, commercial scalability,
licensability, design and operational considerations (e.g., fabricability, fuel handling systems and
material accountability systems), development risks, life cycle cost, nuclear safety, non--proliferation,
etc.”

Each of the three teams made a recommendation on which design would best accomplish the goals
of producing electricity and/or process heat based on discriminating criteria that each identified. As the
discriminating criteria for the selection of reactor type were formulated independently by each
preconceptual design team, the criteria differed between teams based on their own assessments of priority
and importance. It is important to note that the selection criteria and recommendations from each team
will help to form the final criteria for a future down selection of reactor type.

Summary of the Results

There are many criteria that can be used to differentiate the pebble and prismatic reactor types.
However, the most important requirement for the NGNP is the ability to produce process heat for both
efficient electricity and hydrogen production. In addition to the high outlet temperature, the NGNP is to
demonstrate the exceptional passive safety features cited as a principal advantage by the designers and
operators of gas-cooled reactors, and by obtaining an NRC license to demonstrate commercial viability of
such a reactor.

Historically, both reactor types have been capable of producing temperatures that approach 850-
950°C, and both reactor types have the capability to overcome some of the most severe accidents without
intervention, (i.e., the fuel and core structure due not fail under all potential operating and accident
conditions). Additionally, the time constants for changes in fuel and core conditions in response to
accidents are measured in hours or days that allow for long lead times to take action. As such, the choice
between either type, pebble or prismatic, will most likely be based on design details that give a technical,
schedule and cost advantage to one design, and/or end-user preferences that will influence a decision on
the design.
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All three teams have designs in various stages of maturity with design details that each considers
important. These details manifest themselves in the prioritized criteria developed by each team, where
each team has ranked their criteria. The criteria and their rankings/ratings can be found below.

AREVA discriminating criteria and rankings

AREVA compared the prismatic reactor based on the ANTARES design (600MWt), to the PBMR-
DPP pebble bed reactor (400MWt). The AREVA rating scheme for each criterion is as follows:

0 No clear advantage or disadvantage
+ Weak or small advantage

++  Moderate advantage

+++ Strong advantage

In addition, the criteria are ordered based on the difference between options and the relative
importance of each criterion. For seven of the criteria, both options are shown as equivalent or the
prismatic option has a small advantage. However, for six of the top nine criteria, the prismatic reactor is
considered to have a moderate advantage, and the top criterion is considered to have a strong advantage.
This criterion includes the higher power density and lower pressure drop, leading to higher power
capabilities and higher thermal efficiencies for the prismatic core. The pebble bed is considered to have a
moderate schedule advantage based on the PBMR schedule status.

Discriminating Criteria Prismatic Reactor Pebble Bed Reactor
Performance Capability (power level, outlet + 4+ -
temperature, pressure drop, etc.)

Fuel Service Conditions ++ -
Fuel Qualification & Fabrication 0 0
Spent Fuel Disposal & Reprocessing ++ -
Fuel Handling and Refueling ++ -
Economic Factors ++ -
Research and Development Difficulty 0 o
Core Design Issues ++ -
Maintenance Issues ++ -
Operational Considerations + -
Safety and Licensing + -
Mechanical Components 0 0
Plant Layout/Schedule o ++
Non-Proliferation, Safeguards, SNM + -
Accountability

Post-Accident Behavior 0 0

Based on the rankings and ratings, AREVA has chosen the prismatic design.
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General Atomics discriminating criteria and rankings

General Atomics compared the prismatic reactor based on the GT-MHR design (550-600MWt), to
the PBMR-DPP pebble bed reactor (400MWt). Additionally, the criteria are rated based on whether they
are considered an important discriminator, and which design has the advantage if they are a discriminator.
The top two criteria appear as the first two items in the table, where the advantage is given to the
prismatic design based on the higher power density and higher efficiency of the prismatic design. Of the
remaining discriminating criteria, the pebble bed has the design advantage in only two areas: plant
availability and fuel design/performance. The pebble bed is given the advantage in plant availability due
to the continuous refueling of the pebble bed, i.e., planned outages are on 20-year intervals allowing for
high capacity factors. The fuel design/performance advantage is given to the pebble bed due to the large
amount of data and experience, and the fuel temperatures during normal/steady-state operation remain

lower than for prismatic block fuel.

Comparison Criteria Discriminator? Design Advantage
Core power level and plant scalability Yes Prismatic block
Plant economics, including capital costs, Yes Prismatic block

operating costs, and life-cycle costs

Technology development risks and development

Difficult to judge at this

schedule stage

Plant availability Yes Pebble bed
Proliferation resistance and material Slight Prismatic block
accountability

Reactor thermal hydraulic and nuclear design, Small Prismatic block
design method development

Impact of reactor concept on other plant systems Yes Prismatic block
Fuel element design - stationary vs. flowing Yes Pebble bed
elements, fuel performance, oxidation resistance,

etc.

NRC design certification Possible Prismatic block

Life cycle and fuel disposal issues

Not significant

Reactor vessel, fabrication, fuel handling and No -

other components

Safety performance and fission-product transport Yes Prismatic block
during accident conditions, plant maintenance

and worker safety

Flexibility of design to handle different fuel Possible Prismatic block
cycles

Plant operation and potential problems No -

NGNP 2016-2018 startup schedule impact on No -

choice

Based on the rankings and ratings, General Atomics has chosen the prismatic design.
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Westinghouse discriminating criteria and rankings

Westinghouse compared a variation on the PBMR-DPP pebble bed reactor (the PBMR-PHP:
500MWt) to the prismatic reactor based on the H2-MHR design (600MWt). The discriminating criteria
are grouped into three areas: Readiness, Performance, and Enhancement Potential. Of the nine criteria,
four are weighted as high, and all but one of these shows that the pebble bed has the advantage. The
remaining criterion weighted as high (cost competitiveness) is considered comparable with the prismatic
design.

Criteria Weight PBMR-PHP versus H2-MHR
Readiness
Design maturity and limited enabling High PBMR-PHP better
technology R&D required
Vendor/supplier infrastructure Medium PBMR-PHP better
Performance
Process heat delivery High PBMR-PHP better
Capacity factor/ investment protection Medium PBMR-PHP better
Safety High PBMR-PHP better
Safeguards Medium Comparable
Wastes and other environmental impact Medium PBMR-PHP better
minimization
Cost competitiveness High Comparable

Enhancement Potential

Fuel cycle flexibility and enhancement Low PBMR-PHP better
opportunities

Based on the rankings and ratings, Westinghouse has chosen the pebble bed design.

Comparison of the Results

Several of the criteria are common to all three design studies, but their relative rankings are not. It
is important to note that in comparing the designs, each team chose different base designs to compare.
AREVA compared the ANTARES design to the PBMR-DPP, General Atomics compared the GT-MHR
to the PBMR-DPP, and Westinghouse compared the PBMR-PHP (a variation on the PBMR-DPP with
higher core power and outlet temperature) to the H2-MHR. While in some cases the differences are
minimal, there are other factors that might change the relative ranking or weighting. For example, the
PBMR-DPP is a 400 MWt plant, and has a power level that is 50% less than any of the prismatic designs.
Whereas the PBMR-PHP is a 500 MWt plant, and only has a power level that is 20% less than the
prismatic designs. This power level difference is important for both performance and economics of the
plant.

One of the highest ranked items was the core performance (power density/level, core pressure drop,
outlet temperature, etc.) criterion, where it was rated as high/important by all three teams. However, the
resulting choice was different: AREVA and General Atomics gave the advantage to their prismatic
designs, while Westinghouse gave the advantage to their pebble bed design. The differences lie mainly in
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which sub-criteria were considered more important, where the prismatic designs consider power
density/level of high importance, and pebble bed designs consider core outlet temperature of higher
importance. Economics was also ranked high by all three teams, but AREVA and General Atomics give
the advantage to the prismatic design, while Westinghouse considers the pebble bed and prismatic designs
to be comparable.

Some of those criteria that were ranked differently include safety, R&D needs/design maturity, and
project schedule. Safety was considered of low importance by AREVA and General Atomics, but high by
Westinghouse. R&D was considered of moderate importance by AREVA, hard to judge by General
Atomics, and high by Westinghouse. Of particular interest is the ability to meet the 2016-2018 schedule:
Westinghouse ranked this criterion as high; General Atomics did not consider it a discriminating criterion,
and stated that it should not be a deciding factor; and AREVA ranked it as low.

Conclusions

Not all comparisons made were equal due to the lack of fully optimized designs, or lack of
information by all teams. It is clear that more work is needed in order to make an equivalent comparison
of the prismatic and pebble bed designs. In particular, an identical set of criteria should be used, and
optimized designs should be compared.

AREVA evaluations show the prismatic concept is more advantageous than the pebble bed concept
in all but the following criteria:

e Prismatic and pebble are equal in fuel fabrication and qualification, R&D, key components, and
post accident behavior.

e The pebble bed design has an advantage over the prismatic design in plant layout and schedule.

General Atomics evaluations show the prismatic concept is more advantageous than the pebble bed
concept in all but the following criteria:

e The pebble bed’s ability to more easily supply a higher core coolant temperature outlet, for
VHTR applications, and its online refueling capability, which contributes to a superior capacity
factor potential.

e The pebble bed design has an advantage over the prismatic design in schedule, but this is
not/should not be considered a discriminating criteria.

Both the AREVA and General Atomics studies found that the main advantage of the prismatic
design is its higher power density, resulting in greater economic potential. In addition, fuel temperatures
during accident conditions are lower in the prismatic fuel, which is considered important for fission
product release and defining the boundaries for the emergency planning zone.

Westinghouse evaluations show the prismatic concept is more advantageous than the pebble bed
concept in all but the following criteria:

e The prismatic design is capable of higher power densities, and lower pumping power (due to the
lower pressure drop across the prismatic core), resulting in higher power levels and higher
efficiency.
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The Westinghouse study found that the main advantages of the pebble bed concept were the ability
to produce process heat at the required temperature, and the reduced R&D needs for fuel (due to the
German experience) and the reactor pressure vessel. Although fuel temperatures during accident
conditions are higher in a pebble bed, fuel temperatures during normal/steady-state conditions are lower.
Based on historical data, Westinghouse claims that since most fuel failure and thus fission product release
occurs during normal operations, the lower fuel temperatures during normal conditions give the advantage
to the pebble bed. Additionally, the superior economic potential of the prismatic design is refuted by the
Westinghouse study due to the above pebble bed advantages, and based on the higher capacity factor
potential.

Recommendations

Given the conclusions by the teams, AREVA and General Atomics recommend the prismatic
design, and Westinghouse recommends the pebble bed design.

However, as stated earlier, the criteria priority for the studies was not equal among the teams, and
conflicted in some cases. A final recommendation will only be possible after the priority differences are
reconciled, and concurrence on the priorities is reached. As such, a recommendation on reactor type
cannot be made from the special studies alone. Further studies should be performed that allow each
design to be optimized, and discriminating criteria developed that can be jointly used by each design.
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Executive Summary

Pre-conceptual design studies for the Next Generation Nuclear Plant (NGNP) were initiated by
three industrial teams headed by Westinghouse, AREVA, and General Atomics. The Statement of Work
for pre-conceptual design (under Section 6.3.3) required that a special study be performed on high-
temperature heat transfer and transport related to the transfer of thermal energy to the hydrogen
production plant and electrical power conversion unit. The studies revealed that there is some consensus
between the industrial teams on certain technical issues, and some differences. All recommend the use of
helium for the NGNP hydrogen plant heat transport loop. All recommend that the loop operate at a
pressure approximately equal to the nuclear reactor pressure to minimize the mechanical stresses across
the intermediate heat exchangers (IHXs). All recommend a maximum nuclear reactor operating
temperature of 900-950°C that is determined by the material and design constraints of the IHX and the
need to provide high-temperature thermal energy to the hydrogen production plant. The AREVA and
Westinghouse Teams recommend PCS indirect arrangements that include Rankine cycles with gas to
steam generation components. Westinghouse and General Atomics recommend He as the secondary loop
fluid; AREVA recommends a Nitrogen / Helium mixture. The General Atomics arrangement includes a
direct cycle Brayton cycle PCS and a small He to He IHX to supply the hydrogen plant. There are some
differences of opinion on whether tubular or compact heat exchangers should be used for the intermediate
heat exchangers, but all recommend the use of metallic IHXs. There is debate over whether a parallel or
serial configuration of the H, heat transport loop and the PCU are desired, and further analysis is needed
to resolve it. Ceramic heat exchangers and molten salt heat transfer fluids might be used in the future, but
considerable technical research is needed to make these a reality, and there is general skepticism that such
technology can be prepared in time to meet the current NGNP schedule.
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NGNP Engineering White Paper:
Pre-conceptual Heat Transfer and Transport Studies

Introduction

In FY07, three industrial teams were awarded contracts by the Next Generation Nuclear Plant
Project (NGNP) and the Idaho National Laboratory (INL) to perform pre-conceptual design studies for
the NGNP, to include several special studies on various topics related to the design and operational
requirements. These teams were led by Westinghouse, AREVA, and General Atomics.

One of the special studies concerned analyses of the heat transfer and transport requirements and
methods for the intermediate heat transfer loop that will connect the nuclear reactor to the hydrogen
production plant and, in some configurations, to the Power Conversion Unit. The Pre-Conceptual Design
Statement of Work (SOW) for this special study calls for the following in Section 6.3.3 (Ref. 1):

The design features, proposed thermal cycle, required equipment and tradeoffs considered in
selecting the method of transferring and transporting process heat shall be described and the
basis for the selected concept(s) described. The design approach to critical equipment (e.g.,
heat exchangers) and media (e.g., heat transport fluid) shall be developed and described at a
pre-conceptual level.

This special study scope was awarded to the Westinghouse and General Atomics teams, their
results are addressed in special studies reports that are specific to this particular special study (Ref. 3 and
Ref. 2 respectively). The AREVA team, in the performance of their pre-conceptual design proposal
effort, also addressed these issues and have developed and provided similar information, in particular a
report (Ref. 4) generated in response to another section of the SOW, Section 6.3.5 (Ref. 5):

Prepare a trade study for the primary and secondary cycle concept that selects and justifies
system used in the pre-conceptual design work, which among other issues specifically
addresses: the reactor inlet and outlet temperatures, primary and secondary loop system
operating pressures and temperatures, the extent of contamination anticipated in the primary
loop, acceptability of contamination levels for maintenance functions and the associated
hydrogen production system concept.

The two sections of the SOW overlap in their areas of interest in that the reactor outlet temperature
and system pressure help determine the intermediate heat exchanger (IHX) materials and design, and the
IHX materials and design help determine the intermediate heat transport loop fluid, design, and operating
conditions. The reporting of results concerning heat transfer and transport through dedicated studies or as
part of a larger study are both valid approaches, and both sources are used here to provide a summary of
the results provided by all three teams in this technical area.

The information provided by the three teams is sufficient to draw conclusions on specific items.
These items are the reactor operating temperature, IHX materials, IHX design, intermediate heat transport
fluids, and intermediate heat transport design (configuration). The results and conclusions drawn from
the special studies concerning these items are presented here.



NGNP Engineering White Paper: INL/EXT-07-12730
Heat Transfer and Transport April 2007

Summary of Results

AREVA

In their pre-conceptual design special study report regarding primary and secondary cycle concepts (Ref.
4), AREVA adopted a reference design and then examined perturbations of that design for their effects on
perceived schedule risk, system efficiency and functionality, component durability, and other
considerations. Their reference NGNP design was chosen as an extension of their ANTARES reactor
concept, which is designed to operate at a nominal reactor outlet temperature of 850°C. Some
conclusions were drawn from this analysis, and those conclusions are provided below.

H, Loop Temperature

AREVA recommends a nuclear reactor outlet temperature of 900°C and has identified 875°C as the
assumed maximum temperature in the intermediate heat transport loop to the H2 production plant. In
their report, AREVA states that they believe a 900°C reactor outlet temperature provides the best
compromise between energy efficiency and the ability to produce hydrogen, and the durability of
equipment. Above 900°C, the probability of success of building and operating the nuclear heat supply
system (NHS) and metallic compact heat exchangers in the time frame of the NGNP schedule becomes
lower with increasing temperature, while below 900°C the ability to deliver thermal energy to the
hydrogen production plant at temperatures sufficient to eliminate the need for supplemental heating
becomes marginal at best. 900°C is also the highest temperature at which AREVA is comfortable using
He/N, mixtures for the PCU electrical turbines, because of nitriding concerns.

Reactor Pressure

AREVA concludes that the NGNP can operate successfully at a pressure of 5 MPa. They state that
the operational losses would be small, and would be balanced by the reduced capital costs associated with
using thinner vessel walls for pressure containment.

PCU/H; Loop Configuration

AREVA recommends a parallel arrangement of the power conversion unit (PCU) and the H,
transport loop. They believe it would provide the greatest system flexibility and would lead to a lower
overall system cost. With a parallel arrangement, the IHX for the H, loop can be sized and configured
independently of the PCU IHX without having to design for the full flow rate of helium through both
IHXs. Also, an indirect coupling of the PCU is favored over a direct coupling due to the increased
potential of contaminating the PCU equipment with a direct coupling.

In a supporting study (Ref. 5), the AREVA team examined power conversion system options on the
basis of performance, economics, and technical maturity. The options examined were: direct Brayton
cycle, indirect Brayton cycle, supercritical CO,, cascaded supercritical CO,, combined cycle gas turbine,
sub-critical steam, and supercritical steam. The conclusions from this study were that supercritical CO,
cycles perhaps offered the best efficiencies but further technical development is needed to realize their
promise. In the nearer term, steam-Rankine cycles with possible extension into supercritical conditions
offer the best fit for near-term applications such as NGNP because of their technical maturity and
acceptable efficiencies. The study questioned whether Brayton cycles should be pursued further due to
their lower projected efficiencies than for supercritical CO, cycles. Given the choice of developing one
new PCU, it is preferred that development work be channeled toward supercritical CO, rather than
helium-driven Brayton cycles. Areva has recommended an indirect combined cycle PCU consistent with
their ANTARES design.
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IHX Type and Materials

AREVA recommends that metallic tubular IHXs should be used for the PCU because of their
mature design, greater known reliability, and operational experience, especially in the operation of the
German PNP. The IHXs for the PCU will be large, and AREVA believes that such heat exchangers could
be designed and built to operate at the NGNP conditions within the given NGNP schedule and acceptable

costs.

For the H, Loop IHX, AREVA recommends exploring the use of metallic compact heat
exchangers. Metallic compact heat exchangers have a reasonable probability of being developed, tested,
and ASME-certified in the NGNP time frame, and may offer breakthroughs for better economics for
commercial-scale VHTRs. Due to the experimental nature of metallic compact heat exchangers at the
temperatures and pressures of interest, AREVA recommends that the H, Loop IHX be replaceable so that
multiple IHX designs and configurations can be tested.

H, Transport Loop

AREVA did not examine the use of molten salts for this loop and has assumed that the H, transport
loop would contain helium at nominally 5 MPa in order to balance the pressure between the primary loop

and the H, transport loop.

AREVA’s conclusions in regard to heat transfer and transport are provided in Table 1.

Table 1: AREVA Recommendations

Parameter Value
Reactor Outlet Temp 900°C
Reactor Pressure 5 MPa
IHX for PCU Metallic, Tubular
IHX for H; loop Metallic, Compact
PCU/H, Loop Config. Parallel
PCU Loop Fluid Steam or SC CO,
PCU Loop Pressure System-dependent
H, Loop Fluid Helium
H, Loop Pressure 4.9 MPa
General Atomics

The General Atomics team wrote a focused report (Ref. 2) that specifically examined the H, thermal
transport loop in terms of its operating temperatures, pressures, fluids, and operating configurations. The
use of helium and molten salt was examined in detail. The results from this report are provided below.

Reactor Outlet Temperature

The General Atomics team believes that a GT-MHR design and a pebble bed design operating with
a 900°C reactor outlet temperature are both achievable in the NGNP time frame (Ref. 6). The heat
transfer and transport special study (Ref. 2), however, assumed a reactor outlet temperature of 950°C and
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an H, heat transport loop temperature of 925°C. This assumption is not consistent with the reactor type
study, but is consistent with an earlier publication provided by General Atomics for a GT-MHR operating
in combination with a General Atomics Sulfur-lodine H, production plant (Ref. 7).

Reactor Pressure

The reactor pressure was assumed to be 7 MPa, and no parametric examination of other pressures

was performed.

PCU/H; Loop Configuration

The General Atomics team has selected a directly coupled PCU (no secondary loop) with an
indirect long-distance heat transfer loop arranged in a parallel with the PCU. No information is provided
in the heat transfer and transport report about a preferred configuration. The power of the H, heat

transport loop IHX is defined to be 50 MW.

IHX Type and Materials

The report assumes that the IHX for the H, heat transport loop would be a Heatric-style metallic
printed circuit heat exchanger. Alternative concepts and ceramics were not examined.

H, Transport Loop

The use of helium and molten salts are examined in detail, and General Atomics concludes that
helium is the best choice for the H; heat transport loop, at least for the NGNP. If helium is used for the
long-distance piping, insulation of known composition and availability can be applied to the inside of the
transport pipes to lower the metal temperature and reduce or eliminate creep. Corrosion is also less of a
concern, and helium is much better characterized in terms of fluid properties and corrosion effects than
most molten salts of interest. A molten salt loop would operate more efficiently and would most likely
have lower capital costs, but the technical risks would likely prevent its deployment by 2018. Further
research into molten salt technologies is needed to answer key technical questions before it is considered
for deployment in a VHTR hydrogen production system.

A summary of General Atomics assumptions and recommendations in the area of heat transfer and

transport is provided in Table 2.

Table 2: General Atomics Assumptions/Recommendations

Parameter Value
Reactor Outlet Temp 950°C
Reactor Pressure 7 MPa
IHX for PCU --
IHX for H; loop Metallic, Compact
PCU/H, Loop Config. Parallel
PCU Loop Fluid Helium
PCU Loop Pressure 7 MPa
H, Loop Fluid Helium
H, Loop Pressure 7 MPa
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Westinghouse Electric Company

The Westinghouse team wrote a focused report (Ref. 3) that specifically examined the H, thermal
transport loop in terms of its operating temperatures, pressures, fluids, and operating configurations. The
results from this report are provided below.

Reactor Outlet Temperature

The Westinghouse team assumed a maximum reactor outlet temperature of 950°C and a
temperature drop of 50°C across the IHX for both the H, heat transport loop and the PCU. No parametric
studies were performed to examine operational and equipment effects at lower temperatures.

Reactor Pressure

The reactor pressure is 9 MPa. No parametric studies were performed to examine the effects on
system design and operation at lower pressures.

PCU/H; Loop Configuration

A serial arrangement of the IHX and the PCU is recommended, with the IHX for the hydrogen
plant leading the PCU in order to utilize the highest available primary loop temperature. The IHX for the
H; heat transport loop would remove 50 MW from the primary loop, and the cooled primary loop gas
would then go to the PCU to harvest the remaining useful thermal energy using a steam generator.
Westinghouse prefers the serial arrangement because of lower costs and a simpler mechanical
arrangement. A serial arrangement is also the chosen arrangement for Japan’s HTTR facility, though the
HTTR will deploy an IHX instead of a steam generator for the power conversion unit.

IHX Type and Materials

Special discussion was given to various heat exchanger designs, and it was concluded that a two-
part, compact heat exchanger be adopted. The first part of the heat exchanger could be made out of
available and ASME-certified metallic materials, and would be designed to operate up to 800°C and a
design lifetime of 60 years. The second part of the heat exchanger would be made out of ASME-certified
metallic or ceramic materials, and would be designed to be replaced periodically. The second part would
be designed to operate in the temperature range above 800°C. The NGNP deployment schedule may
prevent the use of ceramic materials for the high-temperature section of the IHX, and metallic materials
may have to be used during initial deployment until ceramic components can be tested and certified.

Tubular heat exchanger designs were examined and rejected due to the belief that they would never
be economical at the scales and conditions needed by the NGNP. This belief is based upon some
information offered by Westinghouse in this report that a 10 MW shell-and-tube heat exchanger
constructed for use by the German PNP program weighed 130 metric tons. This information may not be
correct. According to some earlier design reports on the German PNP IHX (Ref. 8 and 9), a full-sized
IHX capable of transmitting 125 MW at 950°C would weigh approximately 160-170 metric tons. A
smaller test unit designed to operate at a 10 MW capacity was constructed, but it contained only 117 tubes
as opposed 1484 tubes in the full-sized unit, and its mass, though not listed in the available publications,
is certainly much less than 160 metric tons. By comparison, the IHX constructed for the HTTR is
designed to operate at 10 MW, and its mass is 65 metric tons. It is generally known that compact metallic
heat exchangers require less material than conventional shell-and-tube heat exchangers, and this will
result in lower material costs for the same power load, but the lower material costs must be balanced by
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the potentially higher manufacturing costs and technical risk. It is unknown whether the Westinghouse
team would revise their recommendations in light of this additional information.

H, Transport Loop

Helium, carbon dioxide, liquid salts, and liquid metal were examined for use, and Westinghouse
concluded that helium would be the best choice for the NGNP. Liquid or molten salts were examined,
and it was determined that there are still technical issues to be solved before He/liquid salt heat
exchangers are deployed, while for He/He heat exchangers there are fewer technical issues, and
deployment of a full-sized heat exchanger is much more likely within the scope of the NGNP schedule.
CO, operates in a similar manner as He, but costs were projected to be higher for CO, and it was rejected.
Cost savings might be realized in the future (after NGNP) if liquid salts and ceramic heat exchangers can
be deployed in combination for the long-distance H, heat transport loop.

A summary of the Westinghouse team assumptions and recommendations in the area of heat

transfer and transport is provided in Table 3.

Table 3: Westinghouse Assumptions/Recommendations

Parameter Value
Reactor Outlet Temp 950°C
Reactor Pressure 9 MPa
[HX for PCU --
IHX for H; loop 2-Section Compact
PCU/H, Loop Config. Serial
PCU Loop Fluid Helium
PCU Loop Pressure 9 MPa
H, Loop Fluid Helium
H, Loop Pressure 9 MPa

Comparison of Results

All three teams assumed or recommended nuclear reactor temperatures and pressures in the range
0f 900-950°C and 5-9 MPa. Of the three, only AREVA studied these conditions parametrically and
defended their choice of operating conditions in terms of economic viability and technical risk. The other
teams assumed conditions that matched their reactor concepts and did not look at other temperature and

pressure conditions.

AREVA recommended the use of an indirect parallel configuration for the H, heat transport loop
and the PCU, while Westinghouse recommended the use of an indirect serial arrangement. AREVA
argued that a parallel arrangement allows for greater flexibility, while Westinghouse argued that a serial
arrangement would be more economical. General Atomics also recommended a direct coupling of the
reactor and power conversion unit with the IHX placed in a parallel configuration. The arguments over
whether which configuration is better for the NGNP are still not clear, and this issue will need to be
resolved based upon more detailed analysis in the future.
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For the IHX design and materials, AREVA argued that a tubular metallic heat exchanger for the
PCU would provide the best starting point for the NGNP and that a compact heat exchanger, initially
metallic, might be used for the H, heat transport loop IHX. General Atomics did not examine tubular heat
exchangers at all and assumed that a compact metallic heat exchanger would be used. Westinghouse
cursorily examined tubular heat exchangers and rejected them based upon some questionable information,
and endorsed the use of compact heat exchangers for the H; heat transport loop IHX. Westinghouse did
offer some innovations in this area, however, and suggested that a two-section I[HX be used for the H,
heat transport loop. The lower temperature section would be designed for a 60-year lifetime and would
operate up to about 800°C, and the higher temperature section would be made from metal or ceramics and
would be designed for shorter operating lifetimes and/or periodic replacement. AREVA and
Westinghouse recommended further work on ceramics.

There was agreement between the AREVA and Westinghouse teams in that a Rankine cycle using
a gas to steam generation component should be included in the power conversion system. The
Westinghouse team recommended the use of a sub-critical steam Rankine cycle, while the AREVA team
stated that both sub-critical and supercritical steam systems might be considered, with the final choice of
system being determined by schedule, cost, and the level of acceptable risk. The AREVA team favored
continued research into supercritical CO, systems because of their greater potential for higher efficiencies
than for helium-driven Brayton cycles.

Multiple heat transfer fluids were examined for the H, heat transfer loop, and all teams
recommended the use of helium for the NGNP H, heat transfer loop with the pressure of the helium
matched to the pressure of the nuclear reactor to reduce the mechanical stress across the IHX. Molten
salts were examined by General Atomics and Westinghouse, and both firms decided that future cost
savings could be realized, but that considerable research and development work is still needed in this area
to answer questions related to corrosion, tritium transport, internal pipe insulation, and heat exchanger
design, and that the completion of such research in time to meet the aggressive NGNP schedule is not
likely.

Conclusions / Recommendations

There is consensus among the three teams on a few technical items. The outlet temperature of the
reactor is driven by the material limits of the IHX and the needs to supply high temperature heat to the
hydrogen production process. This limits the maximum outlet temperature of the NGNP to no higher
than 900 to 950°C.

Helium is universally endorsed as the working fluid for the H, heat transport loop, and the pressure
of the helium is recommended to approximately equal the helium pressure in the nuclear reactor primary
loop in order to increase energy transport efficiency and minimize mechanical stresses in the IHX. The
pressure drop across the hydrogen process heat exchanger was not addressed in any study, and this is an
issue that will need to be addressed once the hydrogen generation process is selected, and hydrogen
process heat exchanger designs are refined.

Metals are endorsed as the construction material of choice for the IHX, though there is some debate
about whether a tubular IHX or a compact heat exchanger must be used for the IHX. AREVA endorsed
the idea of using both types in their system, while Westinghouse dismissed the use of tubular designs as
being uneconomical. Their two-section IHX concept, however, opens the door to the use of both types of
heat exchangers for their system too, and may even be recommended. Tubular designs might be used for
the lower temperature, longer-life IHX section since they are more easily inspected and repaired, or for
the higher-temperature section where they might more easily be accepted for use by the NRC. Such
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Executive Summary

Preconceptual design studies for the Next Generation Nuclear Plant (NGNP) were initiated by three
teams led by the following companies: AREVA, General Atomics, and Westinghouse Electric Company.
The Statement of Work for the preconceptual design (under Section 6.3.2) requires that a special study be
performed for the power level of the prototype NGNP, the hydrogen plant to be connected to the
prototype, and the commercial NGNP. The three teams independently proposed discriminating criteria
based on design details that each considered important. The majority of the criteria were common
between the teams, including safety, economics, and licensing.

All recommended that the prototype be of the same power level as the commercial version to
minimize effort to transfer NGNP experience in areas such as safety, economics, and licensing, to the
commercial plant. AREVA chose a prismatic reactor at 565 MWt, General Atomics chose a prismatic
reactor at 550/600 MWt, and Westinghouse chose a pebble bed reactor at 500 MWt. Also, all
recommended that the hydrogen plant should be a percentage of the power level of the prototype, where
the thermal chemical processes should be 50-60MWt (i.e., approximately 10% of the thermal output of
the reactor). However, the high temperature electrolysis (HTE) power level recommendation is different
among the teams. AREVA recommends a 1.2 MWt HTE plant, General Atomics recommends a 4 MWt
HTE plant, and Westinghouse recommends a 13 MWt HTE plant. The differences are due mainly to the
number of recommended modules needed to demonstrate the operability, economics, and safety of the
coupled reactor/HTE process.

Due to the different recommended power levels by each team, additional studies should be
performed that better address and rank the factors that determine the maximum achievable power level. In
addition, other questions regarding the reactor pressure vessel and licensing scalability should also be
answered in further studies before the power levels can be determined.
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NGNP Engineering White Paper:
Power Level Trade Study

Introduction — Scope and Participants

The Energy Policy Act of 2005 authorizes the Next Generation Nuclear Plant (NGNP) project to
demonstrate a first-of-a-kind, very-high-temperature gas-cooled nuclear system with the capability to
generate electrical power and produce hydrogen using process heat. To focus the research and fulfill the
requirements of DOE Order 413.3, preconceptual design studies were initiated by three teams led by the
following companies: AREVA, General Atomics, and Westinghouse Electric Company. The Statement of
Work (under Section 6.3.2) requires that a special study be performed for the power level of the prototype
NGNP, the hydrogen plant to be connected to the prototype, and the commercial NGNP:

“The vendor shall prepare a study that evaluates and recommends a power level for the
NGNP prototype nuclear system, which is scaleable and meets all the necessary
requirements as a “‘commercial” prototype and is licensable as a commercial prototype.
In addition, the subcontractor shall evaluate and recommend minimum optimal prototype
hydrogen plant size that will be scaleable to a future commercial scale plant.”

Each of the three teams were asked to compare the relative merits of the chosen power levels, and
make a recommendation on which power level would best accomplish the NGNP goals of licensing and
commercialization.

Summary of the Results

The most important requirement for the NGNP is the ability to produce process heat for both
efficient electricity and hydrogen production. In addition to the high outlet temperature, the NGNP is to
demonstrate the exceptional passive safety features touted by the designers and operators of gas-cooled
reactors, and to demonstrate commercial viability of such a reactor by obtaining a Nuclear Regulatory
Commission (NRC) license.

All three teams have designs in various stages of maturity with design details that each considers
important. These designs were used as the basis for the selection of power level for the prototype, process
heat plant (i.e., hydrogen), and commercial version of the NGNP. A summary of the criteria used to
determine these power levels can be found below.

AREVA Discriminating Criteria

AREVA’s key discriminating criteria for the choice of power level for the prototype and
commercial versions are as follows:

e Market view (hydrogen production, industrial applications, electricity, etc.)

e Economic considerations (economy of scale, first-of-a-kind to Nth-of-a-kind, etc.)
e Plant safety limits (power level, outlet temperature, etc.)

e Licensing issues

e Demonstration of passive safety features.



NGNP Engineering White Paper: INL/EXT-07-12731
Power Level Trade Study April 2007

The criteria used for the hydrogen production system were based on technology availability and
scalability of the chosen process, where AREV A considered both the sulfur-iodine (SI) and high-
temperature electrolysis (HTE) processes.

Based on these criteria, AREVA chose the prismatic reactor (based on the ANTARES design) at
565 MWt for both the commercial version and prototype, i.e., the prototype scaling to the commercial
version should be 1. The power level for the SI process was chosen to be 60 MWt from process heat and
20 MWe from the power conversion system; while the HTE process was chosen to be 1.2 MWt from
process heat and 5 MWe from the power conversion system.

General Atomics Discriminating Criteria

General Atomics key criteria for the choice of power level for the prototype and commercial

versions are as follows:

e NGNP reactor power capacity (product of power level and capacity factor)

e NGNP reactor engineering, procurement, and construction (EPC) cost

e NGNP reactor EPC schedule

e  Support NGNP deployment in 2016 — 2018 time frame

e Provide basis for Design Certification of the Very High Temperature Reactor (VHTR) by NRC

e Provide basis for operation and maintenance costs for the VHTR

e Provide basis for fuel costs for the VHTR.

Although not explicitly listed, the power level study focused on the ability to maintain passive
safety. The criteria used for the hydrogen production system were based on technology availability and
scalability of the chosen process, where General Atomics considered both the SI and HTE processes.

Based on these criteria, General Atomics chose the prismatic reactor (based on the Gas Turbine-
Modular Helium Reactor [GT-MHR] design) at 550-600 MWt for both the commercial version and
prototype, i.e., the prototype scaling to the commercial version should be 1. The power level for the SI
process was chosen to be 60 MWt from process heat; while the HTE process was chosen to be 4 MWt
from process heat.

Westinghouse Discriminating Criteria

Westinghouse key criteria for the choice of power level for the prototype and commercial versions

are as follows:

e Technology enabling research and development (R&D; including fuel)

e Design development and schedule

e Safety considerations (depressurized loss of forced coolant flow [DLOFC])

e (apital cost (reactor, etc.)

e Normal operation

e Investment protection (pressurized loss of forced coolant flow [PLOFC])

e Operating cost (including fuel cycle costs).
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The criteria used for the hydrogen production system were based on technology availability and
scalability of the chosen process, where Westinghouse considered the SI, the hybrid-sulfur (HyS), and
HTE processes.

Based on these criteria, Westinghouse chose the pebble bed reactor (based on the Pebble Bed
Modular Reactor-Process Heat Plant [PBMR-PHP] design) at 500 MWt for both the commercial version
and prototype, i.e., the prototype scaling to the commercial version should be 1. The power level for the
SI and HyS processes was chosen to be 50-60 MWt from process heat; while the HTE process was chosen
to be 13 MWt from process.

Comparison of the Results

Although both chose the prismatic reactor design, the AREVA and General Atomics designs do
have several differing features (e.g., for the power conversion unit AREVA proposes and indirect Brayton
combined cycle; General Atomics proposes a direct Brayton cycle), but are both 550-600M Wt prismatic
reactors using uranium oxycarbine (UCO) tri-isotopic (TRISO) coated fuel. *NOTE: General Atomics
indicates that the first core will likely by UO; because of a belief that UCO fuel will not be available in
time to support a 2018 startup of NGNP. The Westinghouse pebble bed design is a variant on the PBMR-
Demonstration Power Plant (DPP; called the PBMR-PHP) to be built and operated in South Africa using
UO2 TRISO coated fuel. However, some of the differing features from the PBMR-DPP design include
the uprated power from 400MWt to S00MWt by slightly increasing the power density and lengthening the
core, and the use of a bottoming Rankine steam cycle located at the back end of the process heat plant,
rather than a direct Brayton cycle.

Based on each team’s analysis, many of the criteria can be grouped under economics/costs and
safety. In addition, common criteria exist between AREVA and General Atomics under licensing; and
between AREVA and Westinghouse under schedule. The remaining criteria that differ between
participants are: market view on process heat (AREVA), technology readiness (Westinghouse), and
normal operation (Westinghouse). The tables below compare the different criteria and results.

Criteria AREVA General Atomics Westinghouse
Economics/Costs \ v \
Safety \ \ \
Licensing \ \

Schedule \ \
Market view ol

Technology readiness ol
Normal operation \
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Results AREVA General Atomics Westinghouse

Prototype/commercial

power level (MW1) 565 550/600 500

Sulfur-iodine power level

(MW?) 60 60 50-60

High temperature

electrolysis power level 1.2 4 13

(MWt)

Hybrid sulfur power level

(MW?) n/a n/a 50-60

It is interesting to note that while the HTE process is the same for all three teams, there are

differences in the proposed power level for each. This is due to the assumptions of the minimum size of
each module, and the number of modules necessary to demonstrate scalability.

Conclusions and Recommendations

The specific conclusions and recommendations by each team are given below.

Based on AREVA’s analyses, the following is recommended:

The commercial VHTR module should be designed to operate at 565 MWt. This recommendation
is based on commercial applications that are expected to support large module sizes and an
evaluation of plant safety limits, which indicate that the maximum power for NGNP initial
conditions that provides acceptable results for the design basis depressurized conduction
cooldown (DCC) accident is 565 MWt.

The NGNP prototype plant should be designed and operated at 100% of the planned commercial
power level, that is, 565MWth. This recommendation is made to support demonstration of plant
passive safety features, portability of licensing experience, development of better estimates of
costs and schedule for construction and sharing of first-of-a-kind engineering costs.

The demonstration SI plant will require 60 MWt of process heat and 20 MWe from the power
conversion system. The demonstration HTE plant will require 1.2 MWt of process heat and 5
MWe from the power conversion system. These recommendations are based on an examination
of the current state-of-the-art for these two systems and the expected development progress
between now and NGNP plant startup in 2018.

Based on General Atomics’ analyses, the following is recommended:

Both the prototype and commercial versions should be designed to operate at the 550/600 MWt
power level. This recommendation is based on the maturity of design as compared to any other
candidate power level (i.e., lower power level versions would actually increase the schedule
requirements), the need to demonstrate passive safety and licensability, and the economy of scale
for the commercial version.

The demonstration SI plant should be a minimum of 20 MWt, but should be operated as a three-
train system, for a total of 60 MWt with an output of 7.5 million standard cubic feet of hydrogen
per day. From considerations of scalability and economics, an HTE module size of 600 Nm3/hr
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(@0.6A/cm2) would be best for both the NGNP demonstration and follow-on commercial VHTR
HTE hydrogen production plant. From considerations of the hydrogen plant control, operation
and protection, 10 or more HTE modules are required to confirm operational capability of the
commercial scale plant. A 10-module demonstration plant would require about 4 MWt of heat
energy, and would produce 6000 Nm3/hr (@0.6A/cm2). This is equal to about 5 million standard
cubic feet per day.

Based on Westinghouse’s analyses, the following is recommended:

e The NGNP reactor (prototype and commercial versions) should be 500 MWt with geometry
similar to the PBMR-DPP. This is based on the following criteria:

— The PBMR-DPP reactor can be immediately used as a basis, and the PBMR-PHP is
within the operational envelope of the PBMR-DPP, e.g., fuel temperatures, power
density.

— The NGNP schedule will be met - minimal R&D required.
— No design development is required.
— 25 percent higher power output is achievable

— The PBMR-PHP capital cost for the reactor and auxiliary systems and building are
comparable to that for the PBMR-DPP.

e The minimum demonstration size for the various hydrogen production methods (HTE, SI, and
HyS) should be based on the size of the most practical “train”. For HTE, this size is 13 MWt; for
the SI and HyS process, this size is 50-60 MWt.

There is consensus with all the teams that the power level of the NGNP prototype and commercial
versions should both be the same size to reduce developmental cost; demonstrate passive safety; provide
better bases for the cost, schedule, and economics of the commercial plant; and demonstrate the
licensability with the least amount of risk.

There is consensus on the needed size of the process heat plant (i.e., the hydrogen plant), with the
exception of the HTE process. This was due to the assumption of the size and number of modules
necessary to demonstrate scalability.

Although there was also consensus that the commercial power level be the maximum power level
achievable, the recommended power level from each team differed. The basis for the chosen maximum
power achievable is the same due to the following factors:

e Passive safety considerations (e.g., power density as related to decay heat removal and fuel
temperature response under design basis accident conditions)

e Fabrication and transportation issues of large components
e Neutronic/thermal fluid stability issues.
It is important to note that the three factors above are actually in competition. For example, the

pebble bed has a lower power density than the prismatic, but the pebble bed is able to have a taller core
than the prismatic due to better neutronic/thermal fluid stability. However, a taller core will result in a
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larger pressure drop, affecting the efficiency of the plant and resulting in greater costs due to the larger
vessel. Based on these factors, the actual power level of the commercial version/prototype for each team
was different.

It is recommended that an additional study be performed that addresses these competing factors,
and ranks them according to importance to better understand which factor (if any) will dominate in the
choice of the commercial (or prototype) power level.

In addition, it is recommended that the following questions be answered before the prototype
power level is chosen:

1. Is it feasible to fabricate a single purpose reactor pressure vessel (RPV; i.e., a single RPV that
could accommodate either a pebble bed or prismatic core)?

2. What is the cost and viability of constructing two half-size reactors (i.e., one pebble bed and one
prismatic reactor) versus one full size reactor? Would the engineering and construction costs be
comparable? Which R&D would double? Would the smaller RPV’s be easier to acquire?

3. What is the smallest power for the prototype that will still satisfy the licensing case (including
safety) for the commercial version?

4. What effect does the power level of the hydrogen plant have on licensing? Is a full-scale process
heat plant (or a similar load) coupled to the reactor necessary to demonstrate licensing?
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Executive Summary

The U.S. Department of Energy (DOE) has adopted the Very High Temperature Reactor (VHTR)
for the Next Generation Nuclear Plant (NGNP) Project. This reactor will be a helium-cooled, graphite-
moderated thermal reactor that will be designed to produce electricity and hydrogen as delineated by the
Energy Policy Act of 2005. DOE has contracted with three industrial teams, led by Westinghouse,
AREVA, and General Atomics, for the pre-conceptual design engineering services phase. As part of this
work scope, Westinghouse and AREV A were tasked with performing a specific study to establish the
basic NGNP operating parameters, specifically the primary and secondary temperatures, operating
pressures, and the basic configuration of the nuclear heat supply system. General Atomics also performed
similar work scope as part of their other special studies and pre-conceptual design reports. The purpose of
this special study is to confirm or modify key parameters in the NGNP Pre-Conceptual Design Report and
enhance the basis for the Design Baseline.

Although the operating parameters vary between the individual contractors, each contractor

recommended the operating parameters that they believe best fit the NGNP mission based upon their
specific reactor design, power conversion system, and experience.
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NGNP Engineering White Paper:
Primary and Secondary Cycle Trade Study

Introduction

The Statement of Work for NGNP pre-conceptual design activities (SOW-3963) requires
in Section 6.3.5 that a special study be performed to evaluate primary and secondary cycle
concepts for the NGNP:

“Prepare a trade study for the primary and secondary cycle concept that selects and
Justifies system used in the preconceptual design work, which among other issues
specifically addresses: the reactor inlet and outlet temperatures, primary and secondary
loop system operating pressures and temperatures, the extent of contamination
anticipated in the primary loop, acceptability of contamination levels for maintenance
functions and the associated hydrogen production system concept.”

This special study work scope was tasked directly to the Westinghouse and AREVA design teams.
The General Atomics design team also had to address many of these same issues during the development
of their design baseline proposed for the NGNP.

This special study work scope is closely related to that for the special studies and pre-conceptual
design work scope for the High Temperature Process Heat, Transfer and Transport system, specifically
involving the fluid medium and design of the Intermediate Heat Exchanger (IHX) and also the Power
Conversion System (PCS). For that reason, Westinghouse chose to include their primary and secondary
cycle concept studies primarily in their Special Study 20.3, High Temperature Process Heat Transfer and
Transport. General Atomics performed a similar evaluation with their report, GA Report No. 911105,
NGNP High Temperature Process Heat Transfer and Transport Study

The specific work scope performed by AREVA included performing a study to recommend
operating parameters for the NGNP nuclear heat supply system and associated systems. The detailed
design of those systems and the implementation of the selected parameters is not part of this study scope.
The operating parameters recommended in this special study will be used in separate design activities
where plant systems and components will be developed as part of the Pre-Conceptual Design Report. The
results of the AREVA special study are provided in AREVA Document No. 12-9045707-000, Primary
and Secondary Cycle Concept Study.

Implicit in this study is the fact that each team’s design activity is limited to an adaptation of their
specific commercial high temperature reactor design concept (Westinghouse — PBMR, AREVA —
ANTARES, General Atomics — GT-MHR). Therefore, it is predetermined that each contractor’s
conclusions will be based upon their specific reactor design concept and power conversion system.

Figure 1 shows a schematic of the NGNP as proposed by Westinghouse:
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Figure 3 shows a schematic of the NGNP as proposed by General Atomics:
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Figure 3. NGNP as proposed by General Atomics.

Summary of the Results

The following is a summary of the Westinghouse primary and secondary cycle parameters
developed in their special studies:

e NGNP Concept Indirect cycle pebble bed design coupled to a
secondary steam cycle, series PCHX with a Rankine
cycle generating system

e Reactor outlet temperature 950°C

e Reactor inlet temperature 350°C

e System Configuration H; and PCS in series

e Number of Loops 1 loop

e Secondary temperatures 900°C (50°C approach)
e System Pressure 9.0 MPa
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The following is a summary of the AREVA Primary and Secondary Cycle Study:

e NGNP concept Indirect cycle prismatic block design coupled to a
combined cycle gas turbine generating system

e Reactor outlet temperature 900°C

e Reactor inlet temperature 500°C

e System Configuration H; and PCS in parallel

e Number of Loops 4 loops

(3 with tubular IHXs for PCS))
(1 with compact IHX for Hj)

e Secondary temperatures 450-850°C for PCS (50°C approach)
475-875°C for H, (25°C approach)

e System pressure 5.0 MPa

The following is a summary of the General Atomics primary and secondary cycle parameters
developed in their special studies:

e NGNP Concept Direct cycle prismatic design coupled to a Brayton
Cycle gas turbine generating system and an THX

e Reactor outlet temperature 950°C

e Reactor inlet temperature 590°C

e System Configuration PCS in direct cycle
H; in indirect cycle

e Number of Loops 2

e Secondary temperatures 925°C/565°C

e System Pressure 7.0 MPa

When selecting the NGNP operating parameters, each contractor team had to consider whether
their resulting NGNP concept would satisfy the following requirements:

¢ Demonstrate scalability to commercial electricity and hydrogen production
e Demonstrate advanced hydrogen production processes

e Meet initial NGNP operation by 2018.

The first driving requirement is intended to ensure that the NGNP will provide a near term step to
commercial electricity and hydrogen production using a VHTR. The NGNP must demonstrate
technologies and approaches applicable to a commercial plant, and the demonstration must be such that
the NGNP concepts can be scaled directly to a commercial plant. The second driving requirement is
intended to ensure that the NGNP will demonstrate advanced hydrogen production processes in order to
maximize the performance of the resulting system. The Sulfur-lodine (SI), Hybrid Sulfur (HyS), and High
Temperature Electrolysis (HTSE) processes are widely considered to be the most likely candidate
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processes. The third main driving requirement is intended to ensure that the NGNP demonstration will
provide the required technology for commercial deployment on a timescale compatible with end user
considerations and the need for alternate energy sources. Together these driving requirements dictate the
performance requirements that will be imposed on the NGNP and the level of feasibility and technical
matu